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Abstract 
Electric vehicles (EVs) are currently a feasible and attractive alternative to their internal 

combustion engine counterparts. Electric vehicles require access to compatible charging 

infrastructure, which needs to be safe, secure and available. The stations need to be 

monitored, have car bays available, be in convenient locations, be spread-out appropriately, 

be in areas where enough power is available, and many more other considerations. There are 

different configurations of stations, which provide various power outputs, use different 

connector types, different communication protocols, and there are many different 

international standards. These stations are mostly grid connected, which will create additional 

loads that need to be considered by electricity providers. Also, the electricity generated from 

non-renewable resources negates some of the environmental benefits of electric vehicles, and 

the intermittent nature of certain renewables needs to be optimised with smart charging 

solutions. 

In this thesis, the results of several trials are discussed. As a part of the Western Australian 

Electric Vehicle Trial, 13 ICE vehicles were converted from petrol to electric, and 23 

charging outlets were installed throughout Western Australia, with usage data recorded over 

their lifetime. Solar energy data collected at several installations was used in conjunction with 

energy storage systems to measure the renewables' impact on charging, including data 

collected from buildings to consider regular household power usage. The REView portal was 

created for users to monitor their behaviour, which includes charging stations, vehicles 

tracking, renewables usage along with billing. Finally, a fast charging station was installed 

and monitored at UWA, and its data combined with the data collected from previously 

installed Level-2 AC charging stations in the Perth metro area. 

Combining all this information, this thesis gives an insight into electric vehicle technology, 

driving/ usage/ charging patterns of EVs, as well as renewable energy and EV charging 

infrastructure.  
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Introduction 
Climate change represents a real and growing threat to our lives today and in the future. Increasing 

global temperatures changes the environment we live in, threatening places, species and people’s 

livelihoods. In response to this, Australia, along with 195 other countries adopted the Paris 

Agreement, aiming to limit the global average temperature increase to 1.5 degrees Celsius, achieved 

by each member country reducing their amount of carbon emissions. The statistic measuring the 

amount of atmospheric carbon dioxide is described as the “Single Most Important Stat on the Planet” 

by environmentalists, with levels reaching a record high in May 2019 [1]. 

There are many different contributors of carbon emissions in Australia, of which the transportation 

sector contributed 17.8% in 2017. The transport sector generates carbon emissions from their 

reliance on Internal Combustion Engine (ICE) vehicles which also produce other pollutants.  From 

1990 to 2017 this carbon emission sector grew by 60.8% the main drivers of which was the 

continuing growth in the number of passenger vehicles [2]. Transportation is fundamental to the 

function of our society, and as the number of vehicles in Australia continues to grow, alternative 

forms to ICE vehicles have been widely investigated. For the purpose of this research, Electric 

Vehicle (EV) have been identified as a feasible alternative to ICE vehicles, in line with the overall 

aim of reducing carbon emissions. 

When this research started in 2011, EVs went from being unavailable in the consumer market by 

original equipment manufacturers (OEM). Today, many hybrid and fully electric models are 

available for purchase from several OEMs. In 2017, the International Energy Agency noted an 

increase of 56 percent globally from electric vehicle sales [3]. EV sales in Australia increased 67 

percent from 2016 to 2017 [4], however that increase only represents a very small number overall 

being purchased only making up 0.2 percent of the vehicle sales market in 2017 [5]. By comparison, 

Norway one of the world’s strongest adopters of EVs, had an EV market share of an impressive 58.4 

percent in 2018 [6]. 

Internationally, the uptake of EVs is far greater than in Australia. Germany subsidises consumers 

€4,000 (~ AUD$6,500) [7] for the purchase of an EV, California in the United States is offering up 

to US$10,000 US (~ AUD$14,000) with state rebates and federal tax credits [8], and Norway offers 

scores of incentives including reduced and removed taxes, removed fees and allowances for drivers 

to use bus lanes [9]. Australia offers no direct incentives for purchasing an EV, and arguably a 

financial disincentive in the form of a luxury car tax, which is a major factor in their slow uptake. 
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Despite the slow uptake, electric vehicles are becoming more mainstream in Australia. As Electric 

Vehicles are introduced, they introduce several new engineering challenges including the energy 

generation, charging infrastructure, environmental policies and standardisation. In order to better 

understand the effects EVs will have in Western Australia, and all of Australia, several trials were 

performed with the support of Western Australian universities, government agencies, councils and 

private businesses. These looked at many different aspects of EVs, from driving behaviours, 

purchasing uptake, charging stations, standards, electricity generation and transmission and the 

impact of electric vehicles on the electricity grid. 

Consumer usage 

We wanted to investigate how West Australian consumers and various industries would use EVs in 

comparison to an ICE vehicle. Questions such as driving behaviour, distance travelled and charging - 

how they charged, where they charged and how much energy they were using while charging. 

Charging Infrastructure 

As electric vehicles are introduced, they require access to compatible charging infrastructure, which 

needs to be safe, secure and readily available. As part of the research, analysis of what charging 

infrastructure would be used, depending on behaviour and charging requirements was examined. Due 

to the range restrictions of EV batteries, we examined the installation of public charging 

infrastructure to assist consumers with recharging. Public charging infrastructure was available in 

several different levels, with level 1 charging infrastructure being the equivalent of household 

sockets, level 2 charging infrastructure offering three times the energy as level 1, and level 3 

charging infrastructure being the fastest and the highest energy input. Due to the variation in the 

level of charging speeds between level 1, level 2 and level 3 charging stations, research was 

conducted into driver behaviour and station usage. 

What impact EVs have on the electricity grid was also explored. In Western Australia, the power 

grid is managed by Western Power. They must predict market electricity fluctuations to maintain the 

stability of the grid with its growing demand, while reducing costs. New technologies with high 

energy demand can upset their ability to predict, leading to expensive infrastructure improvements to 

support the increased load on the grid. The charging of EVs has this potential to increase the demand 
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on the electricity grid. The research aimed to analyse the charging behaviour and potential impact of 

this increase. 

Interconnectivity 

Public and private charging infrastructure have the potential to be monitored and automatically 

reported on. This gives insight into usage patterns that can direct the deployment of further 

infrastructure. Throughout the trials, the charging infrastructure installed contained devices that 

automatically delivered live data for analysis, and through this research we will examine the valuable 

insights such interconnectivity can provide.  

Renewable Energy 

In Australia, the majority of electricity produced comes from coal power stations. When charging 

from electricity generated by coal, the EVs carbon emissions are similar to modern highly efficient 

combustion vehicles. To produce emission free transportation, the EVs would need to be charged 

from renewable energy sources such as solar, wind, hydroelectricity and geothermal. Some types of 

renewable energy also introduce its own problems, with solar only being available on clear sunny 

days, and wind power being intermittent, leading to new solutions such as energy storage. 

The research examined how renewable energy can support EVs, and how the potential limitations of 

renewable energy sources could impact on charging. 

 

The trials performed 

The Western Australian Electric Vehicle Trial (2010 – 2012) 

This Western Australian Electric Vehicle Trial aimed to assess the suitability of EVs as a 

replacement for ICE vehicles in several different businesses and councils around Western Australia, 

including: 

• University of Western Australia 

• RAC 

• Water Corporation 

• Department of Transport 

• Department of Environment and Conservation 
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• Telstra 

• City of Mandurah 

• City of Perth 

• City of Swan 

• The West Australian 

• Mainroads 

• Landcorp. 

The trial was managed by CO2 Smart. At the time there were no available electric vehicles from 

automotive manufacturers. As such, the company EVWorks converted 11 Ford Focus ICE vehicles 

to electric vehicles, and with two UWA electric vehicles, in total 13 EVs around Western Australia 

had data loggers installed in them that monitored battery state, headlights, air-conditioning and 

heating, charging, and ignition statuses, battery level, GPS position, speed and more. 

The vehicles were used in their day to day activities by the participating partners over two years, and 

the data collected generated insights into driver behaviour and EV usage including charging and 

energy usage that is used throughout this research. 

The WA Charging Station Trial (2010 – current) 

Twenty-three Electromotive EV charging stations for the WA Charging Station Trial were installed, 

modified and the communications protocols reverse engineered to stream data. This information was 

combined with the EV data loggers to create a complete picture of the EV usage. 

The data is available to users through a billing system and provides live status updates. The stations 

allowed us to test consumers using the new technology and standards and examine the challenges of 

installing the stations. 

UWA Future Farm, UWA Human Movement and Energy Made Clean (EMC) Solar 

installations and German Wind Farm (2010 – current) 

Solar logging systems from UWA, UWA Future Farm and Energy Made Clean (EMC) were made 

available for data collection. This information was used to show the potential for direct offsetting of 

energy usage and indirect grid feedback energy offsetting. Wind energy was also considered with 

energy information from a German wind farm as baseline data. 

1-4



Building energy use data was collected from the UWA “Human Movement” building to show the 

overall energy use of a large corporate building. This data was used to show the potential of 

completely offsetting all energy usage for a building with renewable energy and the potential for grid 

energy storage.  

UWA DC Charging Station (2014 – current) 

In November 2014 a 50 kW Veefil fast DC charging station was installed at The University Club of 

Western Australia. It was the first fast charging station installed in Western Australia and can charge 

a compatible electric vehicle to 80% state of charge in 20 minutes. 

The station was installed to test how electric vehicle owners would utilise a fast charging station and 

was made available for free use. The data from the station was collected for the duration of the trial, 

including user information, time of use, energy usage, and connection time. 

RAC Electric Highway (2016 – current) 

The RAC installed an ‘Electric Highway’ consisting of 11 DC fast charging stations across Western 

Australia to support their sustainable mobility agenda. The stations where placed at locations from 

Perth to Augusta, spanning over 300 kilometres, to extend the usability range of EVs. 

Data collected from the stations was used in conjunction with the UWA DC charging station to show 

how EV drivers would utilize fast DC charging stations remotely.  

 

Paper Synopses 

Below is a short synopsis of each paper and how it ties into the research questions: 

Chapter 2: Analysis of Western Australian Electric Vehicle and charging station trials 

These are the initial results of EV driving and charging behaviour from the Western Australian EV 

Trial and the Charging Station Trial, focusing on slower (Level 1 and 2) AC charging stations. This 

paper discusses how people are using EVs, where they are charging and how charging infrastructure 

is utilised. 
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Chapter 3: Acceptability of Electric Vehicles: Findings from a driver survey. 

This was a survey performed on driver’s acceptability of EVs based on data collected in the WA EV 

Trial and the Charging Station Trial. It discusses how people feel about driving EVs, highlighting 

their major concerns and difficulties. 

Chapter 4: Electric Vehicle Battery Charging Behaviour: Findings from a Driver 

Survey 

This was the analysis of a survey performed on EV charging preference based on data collected in 

the WA EV Trial and the Charging Station Trial. This paper discusses EV drivers charging 

preferences. 

Chapter 5: Driving and charging patterns of electric vehicles for energy usage 

These are the full results of EV driving and charging behaviour from the WA EV Trial and the 

Charging Station Trial. Focusing on all charging available including business, home and slower 

(Level 1 and 2) AC charging stations. This paper discusses how people are using EVs, where they 

are charging and how charging infrastructure is utilised. 

Chapter 6: Leaving the grid—The effect of combining home energy storage with 

renewable energy generation 

This chapter examines renewable energy generation and storage based on the UWA Future Farm, 

UWA Human Movement and Energy Made Clean (EMC), solar installations and German Wind 

Farm. This paper discussed how renewable energy sources could be used in conjunction with energy 

storage to charge EVs. 

Chapter 7: REView – An Internet Portal for Monitoring Electric Vehicles and 

Charging Stations 

This is an analysis of the REView software generated to automatically collect and analyse the data 

from all the trials. It discusses the usefulness of interconnectivity through data collection and 

standardisation in the roll out of EVs and Charging Station Infrastructure. 

  

  

1-6



Chapter 8: A Comparative Study of AC and DC Electric Vehicle Charging Station 

Usage 

This chapter combines the Charging station trial with the UWA Fast DC charging station and the 

RAC Electric Highway to give a comparative look at slower charging infrastructure in comparison to 

fast DC charging. These two trials, along with the data from the other trials, completed the picture 

for the various available charging infrastructures. 

Summary 

This research intended to look in greater depth at the future integration of EVs in Western Australia 

by examining the consumer, industry and engineering aspects of implementation in our state. The 

trials provided a clear picture of how EV users behave differently to ICE vehicle owners, how they 

interact with charging infrastructure, how energy was being consumed and how it can be offset with 

renewable technologies. From the insights generated, we determine the necessity and types of 

charging infrastructure, the standards that exist and should be adopted and the factors that affect EV 

uptake. 

These series of papers were based on the trials, which were pilots performed in Western Australia 

with direct statistical results. This precluded the use of more in depth analysis, such as the Kaiser-

Meyer-Olin (KMO) criterium, due to the lack of interdependency of the data collected [10]. Areas in 

which statistical results were affected by outlying factors are included. 

Combined, these papers form an overarching analysis of the potential challenges to integrating an 

alternative to ICE vehicles which provide a reduced emissions transportation solution for the future 

of Western Australia.   
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Abstract 
An Electric Vehicle (EV) trial and an EV Recharging Research Project are being simultaneously 
undertaken in Perth, both the first of their kind in Australia. The EV trials involve 11 locally 
converted Ford Focus vehicles, while the EV Recharging Study involves the use of 17 charging 
outlets (final configuration 23 outlets) from Level 2 AC recharging stations. Data is being logged 
from both the vehicles and the recharging stations and is transmitted to a server at The 
University of Western Australia’s (UWA) Renewable Energy Vehicle Project (REV), where it is 
used for statistical evaluation, analysis and modelling.  

Key words: Electric vehicle trial, charging station trial, charging network, charging statistics. 

 

1. Introduction 
 

Rising fuel costs, growing public awareness and concern over environmental issues such as 
local urban air quality and global warming, combined with higher performance batteries mean 
that electric vehicles (EVs) are becoming an attractive alternative to internal combustion engine 
vehicles (petrol/diesel). Increased market penetration of electric vehicles will increase electricity 
loads, may place increasing demands on electricity grids. It will also require the installation, 
management and maintenance of compatible recharging infrastructure. Careful analysis, 
planning and management will be needed to reduce the costs of and to optimise placement of 
this recharging infrastructure and to minimise the impacts on electricity grids. 

The goal of this study is to determine the optimal number and locations of electric vehicle 
charging stations in the area supplied by the main electricity grid in Western Australia, taking 
account the expected location, number and movement/ charging patterns of electric vehicles. 
This initial study shows electric vehicle usage patterns from telemetry data that has been 
collected from the WA electric vehicle trial and EV recharging project, consisting of eleven trial 
vehicles and 17 charging stations currently in use in Western Australia. As part of the 
recharging project, the UWA Business School is conducting EV driver satisfaction surveys as 
well as household surveys for potential EV buyers (Jabeen et al. 2012). 

The trials form part of a road mapping exercise for business and government and is also being 
used to assist in the development of relevant standards and regulations (IEA 2011). The 
analysis of the vehicle charging times and locations may provide further insight into several EV 
research areas. While the likely slow uptake of electric vehicles (AECOM 2009; Järvinen et al. 
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2012) make it unlikely that electric vehicle charging will create significant problems for electricity 
grids such as the South-West Interconnected System (SWIS) in Western Australia (Mullan et al. 
2011), the ability to compare the results of simulation studies of EV charging patterns based on 
vehicle fleet patterns with the results of real trials is very useful (EPRI 2007, 2011; Weiller 2011; 
Ashtari et al. 2012; Kelly et al. 2012; Shahidinejad et al. 2012). The trial results will also provide 
useful insights into the viability of vehicle-to grid-technologies and the ability to test the validity 
of analyses that have found that the high technology and infrastructure costs associated with 
some vehicle-to-grid (V2G) options are likely to be too large to render those V2G variants 
economically viability in most locations (Mullan et al. 2012). 

 
2. EV Trial Cars 

!
Beginning in early 2010 a consortium of eleven WA-based organisations have collaborated with 
the Renewable Energy Vehicle Project (REV), which is led and coordinated by the University of 
Western Australia (UWA) and local company CO2Smart. The organisations involved are 
learning through doing, with the goal of discovering viability and creating appropriate 
approaches to the emerging technology, as recommended by Garnaut (2011). Each of the 
participating companies purchased a standard 2010/11 model Ford Focus sedan and funded 
the conversion from petrol to electric drive, which was undertaken by WA company EV Works. 
The converted vehicles have a battery capacity of 23 kWh and a road-tested range of over 130 
km. As automotive charging connectors were not available at the commencement of the trial, all 
vehicles were initially fitted with Australian three phase plugs (32A) as well as Australian single 
phase plugs (10A). The chargers in the vehicles will draw up to 4.8kW which allowed the 
vehicles to be charged from empty to full in about 4 hours or 10 hours, respectively.  

Figure 1: Charging Station Network (using Google Maps 2012) 

 

The trial subsequently adopted the European standard IEC 62196 Type 2 connectors and 
vehicle inlets (“Mennekes”), and vehicle inlets are currently being converted over to this new 
standard (IEC 2011). The advantage of the IEC 62196 Type 2 (“Mennekes”) over the US/Japan 
standard IEC 62196 Type 1 (“SAE J1772”), is that it supports single phase as well as three 
phase power, which the US/Japanese standard does not. Although Standards Australia has 
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recommended that IEC 62196 be adopted as a whole, it has so far not made a recommendation 
on connector Type 1 or 2. Standard and regulations are important for electric vehicles and 
charging stations to ensure safety and to increase consumer confidence (Brown et al. 2010) 
and research aimed at informing new policies for introduction of EVs into Australia has been 
commissioned by the CSIRO (Dunstan 2011).  

To measure the energy usage of the vehicles, GPS tracking devices with five digital inputs and 
one analogue input were installed in each of the cars and used to measure air conditioning 
status, heater status, headlights status, charging status, ignition status and the vehicle battery 
charge level. GPS positions and line inputs are uploaded onto the UWA server either every one 
minutes or ten meters (see Figure 2). For the last six months of the trial (ending 2012-08-22), 
2,298,038 data rows were inserted into the database from the eleven EVs. The data is 
processed using a batch script and displayed to the trial participants via a web interface that 
displays telemetry data, driving and charging statistical heat maps for each and all of the 
vehicles. The data processing generates journey, charge and parking events.  

Journeys have a starting time and location, ending time and location, total distance travelled air 
conditioning usage time, heater usage time, headlight usage time and the estimated battery. 
Journeys are started when the ignition is detected as being on and ending when the ignition is 
turned off.   

Figure 2: System Diagram 

 

Charges have a starting time, ending time, location, distance travelled (between charges), 
energy used (kWh), time charging and time maintaining charge. The charge events are 
generated starting when the vehicle charging door (the door covering the charging plugs) is 
opened and ending when the charging door is closed. When an EV is in a location and does not 
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have either its ignition on a parking event is created from the last journey to the next journey. 
The parking events are then compared to charging events and if a vehicle charges while 
parking the charge is linked to the parking event. 

The GPS tracking units log only when they have a GPS fix. A GPS fix is normally obtained 
when the antenna has an unobstructed view of the sky (Kaplan and Hegarty 2005). Throughout 
the trial, vehicles were parked on occasions within heavy indoor areas, such as parking 
structures or underground, and have been charged without an active GPS fix. When vehicles 
have a gap in their data logging of greater than 15 minutes and have a battery level increase of 
more than 10%, a charge event is created for the duration of the data loss. In those cases, the 
charge event is created entirely by estimation using the time the GPS signal was lost to the time 
the GPS was re-established as the start and end times. If a vehicle loses GPS fix while driving, 
the distance between the point before GPS loss and the point where the GPS is re-established 
and taken to be the distance travelled during the period. 

There is also the possibility of a bad GPS fix caused by a weak or unreliable GPS antenna 
signal. In those cases, it is unreliable to confirm a vehicle’s position from one co-ordinate. All 
the coordinates gathered throughout the duration of the charge and within two standard 
deviations are therefore averaged out to make an estimated position. If that location is within a 
certain range of a known charging location, the coordinate is repositioned to the charging 
location. 

 

3. EV Charging 
 

3.1 Charging Stations 

All charging station (locations shown in Figure 1) outlets log customer IDs, start time, end time, 
as well as the amount of energy used for potential customer billing. Charging station data is 
downloaded via GSM to an external server every four hours. The external server is checked 
every thirty minutes using a batch process and new charge events are downloaded to the 
server at UWA (see Figure 2). 

3.2 Other Charing Points 

When an EV is recharged at a charging station, the exact amount of electricity used (kWh) is 
recorded from the charging station’s meter. If an EV charges elsewhere (e.g. at home or at a 
business), or station data is missing, the amount of electricity used is approximated from the 
battery level of the vehicle, the recharging time, the distance the vehicle travelled before 
charging, and the level of power supplied. Each vehicle has a 30A charger installed, and the 
measured power loss from the power socket to the battery pack is 83%. 

When the vehicle battery is full, the charger switches to a maintain charge mode, which 
maintains the batteries at full charge, the trial EV chargers use on average 0.12 kW to maintain 
the charge level. Once the battery charging level is estimated, the vehicle is assumed to be 
drawing power at that level for the remaining time that it is plugged-in. Figure 3 shows the 
energy drawn from a charging station with the energy meter readings (blue) and the estimated 
charging kWh (red). Using this information, the vehicle charging profile can be estimated. 
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Figure 3: EV Charging profile 

 

3.3 Charging Locations  

94% (1126 of 1203) of the recorded EV recharging events over the last six months of the trial 
occurred at 29 locations with a determined maximum power of 2.4 kW, 3.6 kW or 7.2 kW (10, 
15 and 30 Amp sockets/stations at 240V), the latter information being obtained through site 
visits. The vehicles when charging at 10 or 15 amp sockets will draw 1.8kW and at 30 amp 
sockets and charging stations will draw at 4.8kW. The vehicles do not draw the full 2.4 kW at 10 
Amp outlets for additional safety, related to results from audits showing 20% of Australian 
households having serious electrical safety faults (MEA 2011).  Each location is also 
categorised as either: 

1. Home, at a EV users residence 
2. Business, at places of business such as work, but not at a charging station 
3. Stations, at one of the installed charging stations 

If a vehicle is recharged within a certain radius of a known charging station location, it is 
assumed to be charging at that location. The radius for each charging location is determined by 
the accuracy of the average GPS fix at that location. The other 7% of charging locations are 
labelled as unknown and are always assumed to be 2.4 kW. 

3.4 EV Driver Influencers 

The trials’ electric vehicle drivers reported being influenced by the following factors, which may 
affect the statistical results: 

• All EVs are company fleet vehicles and some organisations have restrictions on their 
use, such as not taking the vehicle home.  

• Some EVs had dedicated drivers, whilst others were shared pool vehicles. 
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• Most EV drivers were not reimbursed for electricity usage in their homes.  
• Four organisations had a charging station installed on their premises, specifically for 

their vehicle. 

 

4 Driving Statistics 
 

In 2010 the average distance a passenger vehicle travelled for business in Western Australia 
was 11,700 km per year or 32.0km per day (ABS 2011). The overall average for the trial over 
the last six months was 17.56 km per day, almost half than the West Australian average (Table 
1). Over the time period, the EVs averaged 2 journeys per day. The estimated annual energy 
usage for the EV’s is on average 1.13MWh, driving 17.56km and maximum of 3.33MWh driving 
48.53km. The West Australian business average of 32km per day equates to 2.06MWh per 
annum. On average the air conditioner is on 29%, the lights 16% and the heater 3% of the time 
while driving.  
 

Table 1: EV journeys (accumulated over six months) 

Vehicle 
Number 

of 
Journeys 

Average 
Journey 

Time 
(mins) 

Average 
Distance 
Travelled 

(km) 

Average 
kWh Used 

(kWh) 

Daily km 
(km) 

Percentage 

Air 
con 

Lights Heat 

1 235 18.79 10.31 1.97 13.50 0% 21% 0% 
2 252 19.49 9.75 1.86 13.73 0% 0% 1% 
3 605 12.44 6.84 1.30 23.10 34% 22% 0% 
4 120 23.77 14.25 2.72 9.53 34% 26% 18% 
5 410 9.13 4.89 0.93 11.19 47% 19% 0% 
6 432 13.70 5.52 1.05 19.21 78% 8% 7% 
7 275 8.49 4.97 0.95 9.17 5% 1% 6% 
8 354 13.03 7.67 1.46 15.41 27% 1% 5% 
9 133 15.61 7.39 1.41 6.59 14% 13% 0% 

10 712 19.39 12.22 2.34 48.53 63% 39% 0% 
11 442 16.20 8.24 1.57 20.44 22% 22% 9% 

Average 361 15.23 8.19 1.56 17.56 29% 16% 3% 
 
The maximum average daily kilometre was 48.53, using only 37.33% of the vehicles 
maximum range. Over the last six months the maximum distance an EV drove in one 
journey is 71km, being the only journey greater than half of the vehicles range. 
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Figure 4: EV travel distance by time of day (accumulated over six months) for each of the 
11 vehicles (1 – 11) 

  

 
 
Figure 4 shows the distance travelled by the hour of day, with 92.28% of the total distance 
travelled occurring between 7am and 7pm. The peaks of distance travelled are at 7am and 5pm 
where vehicle 10 (which contributed 27% of the total km driven) arrives at and leaves work. Just 
over half (53.20%) of the total distance is travelled is undertaken between the hours of 9am to 
5pm. The results in figure 4 are similar to the number of motorised trips by time of day in 
Melbourne reported by the CSIRO (2011) and the percentage of trips by vehicle each hour as 
reported by Clement-Nyns et al. (2010). The vehicles travelled 88% of their total distance on 
week days (see Figure 5), with most vehicles not being used on weekends. 
 

Figure 5: EV travel distance by day of week (accumulated over six months) for each of 
the 11 vehicles (1 – 11) 
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5 Charging Statistics 
 
The number of charging events over the last six months is 1,203, with 236 (19.62%) charges 
not charging to full. The charges are made up of 186 home charges, 392 station charges, 548 
business charges and 77 in unknown locations. In these locations 541 charge events occurred 
at a high powered outlet (32A) and 585 at low power outlets (10A or 15A) with 77 at an 
unknown location and socket. Of the number of charges not full, 69 occurred at high powered 
outlets (13% of all high powered charges), 141 occurred at lower power outlet (24% of all low 
powered charges) and 26 occurred at an unknown location (34% of all unknown charges).  

The charging statistics shown in Table 2 show the average charging time for an electric vehicle 
is 2:06 hours, while at a higher powered socket the EV’s are charged in 1:26 hours and at a 
lower powered socket the vehicles are charged in 2:32 hours. After the vehicles are charged 
they remain plugged into the socket for 17:06 hours on average, of the total time parked only 
12.9% is spent charging on average.  

 
Table 2: Charging amounts and times (accumulated over six months) 

Vehicle 
Average 

kWh 

Average 
Charging 

Time 

Average 
Maintainin

g Time 

Sum of 
charges at 

10, 15 A 
outlet 

Sum of 
charges at 
32 A outlet 

Average 
10 Amp 
charge 

time 

Average
32 amp 
charge 

time 
1 4.16 2:05:41 34:03:59 81 11 2:00:32 0:41:12 
2 12.27 2:41:18 36:37:08 2 47 1:56:12 2:34:37 
3 5.41 1:45:50 2:02:43 104 100 2:13:34 1:06:26 
4 9.05 1:21:28 54:34:51 0 61 None 1:18:46 
5 7.13 1:17:54 5:47:43 5 83 0:03:55 1:20:54 
6 7.73 3:44:34 31:21:08 79 0 3:43:52 None 
7 5.46 2:30:04 13:42:11 24 1 2:35:46 0:13:16 
8 14.33 6:36:34 29:20:12 51 0 6:36:34 None 
9 2.08 1:15:04 55:43:09 58 1 1:08:36 0:02:08 

10 8.01 2:17:16 6:07:38 109 99 2:23:13 1:54:15 
11 4.89 1:12:20 5:41:32 72 138 1:00:23 1:10:07 

Average 7.08 2:06:47 17:06:11 585 541 2:32:59 1:26:40 
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4.1 Vehicle Time Usage  

Table 3: Vehicle time usage (accumulated over six months)!

Vehicle 

Total 
logged 
hours 

(hours) 

Driving time 
per day 
(mins) 

Average 
distance 
before 

charge (km) 

Time 
driving 

Time 
plugged in 

Parking 
without 

plugged in 

1 4307 0:24:17 18.02 1.69% 77.25% 21.06% 
2 4293 0:27:27 57.81 1.91% 44.86% 53.23% 
3 4308 0:41:44 19.00 2.90% 18.04% 79.06% 
4 4305 0:15:54 26.32 1.10% 79.26% 19.64% 
5 4300 0:20:41 22.13 1.44% 14.52% 84.04% 
6 2980 0:46:53 27.87 3.26% 93.02% 3.72% 
7 3578 0:06:19 18.39 0.44% 15.49% 84.07% 
8 4228 0:26:11 51.75 1.82% 43.35% 54.83% 
9 3580 0:13:36 10.12 0.94% 93.90% 5.16% 

10 4304 1:15:53 36.23 5.27% 40.67% 54.06% 
11 4274 0:40:12 16.26 2.79% 33.89% 63.32% 

Average 4042 0:31:02 25.22 2.16% 49.01% 48.83% 
 
On average, the EVs were not being driven for 97.84% of the time, or 23:29 hours per day. 49% 
of the hours where EVs were parked, they were also plugged in. Figure 6 shows the percentage 
of charges with distance travelled between charges. 84% of charges occur before the EV 
travels a distance of greater than 60km without charging. 

Figure 6: EV charging distance travelled before charging (accumulated over six months) 
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4.2 Charging Location type  

Table 4: Charging location type (accumulated over six months) 

Vehicle 

Time 
parked in 

known  
location 

Time 
parked in 
unknown 
location 

Charging 
probabili

ty at 
home 

Charging 
probabili

ty at 
work 

Charging 
probabilit

y at 
station 

Charging 
probabili

ty 
unknown 

Total 
Known 

locations 
used 

Known 
locations 
charged 

at 
1 83.68% 16.32% 27.27% 92.59% 53.33% 11.76% 17 11 
2 75.46% 24.54% 0.00% 65.49% 0.00% 11.11% 12 4 
3 72.77% 27.23% 20.63% 49.12% 90.53% 3.46% 11 9 
4 80.13% 19.87% Never Never 95.08% 5.17% 2 2 
5 77.19% 22.81% 66.67% 3.08% 97.67% 2.15% 4 4 
6 95.77% 4.23% Never 66.67% 0.00% 1.45% 3 2 
7 98.65% 1.35% 66.67% 39.62% 100.00% 0.00% 8 5 
8 49.24% 50.76% Never 97.83% 0.00% 0.00% 3 1 
9 89.55% 10.45% 0.00% 98.53% 100.00% 32.14% 6 5 

10 88.79% 11.21% 37.37% 88.00% 0.00% 1.59% 7 5 
11 49.77% 50.23% 34.78% 57.69% 86.08% 5.98% 11 6 

Average 77.10% 22.90% 28.94% 63.28% 85.62% 3.89% 8 5 
 

EVs driven and parked at the drivers’ homes were recharged only 29% of the 463 times parked. 
EVs at the various known businesses locations were recharged 63% of the 806 times parked 
and those parking at charging stations charged 86% of the times 438 parked. EVs were parked 
at 2,058 different unknown locations and charged at those locations 4% of the times parked. On 
77% of an EV’s total parking time occurred in 8 different known locations and 49% of charging 
cases occurred in five different known locations.   

Table 4 shows that for all the EVs in the trial, 96% of charges took place in each EVs top three 
locations, with on average 86% of charging taking place in one location for each EV. This can 
be interpreted as the EVs having one primary charging location where the majority of power is 
consumed.  

Table 5: Percentage of total charging energy (kWh) provided by top three used stations 
for each EV (accumulated over six months, each EV has different locations) 

Vehicle 1 2 3 4 5 6 7 8 9 10 11 AVG 
Location 1 73% 94% 56% 99% 100% 100% 82% 100% 89% 67% 83% 86% 
Location 2 8% 5% 15% 1% 0% 0% 13% 0% 7% 28% 6% 8% 
Location 3 5% 1% 13% 0% 0% 0% 2% 0% 3% 2% 5% 3% 
Total of 3 87% 100% 84% 100% 100% 100% 98% 100% 99% 98% 93% 96% 

 

4.1 Charging Power 

The power (kilowatts) drawn by the electric vehicles over time of day are shown in Figure 4. The 
station and business charging power peaks at 8am and 9am as the electric vehicles are driven 
from the business the previous day, then returning the next morning and parked to charge for 
the total distance. At 3pm business power usage also spikes as the EV’s are returned back to 
the businesses. At 8pm the home charging peaks as the vehicles are driven home to slow 
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charge, and the power used slowly reduces throughout the night until the next morning. The 
business and station charging patterns is similar to the workplace charge load done simulated 
by Weiller (2011). Other simulations performed by Ashtari et al. (2012),  Clement-Nyns et al. 
(2010), EPRI (2007) and Shahidinejad et al. (2012) use home charging profiles that don’t reflect 
the results from the trial, where vehicles charge predominantly at business and stations (78% of 
charges).  

Figure 7: EV charging distribution over day-time (accumulated over six months)

 

6 Conclusion 
 

The early results from the EV charging gained from both the WA Electric Vehicle Trial and the 
ARC Linkage Project at UWA on EV Charging indicate that despite the initial concerns that 
electric utilities that EV charging will create a new demand peak in the early evening hours, this 
based on the results of this trial this appears to be highly unlikely in the case for fleet vehicles at 
least. The typical fleet car usage pattern has a charging in the mid-morning with a lower rate in 
the early afternoon hours. This almost exactly matches a solar photovoltaic (PV) pattern, so 
fleet EVs could ideally be offset by local solar PV systems. 

The EV’s charge primarily at one location (86%) and additional charging locations are not 
normally used as vehicles with a range of 130km can easily manage the maximum daily 
average of a trial EV, 48.53km, leaving and returning to their primary charging location. This is 
especially evident in that the EV drivers would only charge their vehicles 29% of the times 
parked at home, and only spend 23% of their time parking in unknown locations. Also in only 
16% of charges had an EV travelled further than 60km, which is less than half of the vehicles 
range. It would appear that investment in additional level 1 or level 2 charging points outside of 
the primary charging location is unnecessary as it may not be fully utilised with a small number 
of active fleet vehicles.  

When the vehicles use a business or stations as a primary location the peak power usage for 
the vehicles occurs between 8am and 11am with business having another peak at 4pm. The 
vehicles travelled mostly during the day with the distance peaking in the morning at 7am to 8am 
and in the afternoon between 5pm and 6pm, a pattern that is similar to Melbourne and overseas 
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driving patterns. The similarity in the driving patterns of EV’s and other passenger vehicles has 
shown that other research simulations of business charging can present accurate charging 
profiles.  

In this trial the vehicles were only equipped for level 1 and level 2 charging points, and didn’t 
fully utilise the level 2 infrastructure. Vehicles with fast DC charging capability, using connectors 
such as the IEC COMBO standard, to allow for fast-charging up to 50kW, and COMBO stations 
should be investigated in the future.  

As the initial EV market over the next half decade is expected to be heavily biased towards the 
fleet market, these findings are even more important. 
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Abstract 
Plug-in Electric Vehicles (EV) offer a clean and cost effective means in the long run of driving 
short to medium distances within the city, even with the current high purchase cost. In Australia 
EV may be attractive as a second car in the multicar household. The acceptance of EV requires 
a change in behaviour – instead of re-fuelling, this vehicle requires battery charging each 140-
160km, either at home or at specialised charging stations.  

A limited number of EVs are being driven in Perth as part of the Western Australia Electric 
Vehicle trial (WA EV trial). The trial monitors the performance, benefits, infrastructure and 
practical implications of EV fleet. This paper explores the opinions and experiences of 43 of the 
participants. Factor analysis and multiple regression are applied to identify the main motivators 
and barriers in purchasing and using an EV.  

Ninety per cent of respondents are confident about driving the EV; more than 45% take trips of 
more than 30km. While zero tailpipe emissions is the most desirable feature of EV, followed 
closely by home charging, the limited range of the vehicle is regarded as the most serious 
barrier to EV uptake. The overall satisfaction with the EV performance is high (an average score 
of 3.96 out of 5), although 13 participants experienced at least one technical difficulty, when 
driving the EVs in the trial.  

Two latent constructs reflecting environmental concerns, and technology learning, along with 
EV benefits and technical difficulties experienced while driving an EV explain 59.2% of the 
variability of the willingness to purchase an EV as the next vehicle.   

Key words: Electric vehicle, multivariate analysis, drivers’ attitudes. 
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1. Introduction 
 

The increased demand for fossil fuels requires investigation of other energy sources in transport 
planning. The plug-in Electric Vehicle (EV) is driven by electricity, using an electric motor 
instead of a petrol or diesel engine. EV has distinct characteristics, for example limited driving 
range, battery re-charging and zero tailpipe emissions. In addition, EV brings benefits in terms 
of low running costs. People’s acceptance of new fuels and vehicles are determinants of the 
EV’s place in the ensemble of vehicle technologies. The number of kilometres travelled on one 
charge and the need for frequent charging are factors influencing the purchase and use of an 
EV, along with the efficiency of the vehicle (weekly $ amount spent on travelling) and comfort. 
Individuals are likely to trade-off these features and their decision is also affected by attitudes, 
preferences, and habits. 
 
Many Australian households use more than one car (ABS, 2008) so that the range limitation of 
EV may not be considered an issue when there is a second car available for long distance trips. 
With the low travel cost, EVs have the greatest potential for short trips within the city, but the 
charging requires good trip planning.  
 
A limited number of EVs are in use as part of an EV trial in Perth, Western Australia. The trial 
monitors the performance, benefits, infrastructure, and practical implications of EV fleets. This 
study aims to find the perceived barriers to the purchase and use of both converted and 
commercially manufactured EV. A questionnaire was presented to the drivers in the WA EV 
trial. Because the vehicles in the trial are all converted EVs, only four respondents use 
manufactured EVs, with one having experience with both converted and commercially available 
EV. In terms of sample size, number of manufactured EV drivers is small due to the limited 
availability of EV in the Western Australian market.  
 
In general, most of the drivers are confident in operating the EV, although 13 participants 
experienced at least one technical difficulty when driving the converted EVs in the trial. The 
overall satisfaction with the EV performance is still high with average score being 3.96 out of 5.  
 
The two techniques used in this study include factor analysis and multiple linear regression. The 
results of the survey are analysed by testing a set of hypotheses through the regression model.  
 

1.1 Aims of the Study  

This study explores the drivers’ behaviour through a survey with the following aims: 
x Identifying drivers’ perceptions about EV, and their willingness to purchase an EV; 
x Ascertaining participants’ attitudes towards the environment and adoption of new 

technologies;  
x Informing the research program and assisting in refining the design of the questionnaire 

for the household survey that will be conducted separately. The EV driver survey serves 
thus as a pilot, testing two sections of the household questionnaire: a stated choice 
experiment and household attitudes towards EV. This study will assist in distinguishing 
the most relevant characteristics for EV purchase, as well as testing the reliability of 
several latent constructs necessary in capturing households’ preference heterogeneity. 

 
The next section discusses the literature about EV uptake, followed by a conceptual model for 
the adoption of EV (Section 3), and the data and methodology (Section 4). The findings of this 
research are discussed next (Section 5) and the last section conveys the conclusions of the 
study.  
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2. Previous Studies on the Uptake of Electric Vehicle 
 

Considerable literature on the operating characteristics of EV (e.g. Voelker, 2009) and the work 
at UWA (Mullan et al., 2010) has established that standard car models converted to EV can 
give excellent performance.  
 
The studies to explore the potential demand for EV have started in different regions of the 
world. Most of the research work for EV uptake is in the USA. Kurani and Turrentine (1996) 
compared petrol and CNG with the hybrid and “neighbourhood” EVs (for 454 households) and 
found home-recharging will be successful. Half of the households mentioned that they would 
buy EV as their next new vehicle in multi-vehicle households. Kurani and Turrentine (1996) 
were also amongst the first researchers to incorporate attitudinal data in their modelling.  
Golob and Gloud (1998), with 69 individuals, applied regression analysis comparing petrol and 
EV, and found EV likely to be used if average vehicle mileage is less than 28 miles/day. 
Another study in California (Hess et al., 2006) comparing internal combustion engine vehicles, 
EV and hybrid vehicles, suggested that EV can only compete in the market if they have a range 
greater than 353 miles – thus recommending increased driving range for EV acceptance. 
Bolduc et al. (2008) conducted an experiment in Canada with 866 individuals, comparing petrol, 
alternative fuel, hydrogen fuel cell vehicle and hybrid EV. They used hybrid choice models 
including perceptions and attitudes and the structural and measurement equations for latent 
variables were simulated together. The hybrid choice model demonstrated its capabilities to 
capture: i) the environmental concerns; and ii) the appreciation of new car features. The 
behaviour towards charging of electric vehicles was not discussed; however, the latent 
constructs enriched the model’s explanatory power.  
 
Recent study by Lieven et al. (2011) in Germany applied correspondence analysis to rank eight 
types of cars (city, small, van, sports, luxury, etc.) for six types of uses (first vehicle for all uses, 
second for leisure, etc.). Their findings tell that price is the top priority for both conventional and 
EVs, with range ranked second. Performance, durability, environment, and convenience are 
given less priority. Only 4.2% of first car buyers chose EV and they rated price and range as a 
lower priority than non-EV potential buyers. Another recent research in vehicle type choice 
modelling is by Kuwano et al. (2012) in Japan, they designed a two stage model. In the first 
stage of decision making respondent was given a brief overview of EV features, and then asked 
whether to keep EV as one of the available choices. If the respondent decided to keep EV in the 
choice sets, a set of scenarios containing gasoline, hybrid-electric, and EV in the choice sets 
was displayed to the respondent; otherwise scenarios with only gasoline and hybrid-electric 
vehicle were given to the respondent. In this way social conformity was reflected in their model, 
and heterogeneity in the preferences was explained by the use of latent class models. In 
addition to the attributes that were considered by similar studies (such as purchase price, 
range, charging time, and operation costs), Kuwano et al. (2012) had market share as an 
attribute in their stated preference choice sets. With 384 respondents in Japan, Kuwano et al. 
(2012) found that 10% of respondents prefer to own an EV, while 20.2% considered EV as an 
alternative in the choice experiments. They obtained three latent classes: EV share rise, EV 
purchase price reduction, and EV performance improvement (Kuwano et al., (2012); page 7).  
 
In summary, studies of EV acceptance have been increasing since their start more than ten 
years ago (Kurani and Turrentine, 1996; Brownstone et al., 2000; Ahn et al., 2008), with the 
most recent research in this area being in the USA (Hidrue, 2010), Switzerland (Ziegler, 2010), 
Germany (Lieven et al., 2011), and Japan (Kuwano et al., 2012). The technology at the core of 
this study embodies significant advances and the study has the task of assessing how much 
these advances will improve acceptability of EV.  
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2.1 Consumer Behaviour Models on the Adoption of New Technologies  

EV is a significant new technology; this makes it pertinent to explore EV adoption as “new 
technology” adoption. In the literature we find that technology adoption research includes 
variations for market inventions, in the field of information technology (IT), or both.  

2.1.1 Technology Acceptance Model  
Davis (1989) theorizes in the Technology Acceptance Model (TAM), that behavioural intention 
to use a system is determined by two factors: perceived usefulness and perceived ease of use. 
The term system here was taken as any Information System, and perceived usefulness is the 
extent to which an individual believes that the system will help to enhance his performance. The 
ease of use similarly indicates the extent to which an individual believes that using the system 
will not require extra effort to learn first. A theoretical extension of this model as TAM2 is 
defined (Venkatesh and Davis, 2000); it contributes by adding social influence constructs and 
also explores how perceived ease of use can be increased by helping the user to learn the 
system. This model has been used in different studies, as Lee et al. (2003) summarises its use 
in literature from 1986 till 2003.  
 

2.1.2 Technology Readiness  
The concept of technology readiness (Parasuraman, 2000) refers to the people’s propensity to 
embrace and use new technologies for accomplishing goals in home life and at work. 
Parasuraman (2000) in collaboration with a company in the United States developed a 
Technology Readiness Index (TRI) as part of a technology readiness research program. Focus 
groups and interviews were conducted with the customers of companies from a variety of 
different technologies (e.g., financial services, e-commerce, online services, and 
telecommunications). After a number of analyses, a technology readiness scale was designed 
with four dimensions. The two positively supporting dimensions: Optimism and Innovativeness 
were classified as drivers, whereas the other two Discomfort and Insecurity were classified as 
inhibitors. The items in this TRI were further used by many researchers as a scale to measure 
self-service (e.g., ATM, bank by phone, and online banking) technologies adoption (James et 
al., 2005, Meuter et al., 2003), and also to explore the Internet home usage (Matthing et al., 
2006). Both TAM and TRI consider the positive drivers of technology, however, in addition to 
TAM, TRI incorporates constructs with a negative effect in the adoption of new systems.  
 

2.1.3 Technology Adoption Propensity  
Ratchford and Barnhart (2011) reported on the assessment of consumer propensity to adopt 
new technologies. This research primarily considers the adoption of new technology by 
consumers in the market, while TRI focused mainly on specific technologies (for example, 
computers, or Internet). When buying a new technology the decision is made based on the 
benefits, and the time and effort consumers spend in learning and absorbing the new 
technology (Ratchford and Barnhart, 2011). The precise forecasting of technology products 
requires measurement of both positive and negative attitudes towards the technology. 
Ratchford and Barnhart (2011) recently developed a Technology Adoption Propensity (TAP) 
index containing 14 items, significantly shorter than TRI with 36 items.  
 

2.1.4 Post Adoption Behaviour  
Huh and Kim (2008) studied the role of post-adoption behaviour and experimented with young 
people and early adopters. On the other side, Son and Han (2011) indicated that technology 
readiness of the consumer (i.e. how well a consumer is prepared for the new technology) has 
an impact on the post-adoption behaviour. Gatignon and Robertson's (1985) suggested that 
diffusion of technological innovations will depend on consumers developing new knowledge and 
new patterns of experience. 
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3 A Conceptual Model for the Adoption of Plug-in Electric Vehicles 
 
Drawing on the above literature, a set of latent constructs were identified through which the 
acceptability of Plug-in Electric Vehicles by the drivers’ in the WA EV trial can be assessed. 
Thus, the objective of this study is to determine what contributes for the drivers’ attitudes and 
perceptions of EV, and also to find which EV driving experiences can affect their propensity to 
adopt EV.  
The specific questions we explore in this research refer to: the direct impact of EV benefits, 
technical difficulties experienced while driving EV, along with effects of the attitudes towards 
environment and technology adoption (measured using latent constructs) on the willingness of 
the drivers to recommend and purchase an EV. The survey instrument was designed according 
to the conceptual model given in Figure 1. While the purpose of the overall research is to test a 
mediating model (EV benefits and barriers, environmental concern, and technology learning 
impact on the overall satisfaction while driving an EV, which in turn allows predicting the 
willingness to recommend and purchase an EV) for this paper, we test a direct model with all 
predictors affecting the willingness to recommend and purchase an EV.  
 
 

Figure 1: Conceptual Model 

 
 
 
 
 
 
 
 
 
 
 
 
The primary hypotheses of this study include: 
 
H1: Drivers confident in the environmental performance and efficient use of energy of EV are 
more likely to recommend and purchase an EV. 

H2: Drivers showing concerns for environmental changes are more likely to recommend and 
purchase an EV. 

H3: Drivers ready to adopt and learn new technologies are more likely to recommend and 
purchase an EV. 

H4: Perceived EV benefits influence positively the willingness to recommend and purchase an 
EV. 

H5: Experienced technical difficulties while driving an EV influence negatively the willingness to 
recommend and purchase an EV. 

H6: Overall, drivers’ satisfaction with EV reflects the willingness to adopt EV as a future car. For 
this paper the satisfaction with driving an EV is tested as one of the independent variables, as 
this is not mediating model rather a direct model is tested with all predictors affecting the 
willingness to adopt EV as a future car. 

 

 

EV Benefits 

EV Barriers 

Environmental 
Concerns

Technology 
Savviest 

Satisfaction in 
driving an EV 

Willingness to 
recommend and 
purchase an EV 
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4 Data and Methodology 
 

In order to design the survey questionnaire, a focus group was conducted in November 2011 
with 11 EV drivers at The University of Western Australia. The drivers discussed their EV 
driving experiences and perceptions towards EV as a new technology. Overall, they were 
satisfied with the trial EV performance and showed confidence towards its acceptance. The 
participants indicated the pros and cons of EV in the trial. The advantages of EV as discussed 
in the focus group include: smooth and quiet operating drive, good torque, resource 
management, sustainability, being a new technology (innovative) but appearing or driving like a 
normal car, clean energy with no emissions, low running cost, minimal service cost or no need 
to go for oil-checks, free reserved parking, efficiency. The drivers also discussed the drawbacks 
and concerns that they had while driving EV: limited range, finding a charging station, 
recharging time, trip planning, range indicator problems, and technical problems like 
regenerative braking, acceleration etc. These barriers also affected the willingness of other 
drivers to become part of the trial, when presented in the induction process for EV usage. The 
participants also indicated the factors that might affect EV performance in the market, such as 
range, performance, place and time required for recharging, substantial price, limited choice of 
EV models, and their resale value. 
 
In December 2011, an online survey was deployed and sent to all EV drivers in Perth, WA. The 
experiences of the drivers in the focus group helped the design of the questionnaire. The 
instrument included four sections: 1) EV characteristics; 2) drivers’ experiences; 3) attitudinal 
questions; and 4) background questions. The socio-demographics in the survey included the 
age, sex, education of the respondents, and number of cars at home. Since the drivers in the 
trial did not purchase the EVs themselves, the income variable was deemed irrelevant. The 
questionnaire also asked drivers about the technical problems encountered when driving the 
EV, as well as what do they perceive the most and the least desirable features of EV. The 
vehicles in the trial are all converted EVs, thus only a limited number of drivers outside the trial 
had experiences with manufactured EVs. The overall satisfaction of driving EV was also 
included in the questionnaire.  
 

4.1 Survey Design and Data Collection  

The drivers in the EV trial filled in an online survey, with 43 respondents completing all 
questions. Although this is a small number of respondents, the response rate was high (and the 
sample appropriate for representing the EV drivers in WA) considering that only few 
organisations in the trial have started to use EV, with not all the respondents using it on a 
regular basis. Among these 43 respondents, four respondents experienced driving 
commercially manufactured EV, while rest of respondents are drivers of the converted EV..  
 
The socio-demographics in survey (Table 1) show that the majority of respondents are male 
drivers (67.4%), and a number of respondents (73%) own 2 or more cars. Twenty-two 
respondents are over 40 years and 28 have tertiary education. 
 
More than 80% of drivers showed satisfaction in driving EV, with 34.1% being extremely 
satisfied. This is a positive indication towards EV acceptance in the WA EV trial, where 24% of 
respondents drive more than 50km, 39% drive 21-50km, 27% drive 10 to 20km, and only 11% 
drive less than 10km in a single trip.  
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Table 1: Information about Respondents 
 

Variable % Count 
Gender   
Male 67.4% 29 
Female 32.6% 14 
Age   
17-22   9.3% 4 
23-29 20.9% 9 
30-39 18.6% 8 
40-49 18.6% 8 
50-59 20.9% 9 
60+ 11.6% 5 
What is your highest level of education? 
Year 12   9.3% 4 
College/Professional qualification 25.6% 11 
University Bachelor Degree 48.8% 21 
Masters or PhD 16.3% 7 
How many vehicles do you have at home? 
1 27.9% 12 
2 48.8% 21 
3 or more 23.3% 10 

 

 “Zero-tail-pipe emissions” was considered the most desirable feature suggesting that the 
drivers are concerned about the environment, followed by “low running cost”, then “reliability”, 
“low-maintenance”, and “home-charging”. “Low level of noise” is also suggested as a desirable 
feature of EV by the drivers in the trial. In terms of perceived barriers for EV uptake, the 
respondents indicated the “limited range” and “purchase cost” as the most serious limitations, 
followed by “recharging infrastructure” and “recharging time”, with “reliability” the least serious 
barrier. 
 
As informed by the focus group, the questionnaire presented a list of technical problems with 
EV, from which the participants had to select the ones they encountered while driving EV. Forty-
two respondents answered this question, 52% respondent indicated “Power-steering failure”, 
“no regenerative braking” and “range indicator errors”, while 10 respondents reported other 
faults that are related to charging, braking faults, motor overloading, and gearbox problems.  
 
Recognising the role of attitudes and preferences in explaining behaviours, the survey included 
a set of latent constructs regarding EV benefits, environmental concerns, adoption of new 
technologies, and willingness to recommend and purchase an EV.  Since the objective of this 
survey is to investigate and test the role of these latent constructs against the willingness to 
purchase an EV, the analysis included two stages: i) exploratory factor analysis to test the 
validity of the latent constructs (latent factor scores were derived for use in the subsequent 
analysis); ii) multiple linear regression, for simultaneous assessment of the linear 
interrelationships between predictors for willingness to purchase EV.  
 

4.1 Exploratory Analysis of Attitudes towards Electric Vehicle 

To test the drivers’ behaviours and attitudes towards EV, items reflecting several latent 
constructs were included in the survey. These constructs refer to: EV benefits, environmental 
concerns, adoption of new technologies, and willingness to recommend and purchase an EV.  
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The latent constructs’ items were designed as a set of five level Likert-Scale questions ranging 
from strongly agree to strongly disagree. After an Exploratory Factor Analysis (EFA) stage, uni-
dimensional constructs were tested.  
During the analysis of the constructs, it has been found that few construct items were weak and 
they will be redefined for the household survey. Each construct is discussed in detail below.    
 

4.1.1 Environmental Concern 
This construct showed strong relationships among the variables. The basic assumptions of 
factor analysis are satisfied, with a Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy 
of 0.707 indicating a strong construct. The alpha factoring extraction method was used to 
maximise the construct reliability; factor loadings of each element in this construct are above 
0.5, as shown in Table 2.  
 
The analysis of results showed that 90% respondents agreed that it is now the real time to 
worry about our environment and this requires our immediate efforts. A large number (69.8%) of 
respondents believed that climate change is not a myth; this shows that respondents are 
concerned about climate change and air pollution effects. Approximately 63% of respondents 
showed willingness to spend extra time or pay more for products and services, only to save the 
environment.  
 

Table 2: Environmental Concern Factor Loadings 
 

Items Factor Loadings 
Now is the real time to worry about the effects of air pollution. 0.795 
I am concerned that future generations may not be able to 
enjoy the world as we know it currently. 0.757 

Saving the environment requires our immediate efforts. 0.718 
I am willing to pay more for products or services only to save 
the environment. 0.714 

I am willing to spend extra time only to save the environment. 0.622 
Vehicle emissions can destroy our flora and fauna. 0.534 

 
For this construct, the reliability coefficient, Cronbach's Alpha has a value 0.832, suggesting 
consistency of the entire scale (Hair et al., 2010).  
 

4.1.2 Technology Adoption  
This is a very important construct, already tested in literature investigating the adoption of EV as 
new technology (Ewing and Sarigollu, 2000). Our analysis showed that multiple constructs may 
emerge (the items were not correlated significantly for a unidimensional factor), and we 
selected here to report the strongest one – “technology learning”.  
 
Overall, the survey responses are convincing about the relevance of technology adoption in 
further uptake of EV. For example, 90% respondents believed that using new technologies 
makes our life easier, and 70% respondents felt that new technologies give more control over 
our daily life. Nearly 77% of respondents showed an excitement for learning new technologies, 
while 80% of the drivers agreed that keeping up with the new knowledge or technologies is 
necessary.  
 
When exploring the trendy or being fashionable tendency of the respondents, we found that 
almost 30% of respondents are savvy-trendy adopters, based on their response that “taking up 
new technologies makes one trendy”, and that “being fashionable means having up-to-date 
knowledge of the techno-world”. Approximately 44% of respondents did not agree that new 
technologies cause more problems than they solve.  
 
As indicated, the EFA suggested more than one dimension, but only three items, with higher 
commonalities and factor loadings were further retained. They are shown in Table 3.  
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Table 3: Technology Learning Factor Loadings 

 
The measure of sampling adequacy (KMO) value 0.669 and a Cronbach's Alpha of 0.703 
indicated that this structure for the one-dimensional Technology Learning construct is 
appropriate.   
 

4.1.3 EV Benefits and Challenges 
The most important EV benefits, identified by respondents, included: convenience of home 
battery recharging and reduced average travel cost per trip. The respondents are also 
comfortable with recharging their EV at public stations, although almost half of the respondents 
need to do a lot of planning of activities when they drive EV.  
 
In regard to EV technical difficulties, only 20% of the respondents believed that EVs have 
problems with the acceleration; while 29% disagreed that EVs incur significant maintenance 
costs.  
None of these two constructs, EV benefits or Technical problems associated with EV had 
adequate reliability in this sample, and consequently they were not used in this analysis. 
 

4.1.4 Willingness to Recommend and Purchase an EV 
This construct showed strong relationships among the variables (KMO=0.725). Factor loadings 
of the elements in this construct (all above 0.8) are given in Table 4. The Cronbach's Alpha had 
the highest value of all constructs, 0.910.  
 

Table 4: Willingness to recommend and purchase an EV Factor Loadings 
 
 
 
 
 
 
The results of the analysis show that approximately 65% of respondents would recommend EV 
to others. Buying an EV as a next car is chosen by 27.9% of respondents, while 35% of 
respondents would prefer to use EV over any other cars. This percentage of driver’s showing a 
preference to use EV over any other type of cars indicates a positive attitude towards EV and 
acceptability of the electric car.  
 
5 Regression Model for EV Adoption 
 
Once all the possible factors were identified, the next step was to quantify the effect of different 
factors in the willingness to adopt EVs. As suggested in the hypotheses, the set of independent 
variables identified for this model include: environmental concern, attitudes towards technology 
learning, EV benefits, EV technical problems, being a savvy-trendy adopter, and having 
confidence in driving EV. The socio-demographics considered in the analysis include age, 
gender, and education.  
 
The regression model initially tested all the independent variables, but the high correlations 
among the explanatory variables resulted in multicollinearity issues (Hair et al., 2010). The 

Items Factor Loadings 
I am excited to learn to use new technologies. 0.758 
Reverse (Things have become so complicated today that it is hard 
to understand what is going on in this techno-world) 0.703 

I love gadgets 0.601 

Items Factor Loadings 
I prefer to use EV over any other type 
of cars. 0.911 

I would recommend EV to others. 0.828 
I would buy an EV as my next car. 0.837 
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correlations between independent variables and the willingness to purchase and recommend an 
EV are given in Table 5.  
 

Table 5: Correlations between Independent Variables and Willingness to Recommend 
and Purchase an EV 

 

Independent Variables  

Willingness to 
recommend 
and purchase 
an EV 

Significant Cross 
Correlation Coefficients 

between potential 
explanatory variables Correlation 

Coefficients 
AGE What is your age (years)? 0.143  

HE What is your highest level of 
education? 

-0.152 

TechL Technology learning construct  0.157 
EnvC Environmental concern construct  0.250 

Conf 
How confident are you in the 
environmental performance and 
efficient use of energy of EV? 

0.561** EV_B1 (0.448*), 
EV_B2 (0.434*), 
OvSat (0.475**) 

Tech_B New technologies give more control 
over our daily life. 

-0.004  

TFas 
Being fashionable means having 
up-to-date knowledge of the techno-
world. 

0.077 

LessM 
Reverse (I spent a significant 
amount of money to fix my EV in 
the last 3 months). 

0.476** AccP (0.454*), 
EV_B1 (0.482**), 
EV_B2 (0.449*),  
OvSat (0.441*) 

AccP I believe EV has no problems with 
acceleration. 

0.346* LessM (0.454*) 

EV_B1 Battery recharging at home is 
convenient for my EV. 

0.594** Conf (0.448*), 
LessM (0.482**), 
EV_B2 (0.509**), 
OvSat (0.552) 

EV_B2 EV driving reduces my average 
travel cost/trip. 

0.491** Conf (0.434*), 
LessM (0.449*),  
EV_B1 (0.509**),  
OvSat (0.560**) 

OvSat Overall, how satisfied are you 
driving an EV? 

0.634** Conf (0.475**) , 
LessM (0.441*), 
EV_B1 (0.552**),  
EV_B2 (0.560**) 

* p<.05 ** p<.01                      
 

Table 5 shows that all independent variables (Conf, LessM, EV_B1, EV_B2, OvSat) have 
moderate correlations with each other. Overall satisfaction in driving an EV (OvSat) is related to 
EV Benefits (EV_B1, EV_B2), and to being confident in environmental performance and 
efficient use of EV energy (Conf). Similarly, a lower amount of money spent to fix EV in last 3 
months (LessM) has a positive impact on the overall satisfaction (OvSat), and perceived EV 
benefits (EV_B1, EV_B2).  
 
One of the remedies for multicollinearity is to omit one or more highly correlated variables, and 
identify other independent variables to help the prediction (Hair et al., 2010). To address 
multicollinearity and given the reduced sample size, a backwards elimination procedure was 
applied. Two different models were tested, with overall satisfaction and EV benefits being the 
response variables (Tables 6 and 7).  
 
 

3-10



Acceptability of Electric Vehicles: Findings from a Driver Survey 

11 

 

5.1 Multiple Linear Regressions’ Results   

With a coefficient of determination R2 =0.643, the regression model presented in Table 6 
confirms a subset of our hypotheses. The standardised coefficients indicate the relative 
importance of predictors in the same units or standards, regardless of the measurement scale 
used for the independent variables (Hair et al., 2010). When considering the socio-
demographics, age played a significant positive role in the model, with younger people less 
likely to recommend and purchase an EV (beta for AGE is 0.185). This might be due to the 
reason that more than 30% of respondents have an age of 50 years or above. The AGE 
variable has even more significant value in Table 7 where beta is 0.260.  
  
The first hypothesis of this study (drivers confident in the environmental performance and 
efficient use of energy of EV are more likely to recommend and purchase an EV), is confirmed 
with the standardised coefficient as 0.262. The third hypothesis shows mixed results with one 
positive coefficient (technology learning 0.198) and a negative one (control given by 
technologies -0.287). Hypothesis 5 is also confirmed with a significant negative coefficient and 
the highest beta in absolute terms (0.367). The satisfaction variable (OvSat) comes next 
(0.336), confirming hypothesis 6 that overall, drivers’ satisfaction with EV reflects the willingness 
to adopt EV as a future car. 
 
 

Table 6: Regression Model with Satisfaction Variable as Predictor 
 Dependent Variable: 

Willingness to 
recommend and 
purchase an EV 

Unstandardized 
Coefficients 

Standardized 
Coefficient  

Significance B 
Std. 
Error 

Beta 

Independent Variables  
 (Constant) -0.716 0.815  0.385 

AGE What is your age (years)? 0.127 0.072 0.185 0.086 

Conf (H1) 
How confident are you in the 
environmental performance 
and efficient use of energy of 
EV? 

0.370 0.177 0.262 0.044 

Tech_B 
(H3-A) 

New technologies give more 
control over our daily life 

-0.371 0.146 -0.287 0.016 

TechL 
(H3-B) Technology learning construct  0.281 0.174 0.198 0.114 

Tech_Diff 
(H5) 

I spent a significant amount of 
money to fix my EV in the last 
3 months 

-0.387 0.125 -0.367 0.004 

OvSat 
(H6) 

Overall, how satisfied are you 
driving an EV? 

0.338 0.131 0.336 0.014 

Note: Parameters significant at 0.05 level in bold. 
 
As discussed in more detail in the next section, satisfaction is a mediator between the EV 
benefit, EV barriers, and technology learning constructs, and the willingness to recommend and 
purchase an EV.  
 
The regression model in Table 7 also tests hypotheses of this study, but this time after 
excluding the overall satisfaction from the list of predictors; independent variables that were not 
significant were removed from the model, one at a time, while exploring the impact of the rest of 
the variables. The final model, containing only significant variables, is given below. It has the R2 
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value of 0.592, this indicates that variables in this model explain 59.2% of the variability in the 
willingness to recommend and purchase an EV.  
 
The second hypothesis in this study (drivers showing concerns for environmental changes are 
more likely to recommend and purchase an EV) is not confirmed by the model, but this may be 
due to the sample size and limited variability in the construct (the average factor score is 3.71, 
with a standard deviation of 1.02). Ewing and Sarigollu (2000) found that the consumers 
accepted the environmental impact of clean fuel vehicles, but the vehicle’s standards cannot be 
compromised.  
 
Again, hypothesis 3 does not have full support with the question on technology’s control over 
lives displaying a negative relationship. This negative coefficient was unexpected, however it 
might be due to the fact that most of the respondents in this study have an experience of driving 
converted EVs, and not commercially manufactured EVs. Another possible reason might be the 
word “control”. This item needs to be reconsidered for the household survey and perhaps 
instead of “control over our daily life”, the question needs to be reformulated to include “enable 
us” or another positive phrase (for example “Using new technologies in our daily lives makes life 
easier.”)  

 
Table 7: Final Regression Model 

 Dependent Variable: 
Willingness to 
recommend and 
purchase an EV 

Unstandardized 
Coefficients 

Standardized 
Coefficient   

Significance 
Level 

B Std. 
Error 

Beta 

Independent Variables  
 (Constant) 0.411 1.416  0.773 

AGE  What is your age 
(years)? 0.180 0.082 0.260 0.036 

EnvC 
(H2) 

Environmental Concern 
Construct  0.224 0.172 0.150 0.201 

Tech_B 
(H3-A) 

New technologies give 
more control over our 
daily life 

-0.382 0.172 -0.299 0.034 

TechL  
(H3-B) 

Technology learning 
construct  0.387 0.178 0.278 0.037 

EV_B1 
(H4-A) 

Battery recharging at 
home is convenient for 
my EV. 

0.266 0.124 0.308 0.040 

EV_B2 
(H4-B) 

EV driving reduces my 
average travel cost/trip. 0.284 0.147 0.268 0.062 

Tech_Diff 
(H5) 

I spent a significant 
amount of money to fix 
my EV in the last 3 
months 

-0.305 0.151 -0.289 0.051 

  Note: Parameters significant at 0.05 level in bold. 
 
The fourth hypothesis (H4) of the study (perceived EV benefits influence positively the 
willingness to recommend and purchase an EV) is confirmed, with EV_B1 and EV_B2 
presenting beta coefficients of 0.308 and 0.268, among the highest in the model. Thus, this 
demonstrates that perceived EV benefits (low driving cost and home-charging) influence 
positively the willingness to recommend and purchase an EV. This is consistent with the 
previous literature: e.g., Kurani and Turrentine (1996) identified the “home-charging” as a key 
benefit of EV.  
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The fifth hypothesis (H5), regarding the relationship between experienced technical difficulties 
while driving an EV and the willingness to recommend and purchase an EV, is confirmed as 
well, with a negative coefficient and a beta value of -0.289. Technical difficulties experienced 
while driving an EV act as a deterrent for EV uptake. This is well supported by the literature. 
Dagsvik et al. (2002) indicated that alternative fuel vehicles can compete with petrol cars if 
maintenance and refuelling infrastructures for alternative fuel vehicles are well established. 
Again these coefficient values could be different if there were more number of respondents 
driving commercially manufactured EVs (with less technical difficulties) instead of converted 
EVs.  
 

5.2       Discussion and Future Research 

The independent variables taken into account in this study were derived from literature and 
were further refined after the focus group. This study primarily explored the behaviours and 
experiences of the drivers already using the EV, in the WA EV trial. With a limited number of 
respondents (N=43) a number of hypotheses were tested and confirmed. One of the limitations 
of this study is that among small set of respondents (N=43) the majority of drivers used 
converted EVs, only 4 drivers had experience of driving manufactured EVs. Thus, the results 
would intuitively be different if the number of commercially manufactured EV drivers was larger. 
At the same time, this limitation does not impact the main objective of the study that is to 
discover the drivers’ perceptions and attitudes towards EVs, and to determine how their 
experiences might affect acceptability of Electric Vehicles. The weakness of the few constructs 
was also noted as another limitation and these constructs will be revised for the upcoming 
household survey.  
  
Since the satisfaction variable seems to be a mediator between perceived EV benefits, EV 
technical difficulties, attitudes towards technologies constructs and willingness to recommend 
and purchase an EV, the next step will be to assess these relationships using structural 
equation modelling (SEM) approach (Meyers et al., 2006). On account of small sample size, 
this was not currently possible, but with a higher number of respondents from the household 
survey it might be possible in the future.  
 
6 Conclusion 
 
This research explores the EV drivers’ behaviour and their perceptions and attitudes towards 
new technologies. Experiences of drivers in the trial are useful for exploring the impact of EV 
benefits and of their technical difficulties on the acceptance of EV. The drivers showed 
confidence in the EV’s environmental performance and efficient use of energy. The range is a 
serious barrier to EV uptake, with almost half of drivers indicating that they require significant 
trip planning especially for trips longer than 30km.  
 
The analysis of the drivers’ survey also aimed to refine the latent constructs such as technology 
adoption and environmental concern. With the data from the drivers’ survey the reliability of the 
constructs was assessed and items with low value of loadings are being revised. Although the 
environmental concern appeared non-significant in the regression models, the literature 
identified it as a key construct, and we will consider it in the household survey. Another 
supporting argument for environmental concern construct is that the “Zero-tail pipe emissions” 
is ranked as the most desirable feature of EV by the drivers in the trial.  
The results of this analysis will inform the household survey, and these constructs will be 
presented with further improvements, in the pilot household survey.  
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Abstract 
 

This study explores drivers’ charging preferences in the Western Australia Electric Vehicle trial. 
Drivers in this trial have experience of planning trips using plug in electric vehicles (EV). There 
are trade-offs between charging options in terms of cost and time. In this study each driver was 
given a set of four stated choice experiments; they picked their best and worst options for 
charging EV from each experiment. Labelled experiments contained mainly three choices: work, 
home and public with different values of charging cost, duration, and time of day. Drivers were 
given assumptions before doing the experiments, for example: that they are planning a trip for 
their next working day. The findings of this study give several insights into drivers’ charging 
behaviour: drivers preferred to charge EV at home or work rather than at a public charging 
station; drivers having solar panels at home prefer to charge EV at home; people having travel 
commitments involving other family members do not like to charge EV at home but generally 
prefer to use a public charging station. Members of the Australian Electric Vehicle Association, 
one of the partners in the WA EV trial, preferred to charge at home. Drivers were in general 
sensitive to cost and showed a strong preference for low cost EV charging. 

 

Key words: Electric vehicle, stated-choice analysis, drivers’ EV Charging behaviour. 
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1 Introduction 
 

A major operation with plug in electric vehicles (EV) is battery charging. Potential benefits 
include green impact on the environment (Ma et al., 2012), home-charging (Kurani et al., 1996) 
and low travel cost (Chan, 2007). An electric vehicle battery can be recharged by plugging into 
a battery charging station or unit, this battery charging operation can be done at home, which is 
convenient as it can be recharged overnight. Battery charging can also be done at public 
charging stations or specific bays provided at workplaces. Depending on battery status, 
requirement for a trip, or charging cost, it might be more convenient to charge at work or at a 
public charging station. Charging at work may not be free and usually the number of bays with 
charging facilities is limited. Public charging stations are provided only at certain locations and 
using them may require careful planning. Nevertheless, the public stations provide quick 
charging and are located in places of wide interest (shopping centres, hotels, transport hubs), 
offering additionally the privilege of a reserved/free parking bay. 
 
In this way, there is a trade-off between the generalised cost (including the electricity price and 
the duration of charging) and the convenience of charging an EV. For example charging at 
home might be convenient, but the cost of electricity at home during on-peak hours (evening or 
a few hours in the morning) is different from the off-peak hours (at night or in the middle of the 
day, as discussed in the next section). For the purpose of this study we made a set of 
assumptions: drivers privately own a new electric vehicle and they have a charging facility at 
home or at work with a free parking bay or at a public charging station located within their daily 
itinerary. They are planning their next working day, the EV is the principal car at home, and their 
vehicle’s current battery status is 30% full. The reason for these assumptions is that this study 
aims to determine drivers’ preferences for EV battery charging with a full access to charging 
infrastructure at work, at a public facility, and at home. As the charging infrastructure is not well 
established yet in Perth, the EV drivers participating in the trial have limited options for 
charging. Therefore, this study explores drivers’ preferences for charging at work, home or 
public charging stations through stated choice experiments, where drivers indicate their best 
and worst choice for charging an EV in hypothetical scenarios. 
 
The next section gives more detailed information about battery charging options, with their time 
and cost, and home charging with solar panels; this is followed by a an introduction to the WA 
EV Trial, and then discussion of data and methodology is given in section 3. Section 4 presents 
the findings about the drivers’ battery charging choices; results of this stated preference 
experiment provide useful insights which are further elaborated in the discussion section. 
 
2 Electric Vehicle Battery Charging 

 
Home charging differs from charging at work or at a public charging station both in terms of 
charging duration and cost. People with solar panels at home can use solar energy for EV 
charging during the daylight hours. Considering these variations in charging options, 
respondents were given a set of assumptions before starting the experiment – as presented in 
next section.   
 

2.1 Battery Charging Levels: Time and Cost 
 
Battery charging cost depends on the charging station Level (fast and expensive or slow and 
inexpensive), the time of the day, and the place. Level II and Level III are fast charging stations, 
while Level I represents a slow charging station. Accordingly, the cost of Level I charging is less 
than the cost of Level II, which in turn is cheaper than Level III. A Level I charging unit (usually 
installed at home) recharges a battery from empty to full in 6-8 hours. Level I is ideal for home 
use as it uses 120 V circuits providing AC power to the vehicle (National Research Council, 
2013). A Level II charging station provides faster charging by using 240 V AC power, reducing 
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charging time to 2-4 hours. Level III is also called a DC charging station because it converts AC 
voltage power to DC (National Research Council, 2013) and charges the EV battery at a fast 
speed of 10-30 mins for a full recharge. This DC charging station is ideal for public charging 
because of its speed. 
The price of electricity is based on the time of day: peak rate (morning/late afternoon and 
evening) is most expensive, while off-peak (usually during the night) has the lowest rate (Table 
1). The price also differs between home and business (work/public). 
 

Table 1: Electricity Rate Synergy Home Plan effective from July 2012 (Synergy, 2012a) 
 
 
 
 
 
 
 
 
 
 
There are two power suppliers in WA: Synergy mainly supplies the metropolitan area while 
Horizon Power covers the rest. An overview of the on-peak and off-peak home rates is given in 
Table 1 as accessed from a WA power supplier website (Synergy, 2012a).  These values were 
used in designing the stated choice experiment. 
 

2.2 Home charging with solar panels  
 
Solar energy systems allow their owners to generate surplus electricity during the day, thus 
offering zero cost daytime charging for EV at home. The photovoltaic power generation systems 
with benign impact on the environment (Tsoutsos et al., 2005) can be ideal for EV charging, 
when compared to conventional energy generation sources. The cost of EV charging depends 
on the type of solar panel and the electricity supplier. Synergy offers a buyback price for surplus 
energy during the day at a fixed rate of 8.4 cents/kWh, but during night hours households have 
to buy at the standard rates (Synergy, 2012b). The buyback rate by Horizon Power varies 
across different rural areas in WA from 10 cents/kWh to 50 cents/kWh (Horizon Power, 2012). 
 

2.3 Charging Behaviour: Previous Studies 
 
Yilmaz, and Krein (2013) reviewed the current status of battery chargers for plug-in EV, and 
plug-in hybrid vehicles; no defined international standards for battery charging infrastructure 
exist yet. A number of studies investigated battery charging behaviour from different 
perspectives. For example, Peterson, and Michelek (2013) assessed the cost effectiveness of 
charging infrastructure, and suggest using plug in hybrid electric vehicles to reduce petrol 
consumption in the US. Schroeder, and Traber (2012) linked the cost of establishing the 
charging infrastructure with the adoption of electric vehicles. Through simple valuation methods 
in Germany, they found that the return on investment of a Level III charging station depends on 
its demand and thus relies on EV adoption at a large scale; fleet operations were suggested as 
one solution to increase the requirement for fast charging. 
 
Axsen and Kurani (2012) analysed residential access to vehicle charging in order to develop an 
understanding of plug-in electric vehicle demand, use and energy impacts. Their findings from 
two different experiments were i) about half of the US population had Level I home charging 
access, ii) one third of the population of San Diego County had access to Level II home 
charging while another 20% were willing to pay the costs required for Level II installation. A 
higher percentage of samples having home charging access desired to have an EV as their 

Time* Rate  

Peak  45.87  cents per kWh 

Off-peak 13.97  cents per kWh 

Shoulder 24.44  cents per kWh 

*These timings vary during summer and winter hours 
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next vehicle, compared to those who had no access. Their study did not cover all regions in the 
USA, however they suggested a relationship between EV charging access and EV adoption. 
 
3 The WA EV Trial 
 
A limited number of EVs are being driven in Perth as part of the Western Australia Electric 
Vehicle trial. The trial monitors the performance, benefits, infrastructure and practical 
implications of the EV fleet. This trial consists of eleven participant organizations, where each 
organization owns a number of EVs. The survey explores battery charging preferences for the 
drivers in the trial and how EV drivers plan their trip considering the limited range of an EV. 
However, these drivers experienced driving an EV that is owned by an organization and EVs 
are plugged-in for charging while they are parked. Though these drivers do not own an EV, for 
the purpose of this study drivers were given conditions before participating in the survey such 
as “assume that you own an electric car”. The main objective of these assumptions was to 
determine preferences for charging time, charging location, and duration of charging, for EV 
drivers in Perth.  
 

3.1 Conditions applying for this Study 
 
In addition to the assumption of privately owning a new EV, drivers were asked to consider that 
they are planning their trip for the next working day, indicated as “tomorrow”. EV drivers were 
given the following scenario: 
- “You own a new Electric Vehicle with a charging facility at your home; Level-I charging units 

are installed at home (Level I charging units are slower as compared to Level II or Level III). 
The cost of re-charging the EV will be added to your electricity bill, however if you have 
solar panels at home it will reduce the cost to zero.  

- Suppose the requirement for your EV battery charging is from Empty (30%) to Full (100%), 
that is currently your battery status is 30% full.  

- Your workplace provides free parking space for your car and you can book a bay to 
recharge your car if needed (Level II and Level III fast charging units are provided). There is 
however a price for charging at work (you are charged at the rate shown in each 
combination of options).  

- A public charging station is available en route between home and work and there is a max 
10 mins queuing time. However these public charging bays are located close to attractions 
(like coffee shop, a mall or a kid’s play area). You are charged at the rate shown in each 
combination, and Level II and Level III fast charging units are provided.  

- You are planning your activities and travel for tomorrow, which is a working day.  
- Your new EV is the principal vehicle in your household.” 
 
 
4 A Stated Preference Inquiry into the Choice of Charging Location 
 

4.1 The Design of the Stated Preference Experiment 
 
The choice tasks in the stated preference (SP) discrete choice experiment were set up with the 
objective of testing drivers’ charging preferences. Several factors were identified as relevant to 
this decision: the time of day, the duration of charging, and the cost of electricity. As indicated 
earlier, the duration of charging depends on the type of charging station, with Level I or slow 
charging stations installed at home, while Level II and III stations are installed at parking bays at 
work or at public places. 
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Table 2: Attribute Levels for Experimental Design 

 
 
 
 
 
 
 
 
 
 
 
 
The attribute levels are shown in Table 2. An orthogonal experimental design was generated 
using statistical software package (SPSS). Choice combinations deemed infeasible or with 
dominance were removed. A set of 4 scenarios was given to each respondent in one treatment 
with each scenario containing three options/alternatives. In designing this experiment, five 
different sets were generated, each containing four scenarios with three options. These five 
blocks (A, B, C, D, E) were randomised in that each respondent was randomly given one or 
more blocks to complete. In this way each respondent provided answers for at least four 
scenarios.  

Table 3: An Example of a Choice Scenario 

 
 
 
An example of a scenario with labelled alternatives is given in Table 3. Respondents were 
asked to indicate the most preferred and the least preferred options. There are advantages in 
allowing the respondent to choose best/worst (Finn and Louviere, 1992) options, primarily more 
information being obtained from one scenario. For example, with a set of three alternatives a 
complete ranking of four scenarios provides 8 choice situations, even though the respondent 
looks at only four scenarios. 
 
 

4.2 Information about respondents 
An invitation to participate in the survey was sent out on 24 Sep 2012, to the eleven participant 
organisations in the WA EV Trial. Given that the Australian Electric Vehicle Association (AEVA) 
is one of the partner organisations in WA EV Trial, a large number of respondents in this survey 
were from AEVA (Table 4). 
 
 
 

Attribute levels for Work/Public 
Attributes Attribute levels 
When  8:00 AM, 1:00 PM 
How Long  10 minutes, 20 minutes, 30 minutes 
Cost/kWh $0.22, $0.44 
Attribute levels for Home 
Attributes Attribute levels 
When  8:00 AM, 1:00 PM, 9:00 PM 
How Long  6 hours, 7hours, 8hours 
Cost/kWh $0.12, $0.30 
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Table 4: WA EV Trial Sample 

Organization Out of Total 67 Out of the 54 Completed 
Surveys 

AEVA  54  32 
Non AEVA  23  22 

 
 
A total of 67 respondents participated in the survey with 54 complete sets of responses. Many 
of these drivers had participated in an earlier survey of the acceptability of electric vehicles 
(Jabeen et al 2012).This second driver survey included two sections: 1) background questions 
and 2) scenarios for EV charging at work/home/public points. A summary of the sample’s socio-
demographic characteristics is given in Table 5. 
 

Table 5: Sample Information 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The sample was dominated by male respondents (79.6%), reflecting closely the population of 
EV users in Perth. Approximately half of the respondents (48.1%) were in the 30-49 years age 
group, 27.8% were above 60 years of age, and only 11.1% were young (<29 years). Thirty six 
(66.6%) of the respondents had university education. In addition to these socio-demographics, 
respondents were also asked about their travel commitments - involving other family members - 
and about having solar panels at home. From the data set it was observed that the majority 
(61%) of AEVA members had solar panels at home. 
 
5 Drivers’ Battery Charging Behaviour 
 
Each respondent indicated their best and worst choices for charging at a particular place in 
each choice set. For the purpose of analysis, the Econometric Software NLOGIT 5.0 was used. 
By using a most preferred-least preferred design, an exploded choice set was generated, with 
multiple observations from one respondent. After data cleaning a total of 900 observations was 

Variable %  Count 
(Total=54) 

Gender   
Male 79.6 43 
Female 20.4 11 
Age   
<29 11.1 6 
30-49 48.1 26 
50-59 13.0 7 
60+ 27.8 15 
What is your highest level of education? 
Year 12 13.0 7 
College/Professional qualification 20.4 11 
University Bachelor Degree 40.7 22 
Masters or PhD 25.9 14 
Do you usually have travel commitments involving other family 
members (e.g., pick-up/drop-off)? 
Yes  44.4 24 
No 55.6 30 
Do you have solar panels on your roof top?  
Yes 44.4 24 
No 55.6 30 
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obtained from 54 complete sets of responses. Each respondent indicated their best and worst 
option this is the reason that a large number of observations were achieved.  
 

5.1 Multinomial Logit Model Estimation 
 
The analysis of drivers’ preferences for charging EV, at work, home, or public, started with the 
simplest discrete choice model – the multinomial logit (MNL).This model remains the starting 
point for empirical investigations of data such as preliminary data checks before applying 
advanced discrete choice models (Louviere et al., 2000).  
 
MNL Model Specifications: The systematic component of the utility functions tested for this 
MNL model with the model fit are given below (Table 6) and the parameter estimates obtained 
from three MNL models are given in Table 7. The model was also tested with variables 
reflecting personal characteristics (age, gender, and income), but they were not significant. 
 

Table 6: MNL Model Specifications 

𝑉ℎ𝑜𝑚𝑒 =                    𝛽𝑚𝑜𝑟𝑛𝑖𝑛𝑔𝑋1 + 𝛽𝑛𝑖𝑔ℎ𝑡𝑋2 +  𝛽ℎ𝑜𝑤𝑙𝑜𝑛𝑔𝑋3 + 𝛽𝑐𝑜𝑠𝑡𝑋4 + 𝛽𝑠𝑜𝑙𝑎𝑟𝑋5 

𝑉𝑤𝑜𝑟𝑘 =  𝛼𝑤𝑜𝑟𝑘 +  𝛽𝑚𝑜𝑟𝑛𝑖𝑛𝑔𝑋1 + 𝛽𝑙𝑢𝑛𝑐ℎ𝑋2 + 𝛽ℎ𝑜𝑤𝑙𝑜𝑛𝑔𝑋3 + 𝛽𝑐𝑜𝑠𝑡𝑋4 + 𝛽𝐴𝐸𝑉𝐴𝑋5 

𝑉𝑃𝑢𝑏𝑙𝑖𝑐 = 𝛼𝑃𝑢𝑏𝑙𝑖𝑐 + 𝛽𝑚𝑜𝑟𝑛𝑖𝑛𝑔𝑋1 + 𝛽𝑙𝑢𝑛𝑐ℎ𝑋2 + 𝛽ℎ𝑜𝑤𝑙𝑜𝑛𝑔𝑋3 + 𝛽𝑐𝑜𝑠𝑡𝑋4 + 𝛽𝑓𝑎𝑚_𝑐𝑜𝑚𝑋5 

Model fit: The log likelihood function of the MNL model with the best fit, model M3 gives 
log-likelihood (LL) value= -627.81, and Chi-squared value with 8 degrees of freedom 
equals 669.79 (Table 7). With constants only, LL = -749.49.Table 7 also shows the 
pseudo-R2 calculated for each model using equation (1). 

 

𝝆𝟐 = 𝟏 − 𝑳𝑳𝑬𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅 𝑴𝒐𝒅𝒆𝒍
𝑳𝑳𝑩𝒂𝒔𝒆 𝑴𝒐𝒅𝒆𝒍

 
            (1) 

 
Parameter estimates: The first model M1, tests the preferences for EV charging at a place, 
time of day, cost, and duration of charging. The alternative specific constants with a negative 
sign for work and public in model M1 and model M2 indicate that drivers showed a preference 
to charge their EV at home or at work instead of public charging stations (Table 7).  
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Table 7: Multinomial logit model estimates 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The time of day variable was coded in ordinal form to represent morning, lunch time, and night 
hours as -1, 0, and 1 respectively. Positive parameters for this variable in M1, and M2 indicated 
that drivers preferred to charge their EV during night hours. In M3, the time of day variable was 
coded using dummy variables; their respective parameter estimates clearly indicate higher 
preference for charging at night (β=1.96, z=7.38), and lower preference for charging during the 
day times. Drivers are sensitive to the time taken to charge EV, and even more sensitive about 
EV charging cost, as shown by the parameter values in M2 (β=-4.79,z= -8.17).  
 
Covariates: Drivers having solar panels at home preferred to charge their EV at home; this is 
indicated by significant parameter estimates in M2 and M3 for the solar panels at home 
covariate in Table 7. This preference for charging EV at home might be due to the savings in 
cost for charging EV using solar panels, and/or because of the convenience of charging EV at 
home. As mentioned above, almost 61% of AEVA members who participated in this survey had 
solar panels at home; thus there was overlap between these two groups, that is, AEVA 
members showing a strong preference for charging at home and drivers having solar panels at 
home. AEVA members preferred not to charge their EV at work, with negative coefficients in 
both M2 and M3. Drivers having travel commitments involving other family members showed a 
preference for charging their EV at a public charging station during the day (10% significance 
level). 
 

 M 1 M2 M 3 
Beta z Beta z Beta z 

Charging at public -3.37*** -5.24 -3.52*** -5.16 -0.50 -0.60 
Charging at work# -2.12*** -3.33 -1.39** -2.07   1.7** 2.04 
Time of Day 0.43*** 5.18  0.48*** 5.53  

  MORNING a 
 
  Time of day 
 
 

 

 0.09 0.39 

  LUNCH TIME 0.13 0.49 

  NIGHT 1.96*** 7.38 

Cost ($) -4.35*** -7.76 -4.79*** -8.17 -3.75*** -6.13 
HowLong (Duration in 
Mins) -0.007*** -4.75 -0.008*** -5.11 -0.001 -0.72 

Solar Panels At Home  0.97*** 5.48 1.01*** 5.45 
Family Commitments 
wrt Home Charging   0.32* 1.81 0.34* 1.88 

AEVA Members 
charging at work  -1.06*** -5.89 -1.17*** -6.20 

Number of parameters 
(K) 5 8 10 

Log likelihood -695.207 -655.168 -627.811 
AIC 1400.4 1326.3 1275.5 
𝝆𝟐 (Mc Fadden) 0.07 0.12 0.16 
Log likelihood  
With constants only  -749.489 
 #Home is reference;     ***, **, * indicate Significance at 1%, 5%, and 10% level respectively    

4-8



Electric Vehicle Battery Charging Behaviour: Findings from a Driver Survey 

9 

 

5.2  Random Parameters Logit Model Estimation 
 
Random parameters or mixed logit model (RPL/ML) is an advanced model used for exploring 
the behavioural output, elasticity of choice, and valuation of attributes (Louviere et al., 
2000).Revelt and Train (1998) suggested that the RPL interpretation is useful when considering 
models with repeated choice, RPL‘...allows efficient estimation when there are repeated choices 
by the same customer (decision maker)”. Although the ML model is also termed the error 
components model (Hensher, and Greene, 2003), due to the multiple 
observations/respondents, i.e. panel data, we used the random parameters logit model along 
with error component model (ECM) specifications. Standard Halton sequence draws (SHS) 
were used in drawing random parameters because SHS is an intelligent draw method that can 
obtain good results with a small fraction of the total number of draws required by other methods, 
and is designed to sample the entire parameter space (Baht, 2001;Train, 2003).  
A total of 459 experiment situations were used in this analysis. There were 18 instances where 
respondents indicated only their most preferred choice but did not answer their least preferred 
option, which resulted in a total of 900 valid observations.  
 
Model Structure:  Assuming that each sampled driver q is given J=3 alternatives, in each of 
choice situation, the number of choice situations given to each respondent was variable (T=4, 8, 
12, 16, or 20). A utility expression of general form for a discrete choice model is given as 
following: 

𝑼𝒋𝒕𝒒 =  �𝜷𝒒𝒌𝒙𝒋𝒕𝒒𝒌
𝑲

𝒌=𝟏
+ 𝜺𝒋𝒕𝒒 

 
=  𝜷𝒒′ 𝒙𝒋𝒕𝒒 + 𝜺𝒋𝒕𝒒 

(2) 

where, j= 1,.., 3 alternatives,  
t= 4, 8, 12, 16, or 20 choice situations,  
q=1,....., 54 respondents 

𝑥𝑗𝑡𝑞𝑘 is the full vector of explanatory variables including attributes such as time of day, duration, 
and cost of charging against each alternative, and choice task itself in choice situation t. 
In this experiment more than one observation from each respondent was collected for T choice 
situations in time-period i = {i1, ....iT}. The probability conditional on β that a respondent makes 
this sequence of choices is the product of logit formulas (Train, 2003) given in equation (3).   
 

𝑳𝒒𝒊(𝜷) = �� 𝒆
𝜷𝒒′ 𝒙𝒒𝒊𝒕𝒕

∑ 𝒆𝒋 𝜷𝒒′ 𝒙𝒒𝒋𝒕
�

𝑻

𝒕=𝟏
 

(3) 
As mentioned above, each driver in this survey was given a different number of choice 
situations; thus analysed using the RPL/ECM model with repeated choices, the unconditional 
probability is the integral of this product over all values of β, as given below: 
 

𝑷𝒒𝒊 = �𝑳𝒒𝒊(𝜷)𝒇(𝜷)𝒅𝜷 

(4) 
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Table 8: Mixed logit/Error Component Model Parameter Estimates 

Non-random parameters in utility functions 
 Beta z 
Charging at public# -0.06 -0.04 
Long Duration (Hours) -0.001 -0.32 
Short Duration (Mins) -0.04 -1.6 
NIGHT 3.67*** 12.95 
Random parameters in utility functions 
Cost for Charging at home/work -9.83*** -11.06 
Cost for Charging at public stations -7.33*** -4.58 
Charging at work 2.6* 1.67 
Heterogeneity in mean variable: parameter 
Work: Solar Panels  -1.75** -2.27 
Work: Family Commitments  1.3 1.6 
Work: AEVA Members  -1.9*** -2.6 
Cost: Solar Panels -8.05*** -3.17 
Cost: Family Commitments 6.06** 2.56 
Cost: AEVA Members -3.17 -1.41 
Derived standard deviations of parameter distributions 
Cost for Charging at home/work 5.9*** 11.06 
Cost for Charging a public stations 4.4*** 4.58 
Charging at work 3.6*** 4.74 
Error Components 
Work, Public 2.49*** 5.23 
Model Fit 
Number of parameters (K)  16 
Log likelihood -467.05 
AIC 966.1 
𝝆𝟐 0.37 
𝐀𝐝𝐣𝐮𝐬𝐭𝐞𝐝 𝝆𝟐 0.527 
#Home is reference   ***, **, * indicate Significance at 1%, 5%, and 10% level respectively 

 
The specified random parameters in the RPL/ECM model were for charging at work, and 
charging costs. Adding a random parameter for charging time caused an insignificant 
improvement in overall fit, thus it was kept as a non-random parameter (Table 8).  
 
In this model specification, Halton sequence draws were used to estimate random parameters 
with two normal distributions, and one triangular distribution. The normal distributions were used 
for the cost of charging at home/work, and the cost of charging at public stations, and the one 
triangular distribution was used for the alternative specific for charging at work. SHS is an 
efficient drawing method that reduces the chance of drawing parameters from a particular part 
of the distribution (Baht, 2001); thus to give good results 100 intelligent Halton draws for β were 
used. Other parameters not specified as random were interpreted similarly to the parameter 
estimates in the MNL. The parameter estimates using the RPL/ECM model are given in Table 
8. 
 
Model fit: With the same 900 observations from 54 respondents, the LL value of the RPL/ECM 
model has improved on the MNL models in Table 7 with log-likelihood = -467.05 (as given in 
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Table 8). The Chi-squared value with 16 degrees of freedom for this model equals 1,043.38. 
Using equation (1), the pseudo R2 for this model is 0.37 which is approximately equivalent to 
R2≈ 0.71 for a linear regression model (Hensher et al., 2005; p.338).  
 
Preference Heterogeneity: The random parameters logit model allows preference 
heterogeneity around the means of random variables that can be used to test interaction 
effects. Statistically significant parameter estimates for derived standard deviations of random 
parameters indicate that there is heterogeneity in the parameter estimates over the sampled 
population around the mean parameter estimate (Hensher et al., 2005; p.633). Variables that 
were covariates in the MNL model earlier (Table 7) are explored here for their interaction 
effects. Using the RPL model the preference for charging at home while having solar panels at 
home, and having travel commitments with family members were tested for interactions. This 
provided useful insights into the drivers’ charging behaviour and their preferences for charging 
at home, and their preferences with respect to charging cost. The results in Table 8 indicate the 
following:  
 
� In general drivers had a preference for charging their EV during night hours, and they 

were sensitive to cost and duration of charging.  
� Drivers who were AEVA members did not favour charging at work but were marginally 

sensitive to charging cost at public charging stations.   
� Similarly, drivers having solar panel at home did not like to charge EV at work, and they 

also showed a negative reaction to the cost of charging at public stations.  
� Drivers having travel commitments with family were prepared to pay a high cost for EV 

charging. This behaviour indicates the importance of charging infrastructure.  
 

5.3 Charging Price and Duration Elastiticities 
 
Results from the RPL/ECM model indicated the sensitivity to duration and cost of charging. 
Choice elasticity with respect to charging cost and with respect to duration of charging are 
presented in Table 9 and Table 10 respectively. The own elasticity for charging at work of -0.57 
indicates that a 10% increase in the cost of charging at work results in a 5.7% decrease in the 
preference for charging at work, all else being equal. The own elasticities for home, and public 
are -0.40, and -0.52 respectively. As an example of an (off-diagonal) cross-elasticity, a 10% 
increase in the cost of charging at home would result in a3.8% increase in the preference for 
charging at public charging stations, ceteris paribus (Table 9). These values for choice elasticity 
with respect to charging cost indicate that all three charging alternatives are fairly close 
substitutes. This is further supported by the beta weights for (Work, Public) error components 
where work and public showed strong correlation values in Table 8.    
 

Table 9: Choice Elasticity with respect to the Charging Cost Attribute 
Preference for Cost at Work Cost at Home Cost at Public 
Charging at Work        - 0.569  0.148 0.208 
Charging at Home 0.175 -0.401 0.182 
Charging at Public 0.464  0.380 -0.517 

 
The direct charging duration elasticity for charging at public charging stations of -0.2 indicates 
that 10% increase in public charging duration will result in 2% decrease in the preference for 
charging at public charging stations all else being unchanged (Table 10). For cross elasticities, 
a 10% increase in charging duration at public stations results in less than a 1% increase in the 
preference for charging at home or for charging at work, all else being equal. 
 
 
 
 

4-11



Electric Vehicle Battery Charging Behaviour: Findings from a Driver Survey 

12 

 

 
 
 

Table 10: Choice Elasticity for Charging with respect to Charging Duration at Public 
Charging Stations 

Preference for 
With respect to charging 

duration at public stations 
Work 0.078 
Home 0.073 
Public                  - 0.200 

 
5.4  Willingness to Pay (WTP) for reducing Charging Duration  

 
WTP measures were calculated in a similar manner as for MNL except that through the RPL 
model, a WTP Matrix containing the willingness to pay measure for each observation was 
calculated as a ratio of the coefficient of charging duration in minutes to the coefficient for 
charging cost in dollars.  
 

𝑾𝑻𝑷𝒒 = �
𝜷𝒕𝒊𝒎𝒆𝒒
𝜷𝒄𝒐𝒔𝒕𝒒

� × 𝟐𝟒 

(5) 
 
The WTP measure for each respondent q, was calculated in the WTP Matrix on a kWh basis. It 
takes 24kWh to charge an EV from zero to full (National Research Council, 2013). Hence, to 
get the cost for a full charge this value was multiplied by 24. By taking an average of the 
resulting values, drivers in the WA EV trial were willing to pay $1.17 extra for a 10 minute 
reduction in charging time. This value, though small, is comparable to the existing cost of 
charging electric vehicles. The willingness to pay measures for charging convenience was also 
calculated in a similar manner, but it did not reveal any additional meaningful results.  
 
6 Discussion and Future Research 
 
Home-charging remains one of the advantages of EV as drivers had a preference for the 
convenience of charging overnight or during the day at home. Drivers having solar panels 
preferred to charge at home, this preference being explained by the saving in cost and also the 
convenience. Average daily travel distance requirements of 25-30 kms in Australia (BITRE, 
2010) are supported by a comment from one of the drivers in this survey: “.....  4 months ago we 
purchased the all-electric car Nissan LEAF.  So far this has nearly always been solar charged at 
home........”, showing that current EV range is sufficient for household travel requirements in this 
part of Australia. An argument for daytime home charging is that the cost of overnight charging 
EV while having solar panels at home is determined by the buy-back rate provided by the power 
supplier. As mentioned earlier Synergy offers 8.4 cents/kWh, while Horizon Power offers10 
cents/kWh to 50 cents/kWh in different rural areas/suburbs of Western Australia (WA). For this 
reason households may experience various costs for charging at night. 
 
AEVA members preferred not to charge their EV at work as many had solar panels at home. In 
the RPL model AEVA members were not sensitive to price at public stations, and their 
preference for home charging reflects their enthusiasm for using renewable energy. Another 
factor is convenience, indicated by drivers’ comments, as exemplified here: “I would insist on 
charging at home no matter the cost.”  
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Drivers having travel commitments involving other family members showed a stronger 
preference for charging EV at public stations. This could be due to the requirement for their long 
trip, involving a pickup/drop of a family member or some household chores. One of the 
respondents who had travel commitments involving other family members made a comment 
that: “Public charging facilities, e.g. at shopping centres and in city centre would definitely be 
useful.” This indicates that it is convenient for people to plug-in their EV and effectively use the 
charging time for other activities, therefore public charging stations installed near places of 
interest are appealing.  
 
Charging at public charging stations is different from charging at home or at work. The 
convenience of overnight or during the day differentiates home-charging from public charging. 
For charging at work, the convenient location, less effort and convenient timing makes it 
different from charging at public stations. The cross elasticities with respect to charging duration 
in Table 10of about 0.07 indicate that the time to charge at a public station has a small impact 
on the probability of charging at home or work. It is a matter of trip length that leads drivers to 
charge at public charging stations during the day. In general, drivers were sensitive to charging 
cost, but convenience was also important, as pointed out by one of respondents: “I think if your 
battery capacity permits, you will charge wherever it is both cheap and convenient.  If not one, 
you will go for the other.” 
 
The main aim of this experiment was to test WA EV Trial drivers’ preferences for EV charging. 
The study has several limitations, with i) reduced number of respondents and ii) lack of a 
charging infrastructure being the most evident. At the time when this study was conducted the 
charging stations in WA were in their infancy but the drivers in the trial had ample experience of 
EV charging. 
 
7 Conclusion 
 
This paper explores the drivers’ preferences for charging at work, at home, and at public 
charging station. With a limited availability of charging infrastructure, stated choice experiments 
were used to analyse driver’s charging preferences. Advanced discrete choice models were 
used to analyse panel data. Main observations from this study are that drivers’ in most 
instances preferred to charge EV at home/work, and they were sensitive to charging cost and 
duration. Among the drivers in the WA EV trial, people having solar panel at home were 
generally enthusiasts who preferred to use the renewable energy to charge their EV at home.  
Overall drivers were sensitive to charging cost, and duration, but people having travel 
commitments with family were prepared to take the time required to charge at public charging 
stations. 
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a b s t r a c t

This paper presents findings from the Western Australian Electric Vehicle Trial (2010–2012) and the
ongoing Electric vehicle (EV) charging research network in Perth. The University of Western Australia is
collecting the data from eleven locally converted EVs and 23 charging stations. The data confirms most
charging is conducted at business and home locations (55%), while charging stations were only used for
33% of charging events. The EV charging power over time-of-day and aggregated over all charging
stations closely resembles a solar PV curve, which means that EV charging stations can ideally be offset
by solar PV. Another important finding is that EVs spend significantly more time at a charging station
than what is technically required for the charging process. Also on average, EVs have more than 50%
battery charge remaining when they plug in. This tells us parking spaces are in higher demand than
Level-2 charging facilities.
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1. Introduction

Rising fuel costs, growing public awareness and concern over
environmental issues such as urban air quality and global warming,
combined with higher-performance batteries mean that electric
vehicles are emerging as an attractive alternative to internal combus-
tion engine (ICE) petrol/diesel vehicles. Automobile manufacturers
such as Nissan, Mitsubishi, BMW, Renault, Ford and Tesla are taking
advantage of the emerging marketplace by releasing their own
commercial electric vehicles. EVs can be home charged, so they do
not require an immediate charging infrastructure, however it can be
argued that EV take-up rates do depend on the availability of an
adequate EV charging infrastructure. Modern charging stations can
adapt their energy usage to grid load requirements by reducing or
increasing charge current. This also allows charging stations to
maximise renewable energy usage, e.g. through charging with higher
currents during sunshine hours or during times of high wind speeds
and low energy demand at night. Careful analysis, planning and
management will be needed to determine the necessity, reduce the
costs of, and optimise placement and operation of this charging
infrastructure.

In this paper we analyse and discuss the data that has been
collected from eleven EVs and 23 charging stations during the WA
Electric Vehicle Trial (January 2010–December 2012), the first electric
vehicle trial conducted in Australia (Fig. 1). The data collected shows
for each charging event the energy used and the start and stop time of
charging. This can be used to determine a possible renewable energy
offset and to predict the impact of a future larger fleet of EVs on the
power distribution network. All trial EVs were equipped with black
box data loggers, so we received charging events not only from
charging stations, but also from all other locations where a car has
been plugged in, most notably home and office locations. From this we
can derive statistics on the usage of the charging stations, including
the charging probability, the charging location types and driver
behaviours. These results supply accurate and detailed EV driving
patterns that are useful for EV charging grid modeling [1].

The WA Electric Vehicle Trial was led and coordinated by local
company CO2Smart in cooperation with the Renewable Energy
Vehicle Project (REV) at The University of Western Australia
(UWA). Some preliminary trial results from this trial have been
published in Refs. [32,2].

The majority of EV charging stations were installed as part of
an ARC Linkage Project at UWA, while WA Electric Vehicle Trial
participants funded the remaining stations. In total there are 23
charging stations installed at twelve different locations (see
Fig. 2).

EVs have zero emissions from driving if the electricity supplied is
generated from renewable resources. In Australia, the concern about
greenhouse gas (GHG) emissions from electricity production has seen

a greater desire for energy efficiency and alternative, renewable energy
resources [3]. 91.8% of the electricity supplied in Australia is generated
from fossil fuels, with the remainder being generated from bioenergy,
wind, hydroelectricity and solar photovoltaic (PV) systems [4]. The
electricity mix used to charge an EV has a huge impact on its total
GHG emissions during the vehicle's lifetime [5]. The domination of
fossil fuels in the Australian market significantly increases GHG
emissions from the EVs and encourages a focus on maximising the
utilisation of renewable energy sources.

To maximise the usage of renewable energy in charging,
strategies such as smart charging are being developed [6]. Smart
charging is defined as either the EV, the charging station, or the
network operator controlling when an EV will charge and how
much power the EV should draw at a given time. For an
intermittent source of energy such as wind power, smart charging
can improve the renewable energy utilisation and therefore
reduce GHG emissions [7,8]. Smart charging can also maximise
the usage of PV systems, charging the vehicle when the PV system
is generating excess power [9]. Smart charging has the downside
of additional cost and complexity and requires communication
between multiple stakeholders including the energy generator and
the EV [10]. However, smart charging offers a huge opportunity to
avoid grid overload by deferring charging operations for a large
number of EVs [11]. Such systems need to be regulated and
standardized to increase safety and performance [12].

Li and Wang [1] provide an overview of modelling plug in
hybrid EVs (PHEVs) impact on the distribution grid, suggesting
driving patterns, charging characteristics, charge timing, and
vehicle penetration are the key factors behind EV energy usage.
Some studies simulate EV charging patterns from vehicle fleet
patterns [13–15] and will be used for comparison with our results
collected. Ashtari, Bibeau [16] use vehicle tracking devices in 76
petrol vehicles and a stochastic method to determine hypothetical
charging patterns, creating a load graph by hour. Their results
show a charging load profile that has a peak at night when the
vehicles are returned home.

Vehicle-to-grid technologies allow the EV to return stored energy
into the electricity grid [17]. Research from our group has shown the
vehicle-to-grid technologies are not viable due to excessive battery
wear and high infrastructural costs [18]. The lifetime of EV batteries is
determined by the total number of charge/discharge cycles, so vehicle-
to-grid technologies will effectively reduce the life of an EV battery by
half [19] and manufacturers such as BMW have opted against using
vehicle-to-grid technologies because of this [20]. The charging station
infrastructure and the EVs in this trial were not enabled for vehicle-to-
grid technologies for the same reasons.

EVs are likely to have a slow uptake [21,22] and it is unlikely EV
charging will create significant problems for the WA electrical grid
over the next 10 years [23]. Simulation models done for Victoria,

Fig. 1. Electric Ford Focus fleet.
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Australia, predict that a high uptake of EVs of around 15–20% of
total non-commercial private motor vehicles by 2030 would
increase electricity consumption by only 5% [24]. Even in the
unlikely event that there is a large uptake of EVs, the impact on the
grid will not be a problem in the short to medium term [22].

2. Methodology

2.1. EV conversion

A Ford Focus sedan (model year 2010) was chosen as the base
vehicle for the WA Electric Vehicle Trial. Eleven vehicles, one for

each trial participant, have been purchased and converted to EVs
by local company EV Works. The cost to convert the vehicle from
petrol to electric was AUD 30,000 (AUD 20,000 in parts and AUD
10,000 in labour) while the original petrol vehicle cost AUD
20,000.

The electric Ford Focus used 45 Thunder Sky Lithium Ion Phos-
phate batteries in series, each providing 160 Ah at 3.2 V for a vehicle
voltage of 144 V and total battery capacity of 23 kWh. This gave the
vehicles a maximum driving range of 131 km (road tested) and
143 km (dynamometer tested), respectively, at the date of conversion.
The vehicles used a Netgain Impulse 9 motor with an EVNetics
Soliton-1 motor controller which was electronically limited to 480 A,

Fig. 2. Electric vehicle charging stations installed in Western Australia as part of The University of Western Australia Charging Station trial, shown inside the web software
for the EV Trial users.
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69 kW power output. An electric vacuum pump was fitted for the
brake assist and the air conditioning unit was powered by either a
separate dedicated electric motor or a belt connection to the vehicle's
drive motor.

All of the original 12 V electronics were retained during
conversion with an Iota DLS-55 DC-DC converter to charge the
12 V battery from the main battery pack. This included the
vehicle's onboard computer, which was required to drive the
dashboard instruments, indicators, etc.

The electric Ford Focus was fitted with a Protech 5 kW dual
mode battery charger. The charger allows both single-phase
charging (low or high current) and three-phase charging. The
charger has two modes, one for charging at a three-phase outlet at
4.8 kW and another for a single-phase outlet at 1.8 kW. The
vehicle's charger is able to charge the car from empty to full in
about four hours at 4.8 kW and about eleven hours at 1.8 kW.

EV chargers draw a consistent and high current for a long time.
When the vehicle battery is full, the charger switches to a
maintain-charge mode, which maintains the batteries at full
charge. The trial EV chargers use on average 120 W to maintain
the batteries at full charge.

The vehicle transmission was retained from the original vehi-
cle. Each organisation had a choice of a manual gearbox with or
without a clutch or an automatic. Most participants opted for the
manual gearbox with a clutch, only the first prototype car was
built as a clutchless manual and only one automatic version was
built. Both had some significant disadvantages. The clutchless
manual has been a standard for many EV conversions and is
legally considered an ‘automatic’ by Australian law. This fact
makes it attractive as a pool car for larger organisations, as a
significant number of drivers in Australia have automatic-only
driver licences. Unfortunately, performing a gear change while
driving is required when changing from city driving to freeway
driving and back and it is not trivial, especially for inexperienced
drivers to change gears without a clutch.

The problem with the automatic gearbox conversions was that
at the time of conversion it was not possible to modify the car
computer settings to enable smooth gear changes for the electric
motor. When taking off, the vehicle would shift quickly between
first and second gear as the electric motor quickly gained speed,
causing the vehicle to jerk. Therefore the automatic gearbox was
locked in third gear when in drive mode. For an automatic
transmission the engine is required to be idling at all times, so
the electric motors in the trial automatic vehicles would idle at
700 rpm. The locked gear position and the constant idling reduced
the road-tested range of the automatic vehicle to around 100 km.

The average EV power consumption with a manual gearbox
measured at 197 Wh/km, or 242 Wh/km when including charging
losses.

2.2. Charging stations and data logging

Level-2 charging stations from manufacturer Elektromotive
had been selected for the EV trial and the EV charging research
project. Each charging outlet cost AUD3000 to purchase plus an
additional AUD1000 for wall mounting or AUD2000 for ground
installation. In the absence of an Australian standard, charging
stations were purchased complying with the European standard
IEC 62196 Type-2 (Mennekes) connectors [25], which unlike the
US/Japan standard Type-1 (J1772) does support three-phase char-
ging. Since Australia like Europe does have a three-phase power
grid, this should be the obvious choice. Since cables are not a part
of Type-2 charging station itself, it can charge both EV types
(Type-1 or Type-2) with a matching charge cable.

Each charging station is equipped with a data logger and a GSM
modem to transmit charging data to a central host system. On the

vehicle side, we have installed GPS-based black box data loggers,
which are also equipped with GSM data loggers to transmit vehicle
tracking data to our central server. To measure the energy usage of
the vehicles, the GPS tracking devices have in addition five digital
inputs and one analogue input, which were used to measure the
status of the car's air conditioning, heater, headlights, charging,
ignition as well as the analogue battery charge level. GPS positions
and line inputs are uploaded onto the UWA server either at every
minute or at every ten metres, whichever comes first (see Fig. 15).
During the duration of the trial 5,640,987 data sets were entered
into the database from the eleven EVs (see Fig. 13).

The data is processed using a Python batch script and displayed
to the trial participants via a web portal interface (see Fig. 2) that
displays telemetry data, driving and charging statistical heat maps
for each one of the vehicles. The data processing generates
journey, charge and parking events. From the collected GPS data
a heat map displaying the EV charging is shown in Fig. 5, EV
parking in Fig. 6, and EV movement in Fig. 14.

2.3. Charging events and data interpretation

EV driving events are divided into ‘journey’ segments by the
tracking device. Each journey has a start time and location, an end
time and location, a total travel distance, air conditioning usage
time, heater usage time, headlight usage time and the estimated
battery level. A journey starts when the ignition is turned on and
ends when the ignition is turned off.

Charging events transmitted from en EV have a start time, end
time, location, distance travelled (between charges), energy used
(kWh), time charging and time-maintaining charge. A charge
event starts when the vehicle's charging hatch (repurposed fuel
hatch) is opened and ends when the charging hatch is closed.
When an EV is stationary with ignition off and not charging, a
parking event is created instead.

Charging stations require the user to identify himself/herself
using an RFID tag before charging can commence. The station then
logs customer IDs, start time, end time, as well as the amount of
energy used for billing purposes. The charging station data is
transmitted via GSM to an external server every four hours, from
which a batch process downloads the data into the UWA server.
The external server is checked every thirty minutes (see Fig. 15).
Fig. 16 shows the energy drawn from a charging station from
energy metre readings (solid) versus an estimated (ideal) charging
profile (dotted).

The GPS tracking units can only log when they have a GPS fix,
which usually requires unobstructed view of the sky for the GPS
antenna [26]. Throughout the trial, vehicles were parked on
occasions within heavy indoor areas, such as parking structures
or underground, and have been charged without an active GPS
fix. When vehicles have a gap in their data logging of greater than
15 min and have a battery level increase of more than 10%,
a charge event is created for the duration of the data loss. In those
cases, the charge event is created by estimation using the time the
GPS signal was lost to the time the GPS was re-established as
the start and end times. If a vehicle loses its GPS fix while driving,
the distance between the point before GPS loss and the point of
GPS re-establishment is taken to be the distance travelled during
the period.

Over the length of the trial 73% (2256–3096) of the recorded EV
recharging events occurred at 32 locations with a determined
maximum power of 2.4 kW, 3.6 kW or 7.7 kW (10, 15 and 32
A sockets/stations at 240 V). When charging at 10 or 15 A sockets,
the vehicles will draw 1.8 kW, while at 32 A sockets (charging
stations), vehicles will draw only 4.8 kW, due to limitations in the
in-vehicle chargers. The vehicles' charge currents were deliber-
ately reduced on an 10 A outlet for safety reasons, as audits
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showed 20% of Australian households having serious electrical
safety faults [27] and out of fear of damage to ordinary household
power outlets when used for EV charging on a continuing basis.

Consequently, each location was categorised within GPS accu-
racy as either:

1. Home, at a EV users residence.
2. Business, at places of business such as work, but not at a

charging station.
3. Stations, at one of the installed charging stations.
4. Other (unknown location).

3. Driving statistics

All EVs in the WA EV Trial are company fleet vehicles and some
organisations have placed restrictions on their use, such as not
allowing to take the vehicle home. This meant some of the EVs
were only used throughout office hours. Also most vehicles were
left idle on weekends. Some EVs had dedicated drivers, whilst
others were shared pool vehicles with multiple drivers. Although
the EVs used in the trial were similar to petrol vehicles, they were
still a new technology and required some driver training on
charge, range restrictions, etc. Most EV drivers were not reim-
bursed for electricity usage in their homes and did not have to pay
for electricity used at work, which encouraged them to charge at
work or at a charging system, rather than at home. These factors
are described for each trial vehicle in Table 7.

Table 1 shows average distance, daily distance and distance
between charges for each trial vehicle. In 2010 the average
distance a passenger vehicle travelled for business in Western
Australia was 11,700 km per year or 32.0 km per day [28]. The
overall average for the trial over the length of the trial was 22.3 km

per day, about two-thirds the West Australian average. The
difference between the EV average and the West Australian
average was caused by several factors:

" The vehicles were fleet cars, meaning that they would remain
idle until they were needed and not be used as often as single
user vehicles.

" Possible range anxiety meant that drivers would aim to take
shorter trips, or when longer trips were required would take an
ICE vehicle from the fleet.

" New users would require training generating smaller journeys
that were not actual trips but simply an introduction to the
vehicles.

" Some vehicles were used much more often than others because
of poor perception of the technology in some companies or
poor advertisement of its availability.

" Weekend days are counted but contribute very little of the total
distance. Only 9% of the total distance travelled was on week-
ends but they account for 29% of the total time.

Over the trial period the EVs averaged 2.6 journeys per day. The
annual energy usage is 1.55 MWh per EV for driving 22.3 km per.
As for ancillary devices, we found that the air conditioner is turned
on for 33% of the time, the lights 16% and the heater 3% of the time
while driving.

Fig. 3 shows the distance travelled by time-of-day, with 91.31%
of the total distance travelled occurring between 7 am and 7 pm.
The peaks of distance travelled are at 7 am and 5 pm where
vehicle 10 (which contributed 35% of the total kilometres driven)

Table 1

EV journeys.

EV Number
of
journeys

Average
journey time
(min)

Average
journey
distance (km)

Daily
distance
(km)

Distance
between
charges (km)

1 462 19.2 9.22 29.02 16.91
2 430 19.63 9.59 13.82 41.19
3 1121 13.56 7.77 21.71 21.12
4 339 22.16 13.46 11.9 21.46
5 1151 11 5.29 15.64 19.48
6 782 14.32 5.36 29.56 30.83
7 250 12.22 5.43 8.01 17.11
8 856 16.39 7.35 18.69 47.85
9 201 18.43 7.14 26.61 10.66

10 2180 21.31 12.23 50.86 40.23
11 1088 15.05 7.86 14.9 13.63

Avg. 805 16.65 8.6 22.3 24.86

Journeys accumulated over trial period years.

Fig. 3. EV travel distance by time of day for each of the 11 vehicles (1–11).

Fig. 4. EV travel distance by day of week for each of the 11 vehicles.
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arrives at and leaves from work. About half (48.42%) of the total
distance travelled is undertaken between the hours of 9 am–5 pm.
The vehicles travelled 90.93% of their total distance on weekdays,
with most vehicles not being used on weekends (see Fig. 4).

The kilometres travelled by time-of-day also outline the times
when the vehicle needs to have a full charge. EV charging can be
delayed or have its power level modified as long as the vehicle has a
full battery by 6 am. Knowing this allows a smart charging station to
better utilise renewable energy and/or take advantage of time-of-use
energy tariffs (such as off-peak and on-peak pricing plans [29]).

4. Charging statistics

The number of charging events recorded over the duration of the
trial is 2917, with 611 (20.95%) charges not charging to full. The
charges are made up of 390 home charges, 963 station charges, 1189
business charges and 375 charges in unknown locations. In these
locations 1339 charge events occurred at a high-powered outlet
(Level-2: 32 A) and 1203 at low-power outlets (Level-1: 10 A or
15 A) with 375 at an unknown location and socket. Of the number
of charges that were stopped before the vehicle was fully charged, 69
occurred at high-powered outlets (13% of all high-powered charges),
141 occurred at low-power outlets (24% of all low-powered charges)
and 26 occurred at an unknown location (34% of all unknown charges)
(Figs 5 and 6).

The charging statistics shown in Table 2 show the average charging
time for EVs at a higher-powered socket is 1 h 25min and at a lower-
powered 10 A socket the vehicles are charged in 2 h 43min. After the
vehicles are charged they remain plugged into the socket for 16 h

20min on average. Of the total time parked only 10.57% is spent for
charging. In Table 3 we show, on average, the EVs were not being
driven for 96.15% of the time, or 23 h 4min per day.

Table 4 shows the parking percentages and charging probabil-
ities in known locations (home, work, or station) versus unknown
locations. If multiple staff members got to take the car home and
charged it there, some of the ‘home charging’ events may have
shifted to ‘elsewhere charging’.

Table 5 shows the probability of charging when parked at a
location registered as home, work, station or unknown. The prob-
ability of charging is based on the number of parking events at a
location versus the total number of charging events. EVs driven and
parked at the drivers' homes were recharged only 31% of the 1011
times parked. EVs at the various known business locations were
recharged 60% of the 1765 times parked and those parking at charging
stations charged 88% of the 1015 times parked. EVs were parked at
5058 different unknown locations and charged at those locations 7% of
the times parked. On average 78% of an EV's total parking time
occurred in 10 different known locations and on average 90% of
recharging time occurred in seven different known locations.

Table 6 shows that for all the EVs in the trial, 89% of charges
took place in each EV's top three locations, with on average 82% of
charging taking place in the top two locations for each EV.

4.1. Charging power

The power (kilowatts) drawn by the trial EVs over time-of-day
are shown in Fig. 7. The station and business charging power
peaks as the EVs return to work, which were taken home the night

Fig. 5. Charging locations for the trial electric vehicles.
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before. At 3 pm business power usage also spikes as the EVs are
returned back to the businesses from their daytime trip. At 8 pm
the home charging peaks as the vehicles that are driven home
start slow charging. The power used slowly reduces throughout
the night until the next morning.

Fig. 8 shows how often EVs travel a certain distance before
being charged. In 83% of charge events the EV had travelled less
than 60 km. With the maximum range of the vehicle exceeding

130 km, this shows that the usual behaviour of the EV is to travel
less than half of the vehicle's maximum range before charging.

4.2. Charging station statistics

Fig. 9 shows the energy in kWh used by time-of-day for the
duration of the trial. Of the total energy supplied, 26% occurred
between 10 am and 12 pm, when the vehicles that were driven
home arrive at a charging station to charge. 79% of the energy is

Fig. 6. Parking locations for the trial electric vehicles.

Table 2

Average energy and duration of charging.

EV Avg.
kWh

Average
charging
time

Average
maintaining
time

Charges
at 10,
15 A

Charges
at 32 A
outlet

Charge
time
10 A

Charge
time
32 A

1 4.01 1:44:42 35:33:06 150 17 2:06:17 0:46:44
2 9.93 2:08:22 31:06:23 3 70 1:35:22 2:15:30
3 6.11 1:46:57 2:52:04 163 215 2:31:59 1:11:41
4 8.13 1:11:05 38:10:30 27 160 0:14:44 1:17:06
5 5.71 1:08:01 4:52:29 92 204 0:18:56 1:26:49
6 8.52 3:55:40 29:00:49 119 0 4:25:46 None
7 4.32 1:59:14 64:21:01 69 1 2:07:48 0:13:16
8 13.23 6:06:05 40:55:38 130 0 6:06:34 None
9 2.4 1:06:16 55:14:06 80 1 1:19:00 0:02:08
10 8.69 2:28:43 6:27:51 295 301 2:53:19 1:55:16
11 4.49 0:59:31 4:42:37 75 370 1:00:59 1:02:15
Avg. 6.62 1:55:52 16:20:13 109 122 2:43:09 1:24:45

Number of charge events, the amount of energy supplied and the charging time.

Table 3

Vehicle time usage.

EV Logged time (h) Driving time
per day (min)

Time driving (%)

1 3524 1:00:25 4.25
2 7163 0:28:17 7.35
3 9631 0:37:52 4.32
4 9206 0:19:35 1.65
5 9336 0:32:32 2.00
6 3401 1:19:03 5.20
7 4067 0:18:02 4.08
8 8076 0:41:41 2.91
9 1294 1:08:41 4.33
10 12,584 1:28:37 6.43
11 13,768 0:28:33 2.04
Avg. 82,052 0:43:09 3.85
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used during daytime, between 8 am and 6 pm. This is during the
times that solar PV panels generate power, which means charging
stations are an ideal candidate for solar power offset.

When the vehicles are not charging they are maintaining
charge, which consumes 24% of the total energy. It is important
to note that maintaining energy usage is over the entire length of

Table 4

Vehicle parking dynamics.

EV Percentage parking time
at known location (%)

Percentage parking time
at unknown location (%)

Unique known
locations parked

Unique known
locations charged at

1 79.51 20.49 19 13
2 83.05 16.95 13 4
3 86.08 13.92 17 11
4 84.04 15.96 11 7
5 79.91 20.09 8 7
6 94.81 5.19 8 2
7 96.75 3.25 9 8
8 47.58 52.42 6 2
9 92.22 7.78 8 7
10 82.03 17.97 11 8
11 43.31 56.69 13 9
Avg. 77.90 22.10 11 7

Table 5

Charging location type.

EV Charging probability
?at home (%)

Charging probability
at work (%)

Charging probability
at station (%)

Charging probability
at unknown (%)

1 35.14 87.14 52.17 18.30
2 0.00 59.13 0.00 10.69
3 23.57 43.88 88.57 4.85
4 0.00 40.00 94.30 9.94
5 75.00 6.98 97.74 2.47
6 0.00 61.11 0.00 3.79
7 66.67 52.63 100.00 2.29
8 N/A 96.03 0.00 0.14
9 0.00 97.00 75.00 27.96
10 34.35 83.97 0.00 1.79
11 37.50 50.00 88.71 23.20
Avg. 30.86 60.11 87.59 6.80

Table 6

Common charging locations.

1 (%) 2 (%) 3 (%) 4 (%) 5 (%) 6 (%) 7 (%) 8 (%) 9 (%) 10 (%) 11 (%) Avg. (%)

Loc. 1 52 83 38 76 66 88 51 99 66 49 59 59
Loc. 2 23 13 15 10 18 12 27 1 24 34 29 23
Loc. 3 6 2 15 9 6 0 9 0 4 6 9 7
Total 80 99 68 95 90 100 87 100 93 89 97 89

Percentage of total charging energy (kWh) provided by top three used stations for each EV (accumulated over two years, each EV has different locations).

Fig. 7. Energy supplied at time of day.
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the trial and represents the energy needed to maintain the battery
at full. This is effectively energy wasted, as it is not used to drive
the vehicles, although it could be reduced substantially by config-
uring the vehicle chargers differently—e.g. to switch off until the
battery charge level is degraded by more than 5%.

Fig. 10 denotes how the EVs are spending their time at a charging
station. Charging stations were often occupied for a full work day,
whilst only charging for a couple of hours. Only 8% of the time parked
at a charging station was used to actually charge the EV whilst the
other 92% was maintaining the vehicles' charge. The vehicles were
completely charged during the maintaining time, only spending a
small amount of their total parked time uncharged. This is over the
length of the trial including the days when the vehicles were left idle
at the charging stations, such as weekends and holidays.

During the length of the trial the charging stations that were
most utilised were those located at or near an organisation that
had an EV. The small number of EVs participating in the trial
(including other private EV owners who had access to the stations)
meant that the other stations were rarely used. The combination
of this fact and the common charging locations (see Table 6)
allows us to conclude that Level-2 charging stations are not
necessary where EVs are not commonly parking. Charging usually
happens in only one or two locations for each vehicle. These
findings reflect on the necessity for high powered DC-charging
stations, which were not available for this trial.

4.3. Energy tariffs

Fig. 11 shows the amount of energy used and the cost associated
with a tariff and the flat-pricing plan, which were available at the time

of the trial from the Western Australian electricity retailer Synergy.
The tariff used a peak, off-peak, and shoulder segment, where the
price for electricity changed depending on the time of day and season.
The cost of electricity during an off-peak period is 11.32 cents/kWh,
peak is 42.15 cents/kWh and shoulder is 21.44 cents/kWh. The winter
months in Australia are April–September, while summer months are
October–March.

Fig. 12 shows the total energy used at charging stations over
the length of the trial divided up into the different tariff plan
pricings. The diagram shows a very large proportion (47%) of
charging station EV charging took place within peak times and a
very small proportion (6%) during off-peak times. The total cost
when charging vehicles at charging stations using a tariff plan
would have been AUD2221, which is significantly more when
compared to flat-tariff pricing of 21.87 cents/kWh costing
AUD1626. As the trial did not use incentives for the EV users to
charge at certain times and no method of smart charging was
available to the trial participants, the results do not reflect user-
controlled pricing (where the EV driver knows and pays for the
electricity), but rather a station owner perspective. The trial
showed that without smart charging or user incentives, the
available time-of-use tariff plan would have been be more expen-
sive than the available flat-rate tariff for EV charging stations.

5. Related studies

5.1. Victorian EV trial

The Victorian EV trial with 42 EVs is currently underway in
Melbourne, Australia using 14 Mitsubishi iMiEV, 16 Nissan Leaf, seven
converted Holden Commodore, and five Blade Electron fully electric
vehicles. It has released an interim report that contains some limited
statistics [30]. Because there were various issues with data collection
and transmission from the vehicles, the interim trial report only
includes statistics on the daily distance driven and distance between
charge events for the Leaf and the iMiEV EVs. The iMiEV travelled an
average distance of 24.5 km per day and the Leaf travelled 32.8 km per
day, which is more than the average of the WA EV Trial at 22.3 km.
The distance between charge events was 34.3 km and 35.9 km for the
iMiEV and Leaf, respectively, which is much longer than the 24.9 km
that the Ford Focus averaged in the WA EC Trial. The difference in
these values may be attributed to two major differences between the
WA and Victorian EV trials:

1. The Victorian trial combines both fleet and household vehicles
usage, while the WA trial was solely based on fleet vehicles
(with some vehicles allowed to be taken home).

2. Driver confidence may be higher in the OEM-manufactured
(original equipment manufacturer) cars of the Victorian trial
than the after-market converted Ford Focus in the WA trial.Fig. 8. The probability of travelling a certain distance before charging.

Fig. 9. Energy used charging and maintaining over hour of day for the length of the trial.
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5.2. Switch EV trial

The Switch EV Trial was conducted in North-East England from
2010–2012. It involved 45 EVs, 20 Nissan Leaf, 15 Peugeot iOns,
eleven Avid CUE-Vs, two Liberty E-Range Range Rovers and one
Smith Electric Vehicles Edison Minibus. The Switch EV Trial leased
the vehicles to a mixture of organisations, councils, car clubs and
individuals while tracking their usage. The trial participants were a
mix of private drivers, individuals at an organisation and fleet
vehicles. Some statistics from this trial is published in Ref. [31].

Similar to the analysis from the WA EV Trial, the Switch EV Trial
charging statistics was separated into home, work, public and
other locations. There was a peak between 9 am and 10 am when
charging at a workplace, while the power curve in the WA EV Trial
peaked between 8 am and 9 am (see Fig. 7). However the station
charge curve from the WA EV Trial differs significantly from the
public charging curve of the Switch EV Trial. This could be due to
the following factors:

1. Location of the charging infrastructure.
The WA EV Trial station charging relied heavily on the charging
stations installed through the ARC Linkage grant, as there were

very few other charging stations available. The stations that
were utilised the most were located at the workplace of an EV
Trial participant who had an Electric Ford Focus (and the power
curve is similar to charging at work). The Switch EV Trial has its
charging infrastructure distributed in different locations
including shopping centres and car parks. For the Switch EV
Trial this meant that a greater number of charges occurred
during the day as the vehicles were parked at these locations.

2. Numbers of charging locations.
The Switch EV Trial has a significantly larger number of public
charging locations (268 versus eleven in the WA EV Trial). The
larger number of Switch EV Trial public charging stations was a
result of using existing infrastructure installed by EV charging
station companies. As there were no commercial charging
stations in WA before the trial, the WA EV Trial had access to
fewer charging stations.

3. Charging station power output.
The Switch EV Trial had a mix of Level 1 and Level 2 charging
stations. Level 1 stations output less power and thus the EV will
be charging for longer (about three times longer than Level 2).
Level 2 stations charge the EVs faster and generate more of a
peak. Because of this, a mix of Level 1 and Level 2 stations will
generate a flattened, longer power curve. The WA EV Trial only
utilised Level 2 stations and charged the EVs quicker. This
results in higher charging power and shorter charging times,
which results in a higher peak.

The home charging curves for both the WA trial and the Switch
trial are very similar with a peak in the evening (between 19:00
and 20:00), although the quantity of home charges in the WA trial
is significantly less because of the different configuration of the
trials.

" The Switch EV Trial results show the recharging by location as:
" Individual users of fleet vehicles: 45% work, 31% public, 17%

home and 7% other.
" Fleet pool vehicles: 38% work, 37% public, 18% home and

7% other.

Fig. 10. Hours spent charging and maintaining charge over hour of day for the length of the trial.

Fig. 11. Peak, Off-peak, Shoulder pricing tariff.

Fig. 12. Peak, shoulder, off-peak energy usage over the length of the trial.
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" This is quite similar to the results from the WA EV Trial with the
EVs charging patterns as:

" 41% work, 33% public (station), 13% home and 13% other
(unknown).

The work and public results from the WA EV Trial sit between
the individual users and fleet pool results from the Switch EV Trial.
This is because the WA EV Trial has individual users and fleet users
combined into one group (see Table 7). The bigger difference
between the home and other charging results of the two trials is a
result of the increased number of “other” locations for the WA EV

Trial. A charge occurring at an unknown (‘other’) location may in
fact have been a home location that had not been defined (e.g.,
multiple home destinations for cars used by multiple drivers).

5.3. CSIRO driving statistics

The CSIRO in collaboration with the University of Technology
Sydney released a report in 2011 which assesses electric vehicles
and their impact on the electricity grid [32]. Using data they
obtained from the Department of Transport Victoria, ‘Victorian
Integrated Survey of Travel and Activity 2007’ [33] they generated

Fig. 14. Heat map of the vehicle movement throughout the trial.

Fig. 13. Data collected over time.
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a measured kilometres per hour during the week for ICE vehicles
in Victoria, Australia. CSIRO used this information to simulate the
average energy demand curve for EVs. The results of the Travel
Survey for the weekday driving distance per hour are comparable
to that of the WA EV Trial (see Fig. 3). The similarity between the

two shows that the EVs are being used in a similar manner to ICE
vehicles.

However, the CSIRO report's energy demand curve is simulated
from the driving distance per hour and therefore does not
compare to the power demand curves generated by the WA EV
Trial or the Switch EV trial. The CSIRO simulation of power use for
charging assumes that the vehicles will distribute their power
usage throughout the entire time they are plugged in. This is not
the case, as the vehicles can usually charge to full from a daily
drive in a few hours on slow charge and about only a third of that
time at a Level 2 charging station.

5.4. Comparison to simulation studies

Shahidinejad and Filizadeh [34] estimate the probability of
charging for a Nissan Leaf and a Chevy (Holden) Volt using
computer simulation based on vehicle telemetry data, and con-
clude a much lower probability of charging than what we found
experimentally shown in Table 5. Two possible reasons why the EV
drivers charged quite often are the driver's fear of running out of
battery or because drivers want the maximum travelable distance
available at all times.

Fig. 16.

Table 7

Vehicle details.

Vehicle
number

Single or
multiple
user

Vehicle
take
home

Weekend
use

Percentage of
journeys on
weekend (%)

Percentage of
distance on
weekend (%)

1 Multiple Yes Yes 3.97 3.40
2 Multiple Yes No 0.00 1.54
3 Single Yes Yes 14.38 14.56
4 Multiple No Yes 3.83 1.60
5 Multiple No Yes 3.83 3.76
6 Multiple No Yes 4.67 5.65
7 Multiple No No 0.00 0.00
8 Multiple No No 0.36 1.62
9 Multiple No No 0.00 0.00

10 Single Yes Yes 27.67 16.84
11 Multiple Yes Yes 5.04 3.66

Vehicle description table, showing the variations between the different EVs.

Fig. 15.
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The business and station charging patterns are similar to the
workplace charge load simulated by Weiller [13]. Possible grid
effects (or the lack of it) have been researched in Refs. [23,18].

Axsen and Kurani [35] used a web-based survey as a data set to
simulate vehicle charging times, dividing their charging potential
into home and workplace. In their simulation when workplace
electricity is available they show a similar workplace electricity
usage with a peak at between 8 am and 9 am. However, their
simulation scenario has the majority of electricity used at home,
peaking at 7 pm, whereas our EVs only generated a small energy
peak at 4 pm. Kelly and MacDonald [14] developed scenarios from
travel surveys to examine the charging times and energy used.
They conclude that the peak for most charging will occur at 8 pm,
again assuming that the majority of charging occurs at home.
Ashtari, Bibeau [16] determine hypothetically that the majority of
charging occurs between 6 pm and 7 pm, with a smaller peak in
the morning at 7 am, by examining the movements of petrol
vehicles. The difference between these studies and our results is
likely caused by the influence of free charging at work and the
availability of the vehicles outside of work hours.

6. Recommendations

The following recommendations are based on the WA Electric
Vehicle Trial outcomes. The final report of the trial has been
published as Ref. [33].

6.1. EV uptake

EV uptake has been quite slow in Australia compared to other
countries.

" Some form of short-term government financial support or tax
credit would help to kick start the uptake of EVs in Australia.

" With the recent introduction of OEM EVs into the Australian
market, an opportunity exists for government organisations to
lead by example by including EVs in their fleets. The fleet market
will then feed the used car market with EVs in two years' time.

6.2. Recharging infrastructure

Level-2 charging stations are misused as free parking bays and
occupied for exceedingly long times. It is next to impossible to provide
an adequate number of Level-2 charging stations without either EV
owners complaining about insufficient charging bays or petrol/diesel
car owners complaining about vacant charging/parking bays.

" Small city-wide networks of fast-DC (50 kW) charging stations
should be established where the driver will stay with the EV
during charging, then move the vehicle.

" There should be no further efforts to extend medium-fast
charging (Level-2) or slow-charging (Level-1) networks.

" Demonstration projects such as the proposed ‘Electric Highway’
(Perth to Margaret River) with a chain of charging stations
should be funded to link the city to a popular holiday destina-
tion and enable EVs to leave the city. This would also have a
positive effect on EV uptake.

6.3. Standards

Standards Australia has recommended adoption of IEC 62196,
but has not recommended either charging connector (Type-1 for
single-phase or Type-2 for three-phase).

" A lack of national charging standards is another factor limiting
the uptake of EVs.

" Since Australia has a three-phase power grid (like Europe and
unlike the U.S./Japan), the obvious choice would be to adopt IEC
62196 Type-2. All OEM EVs support this standard.

" Agreement on national EV standards in Australia will remove a
major barrier to the establishment of recharging networks in
this country. Failure to prescribe a particular connector/inlet
type will lead to the import of cars and charging stations that
are incompatible with one another.

6.4. Electricity network implications

The introduction of large numbers of EVs and EV charging
stations may have significant implications for the management of
WA's electricity network, which can be positive (e.g. increased
energy revenue) or negative (e.g. higher peak load) for network
operators.

" Time-of-use electricity tariffs may be able to ameliorate costs
involved with meeting peak network demands and may
potentially result in net system benefits.

" More research is needed in intelligent (smart) network proto-
cols, which enable better management of vehicle recharging,
and to better understand the potential electricity system
impacts of EVs in general.

" Energy utilities, government policy makers and EV industry
participants should work collaboratively to maximise the benefits
from the introduction of this new transport technology.

7. Conclusion

EVs are now starting to appear on our roads, with several major
automobile manufacturers producing them. A greater understand-
ing of EV-driver behaviours is important to determine the impact
EVs will have. Such an understanding will aid in determining how
to power the EVs from renewable resources such as solar and wind
power, minimising the GHG emissions. Our findings give evidence
showing the effectiveness of installed charging infrastructure with
EVs. With that evidence we are able to recommend in what, how
and where organisations should invest in to maximise utilisation
and minimise cost.

Our results showed that energy used by the vehicles to charge
from the grid peaked between 8 am and 10 am as vehicles came
into work. Charging stations supplied the most energy to EVs
during the day, which could be offset by solar PV systems. Installed
charging infrastructure is only consistently utilised when there is
an EV daily commuting to and from the station and does not seem
economically viable while there is such a low population of EVs.
The average distance before charging was well below the max-
imum range of the vehicles with 83% of charge events occurring
when the vehicle still has more than half of its maximum
allowable range remaining. Large amount of time spent at char-
ging stations was in maintaining charge (92% of the total time
plugged in) not actually charging. This means that the charging
stations are not being fully utilised while a vehicle is plugged in.

In the trial Level-2 charging infrastructure was used and was
not fully utilised. From the driving patterns of the EVs we can see
that the vehicles are usually parked and left charging in only one
or two locations (at home or work). The EVs are generally left
charging for a long time at these locations and do not require a full
charge as they usually have a significant amount of energy left in
their batteries. The additional cost for the Level-2 (7.2 kW) stations
over the Level-1(2.4 kW) stations is not justified with such long
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maintaining charge times (parking without full-power charging)
as the Level-1 stations will quite often fully recharge the EV.

From the study's findings we can also make some more
involved conclusions. The purchase of level 1 or level 2 charging
stations for public usage will not be properly utilised whilst there
is still such a low number of EVs who have many other opportu-
nities to recharge. Also in these public networks, the energy
supplied from the station is not as utilised as the parking space
is, making it difficult to profit off electricity consumption alone.
These public networks will be likely installed and maintained to
encourage EV usage, without being profitable on their own.

There is room in the market for the installation of a smaller
fast-DC charging network in favour of a larger Level-2 AC network
which would satisfy EV driver's rare need for a quick full recharge.
At fast charging stations EV owners would then have to stay with
their cars during the charging process, which would become very
similar to the refuelling of a petrol or diesel vehicle.

Level 1 charging stations should still be purchased privately.
Organisations which want to reduce their GHG emissions and
running costs through the purchase of EVs should invest in
charging infrastructure for their vehicle and also install solar PV.
The station will be well utilised as it is the primary charging
location for an EV (we showed that an average of 60% of charging
will occur there). Also, the station also supplies safety, security and
logging that allows an organisation to keep track of energy usage.
The risks involved in charging an EV make it very important that
organisations have the industrial EV charging standard connectors
and cables and other electrical safety devices which are built into
charging stations. Finally, only a Level 1 charging station is
necessary in this circumstance because of the long parking times
allowing for slower charging, and reducing the cost of the station.
A solar PV system will also be properly utilised, as the power
typically supplied to the electric vehicles is throughout the
daylight hours.
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a b s t r a c t

Household renewable energy generation through the use of solar panels is becoming more commonplace
as the installation cost is reducing and electricity prices are rising. Solar energy is an intermittent source,
only generated during the day subject to interference from weather and seasonal variation. Energy
storage solutions such as Lithium Ion batteries are also reducing is cost and have become a viable
solution for storing the solar energy generated for use at other times.

In this paper we discuss the feasibility and limitations of various renewable energy, energy storage,
feed into grid and off the grid systems. We also explore the results of our case study, The University of
Western Australia's Future Farm, which featured a 10 kW solar system with 20 kWh battery storage, off
the grid. Finally we use West Australians daily energy usage information to model the energy and savings
of installing solar panels, home energy storage and using an electric vehicle.

& 2016 Published by Elsevier Ltd.
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1. Introduction

Being of the grid is a reality for many Australian farms. Not by
choice, but simply because they are too far off the beaten track.
Today, leaving the grid may become an interesting option for
home owners even in suburban or city locations, when combining
local energy generation with local energy storage.

Whenever the feed-in tariff is equal or higher than the cost for
buying energy, the grid can be used as a very convenient energy
buffer, i.e. generate enough energy during the sunshine hours for a
full day’s energy requirements, feed back to the grid all the surplus
energy, and draw back from the grid during the dark evening and
morning hours.

However, many countries still have now discontinued the
generous feed-in tariffs of the past, so this method will not work
anymore. Germany, for example has a feed-in tariff of 0.1315 EUR
per kWh [1], while buying energy from the grid costs 0.27 EUR per
kWh [2] as of July 1st 2014. In Western Australia (WA) the situa-
tion is even more extreme. The energy utility only pays 0.09 AUD
per kWh [3] of home-generated green energy, while buying from
the grid costs 0.26 AUD per kWh [4]. In addition, WA's energy
retailer has reserved the right to approve feed-in from any energy
generator above 5 kW, so larger solar PV systems may not be
allowed onto the grid, and the utility also does not guarantee to
buy any generated energy (even at the low price) at times of low
demand and high renewable generation (i.e. around mid-day).

These circumstances plus the monthly grid-connection fees
make local energy storage systems a very interesting option. They
will reduce dependence on the grid by maximizing one's own
generated renewable energy usage, up to allowing one to com-
pletely leave the grid.

The interest and demand for integrated home battery storage is
currently booming. Some manufacturers are now introducing
energy storage integrated into their solar inverters with the aim of
reducing the amount of energy needed from the grid [5]. There is
also a large amount of research going into solving the issues
associated with such systems, such as generation and storage
selection optimization [6]. The Australian government is also
getting involved by funding a pilot project for small scale energy
storage for households [7].

The University of Western Australia constructed the Future
Farm as a best practice farm using the technologies we have
available today to show the potential for farms in the future. The
farm has been completely off the grid for over a year using solar
panels and battery energy storage. During this time the farm saw
its energy demand dramatically increase through the installation
of an electric reverse-cycle air-conditioning and heating system,
which brought the installed solar PV/battery storage combination
to its limits.

The need to generate more energy than needed on a daily basis,
in order to cover for extreme weather combinations (i.e. several
cloudy days in a row), leads to inefficiencies where the potential
energy generated by the panels cannot be utilized and only a
fraction of the stored energy is required on an average day.

In this paper we look at domestic energy generation and sto-
rage, the effectiveness of these solutions, a tool for automatically

estimating the associated data, and a case study of an off the grid

solution.

2. Local energy generation

There are several commercial options available for local energy

generation, including solar PV, thermal electric, wind/wave con-

verters, biofuels, tidal schemes, hydroelectric energy and geo-

thermal energy [8]. The ability of these systems to generate elec-

tricity depends on the location of the dwelling, its surrounding

geography and weather conditions. In some applications even a

combination of these methods generate the best solution [9].

Thermal electric, geothermal, wave, tidal and hydroelectric sys-

tems are only viable on a commercial scale or in very specialized

locations. The two most commonly available and popular domestic

power generation systems are solar PV and wind turbines. Biogas

can also be converted to electricity domestically using a fuel cell,

which is also discussed.

2.1. Solar PV

Solar photovoltaic systems (PV) use multiple photovoltaic

modules to convert sunlight into DC electricity. The DC electricity

produced can be used to charge DC batteries or supply a DC AC

inverter to supply power to a household. Solar PV systems for

household applications in Australia are generally sold in sizes

ranging from a 1.5 kW to a 5 kW system, which is mostly due to

government incentives in the past, rather than available and sui-

table roof space. On average in Western Australia per kW of

nominal system size, a solar system will generate 1600 kWh of

energy per annum [10].
The average solar system cost (including installation) by city

and nominal system size was generated by Solar Choice in June

2013 [11]. This information was collected from 125 different solar

installation companies around Australia and is shown in Table 1.
It has also been shown that solar resources can have their

output behavior quite accurately estimated through measure-

ments of solar radiation and ambient temperatures. In [12] they

show that it is possible to predict the steady-state behavior of a

grid connected network in a statistically reliable way. In this case

grid connected, such predictions allow for more analytical

approach do determining solar systems viability.

Table 1

Average cost of purchasing and installing a solar PV system in Western Australia
and Australia (in AUS). The daily kWh is assuming that 1600 kWh is produced per
annum per kW solar PV system. AUD are used.

System size 1.5 kW 2 kW 3 kW 4 kW 5 kW

Approximate Daily kWh in WA 7 kWh 9 kWh 13 kWh 18 kWh 22 kWh
Perth, WA $3235 $4080 $5525 $7110 $8227
Australia $3692 $4549 $6082 $7835 $9146

S. Speidel, T. Bräunl / Renewable and Sustainable Energy Reviews 60 (2016) 1213–12241214

6-2



2.2. Wind

Wind power is generated by converting wind energy into
electricity using a wind turbine. Wind energy is a very attractive
option in Australia and is expected to provide the large share of
the Australian 20% renewable energy target, set for 2020 [13].
Recently during wild weather conditions South Australia found
that almost half of its total electricity demands were provided by
their wind farms, and nationwide wind/powered more than
2.2 million households [14]. Wind turbines are available on both
the domestic and commercial scale and Mithraratne [15] discusses
through the use of a life cycle analysis that domestic wind turbines
are significantly less powerful than larger commercial variants up
to a factor of 11 in New Zealand. Mithraratne also goes on to say
that domestic wind turbines are not powerful enough to supply
the entirety of the household power without significant reductions
in power usage through other methods such as insulation and
efficient appliances/heating systems. They are however, an option
to generate electricity locally and are available commercially.

Wind turbines available on the domestic scale generally oper-
ating at less than 10 kW with a one to five meter turbine radius
with a cost ranging from $2000 to $10,000 [16]. Alam et al. [16]
performed a small survey of available wind turbines in 2012 in
Australia. Their results shown in Table 2 are combined with the
power curves supplied by the manufactures.

The amount of power that can be generated from a wind tur-
bine in an open air stream is proportional to the third power of
wind speed. This means that when the wind speed doubles, the
power output of a wind turbine can increase eightfold and so
placement of a wind turbine is paramount to its effectiveness. This
has been confirmed through field trials in [17]. The annual average
wind speed in the Perth metropolitan area is 3.3 m/s in the
morning and 4.4 m/s in the afternoon [18] The wind speed also
varies at different times of the year going up to 5.3 m/s in the
afternoon in summer and down to 3.6 m/s in the afternoon in
winter. With these wind speed averages some locations could be
viable for wind energy generation, however in domestic locations
the variation in wind speed between different households is large.

There are several factors that affect the wind speed in areas with
different local terrain and surface features. These include topo-
graphic speedup caused by hills and mountain ranges, thermal
effects and funneling form weather systems, turbulence generation
and gusts from terrain [19], cliffs, storm systems, shelter and
obstacles such as trees buildings and other wind breaks [20]. In
2003 Coppin et al. [20] simulated wind speeds in a 80,000 km2

section of NSW which showed the variation of wind speed. Their
results show that the annual mean speed can vary wildly depending
on topological conditions, where 0.02% of the land area produced
more than triple the power of locations with mean wind speeds,
and 15% of the land area generating 127% of the mean power.

2.3. Fuel cell, gas to electric

Fuel cells in different configurations can act as a generator or as
an energy storage device. Here we are discussing fuel cells that are
connected to a gas supply to generate heat and electricity. When
connected to natural gas it is treated to remove the sulfur, then
combined with steam to pre-reform other gases, leaving a

methane rich gas. By connecting to the gas supply of a residential
home, the commercially available product in Australia, BlueGen,
can generate up to 1.5 kW peak output, with the added benefit of
doubling as a water heater [21]. When generating 1.5 kW the
system uses 9.5 MJ of gas per hour. The efficiency of such a system
is 60% when used solely for electrical generation and 85% when
used as a water heater. However this system still requires a fuel in
the form of a gas such as natural gas, CNG, LNG, LPG or biofuels
[13]. The BlueGen system currently retails at AUD 10,000 however
this is three times the target mass market price. The cost of gas in
Western Australia is AUD 0.12 per MJ, which means running the
unit at full power from a natural gas supply would cost AUD 1.14
per hour or AUD 0.76 per kW. This is significantly higher than the
cost of electricity from the grid at AUD 0.26.

2.4. Geothermal

Electricity can be generated from geothermal energy. This
involves the drilling of wells into underground areas that are
heated by the Earth's core. The three different types of geothermal
power stations are: dry steam power plants, flash steam power
plants and binary cycle power plants. Dry steam power plants use
a direct geothermal steam of 150 °C or greater to turn a turbine.
Flash steam power plants use high temperature and high pressure
water of 180 °C into low pressure tanks which then turns into
steam to drive turbines. Finally binary cycle power plants use
moderately hot geothermal water as low as 57 °C which has its
heat transferred to another fluid with a much lower boiling point
than water, causing the secondary fluid to vaporize, driving
turbines.

Geothermal plants are highly location dependent, and while
geothermal energy can be used for local heating and cooling of
homes it is not scalable to a single household when generating
electricity. It is a source of renewable energy and does save money
in the long term with no direct effect on the environment. How-
ever it does have a strong dependence of the individual house-
hold’s circumstances and high upfront costs.

3. Local energy storage

Some renewable energy generators such as Solar PV and Wind
don’t generate their energy constantly, relying on sunlight hours
and/or weather conditions such as wind speed and cloud cover.
However the energy used by a household is required to be avail-
able on demand, consumed at any time of day [22] and must be
reliably available to power devices such as fridges and freezers
that contain perishables. Xiaonan et al. [23] discuss hybrid
renewable energy systems in a single residential home, where
they show the effects of varying energy availability and demand
profiles, and how to optimize for system efficiency. This means
that without some method of storing the energy generated by the
temperamental renewable technologies the household would still
need another energy source, such as an electricity grid connection.
Also, even for grid connected households, local energy storage has
the ability to maximize the usage of renewable energy generated
due to the difference in electricity buying and selling prices [24].

To store electrical energy there are many options to choose
from. The commercially available options tend to use Lithium Ion
batteries because of their good energy densities. In this paper we
will be focused on individual home energy storage systems how-
ever other solutions such as community energy storage are also
feasible. As Parra et al. [25] discuss, in some situations shared
community energy storage can have a significantly lower cost for
electricity.

Table 2

Cost of a sample of wind turbines in Australia.

Size 100 W 300 W 900 W 1000 W 1300 W

Power (5 m/s) 30 W 80 W 130 W 220 W 212 W
Cost (AUD) $2000 $3500 $4100 $4300 $5500
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3.1. Storage system hardware

Energy storage systems require several components to operate,
depending on the implementation. The energy storage system can
be between the energy producer (wind or solar), and the load/grid
or can be installed in parallel. The two different configurations are
shown below.

In the first configuration (Fig. 1) the battery system is run in
parallel with the energy producer. This has the advantage of easy
installation, not needing the specifications of the solar system and
being a cheaper unit. It has the disadvantage however of needing
the electricity to be converted from solar DC to household AC and
then to battery DC, converting the electricity twice, losing power
to inefficiencies.

The second configuration (Fig. 2) is installed between the
energy producer and the load/grid. This has the advantage of only
converting the power once before storing it, reducing power loss.
These systems are more expensive because of the different types
and configurations of solar installations, requiring specific DC/DC
converters. They also have a higher installation cost, and remove
the old DC/AC converter from the solar installation (if existing) and
requiring a new DC/DC and DC/AC converter.

The cost of an 8 kWh system available from BYD in July 2013 is
AUS $19,000 for the parallel configuration and AUS $24,000 for the
series configuration [26].

3.2. Battery-based systems

Battery based energy storage is using a pack of batteries to
store the renewable energy when excess is being produced and
then to use the energy stored when needed. There are many fac-
tors that affect the cost, flexibility and storage capacity of a battery
pack. There are differences between chemistries, between manu-
facturers and even between different batches of cells [27]. Here we
will discuss some major battery chemistries with their varying
energy density, maximum current, cost and lifetime of a battery
pack. The different chemistries reviewed are listed below:

" Lead–acid batteries
" Nickel–cadmium
" Nickel–metal hydride batteries
" Lithium-ion batteries

Lead acid batteries can come in two types, ‘deep cycle’ and
‘starting’. Deep cycle batteries are designed for applications that
require a large amount of cycles with a low power output. Starting
or SLI (starting, lighting, and ignition) lead acid batteries are
designed to have fewer cycles with a greater power output. There
are three different versions of lead acid batteries including Wet
Cell (flooded), Gel Cell, and Absorbed Glass Mat (AGM). Wet cell
batteries use an electrolyte fluid, which can be accessed for testing
and replacement. In valve regulated lead acid batteries (VRLA), the
fluid is inaccessible and they are considered to be sealed (SLA) and
maintenance free. Gel Cells have a silica additive in their electro-
lyte that causes it to set up or stiffen. Gel cells are typically used in
very deep cycle applications.

Lead Acid batteries have several disadvantages including a low
energy density and long battery recharging duration [28].
Unsealed batteries require frequent maintenance of electrolyte
levels and desulphation of the electrodes. A shorter battery life
may result when applied to residential duty cycles and batteries
have to be disposed as hazardous waste at the end of their life
cycle [29,30]. The cycle life of lead acid batteries can range con-
siderably based on its design. Typical configurations have 500
cycles with special configurations having up to 2000 cycles [27].
The low energy density of lead acid batteries makes them not very
well suited to home energy storage.

Nickel Cadmium (NiCd) batteries are available in three different
configurations; pocket-plate, sintered-plate and sealed. The plate
and sintered plate are both vented batteries. The pocket-plate
Nickel Cadmium batteries are heavy, with a low energy density,
and have a higher cost than lead acid batteries. Their advantages
are that they have a long life cycle, are reliable, retain their energy
well are low maintenance and can withstand electrical and phy-
sical abuse. This makes the pocket-plate Nickel Cadmium batteries
well suited for mission critical, emergency systems such as hos-
pital power systems or trains emergency braking. The sintered
plate was developed to increase the energy density of the Nickel
Cadmium battery, having up to 50% more energy density than the
pocket-plate configuration and improved performance [27]. The
disadvantage of the sintered cells is the higher cost of the cells.
These cells are usually used in applications where high peak
power is required with a fast recharging time for example as a
starter motor for aircraft or diesel engines. Sealed Nickel Cadmium
batteries are not vented and do not require maintenance. Each of
the configurations suffers from memory effect, which is a loss of
capacity when cycled repeatedly on shallow discharges, this effect
is reversible by completely discharging the battery. It is also
important to note that Cadmium is environmentally damaging.
Nickel Cadmium batteries have a long service life, usually greater
than 500 cycles, and up to 1500 cycles with regular maintenance
[31]. While they are suitable for home energy storage, their

Fig. 1. Energy storage configuration not integrated with solar PV.

Fig. 2. Energy storage configuration integrated with PV.
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negative environmental impact and higher cost than equivalent
lead acid batteries make them less suitable than other batteries.

Nickel–Metal Hydride (NiMH) batteries are an alternative to

Nickel Cadmium battery chemistry. They have excellent safety,
abuse resistance, cycle life, and energy density. Commercial NiMH
typically have a cycle life of 600#1200 cycles to 80% capacity [27].
They are generally considered superior to the NiCd batteries

because of their significantly better energy density and not being
as harmful to the environment. However, after relatively few
cycles their capacity drops significantly, whilst NiCd’s capacity,
internal resistance, and self-discharge remains relatively constant

throughout its life [32]. In home energy storage systems, energy
densities are not as important as cost and life time, NiMH batteries
tend to be less suitable than Lithium Ion.

Lithium Ion batteries use the exchange of Lithium Ions between
the positive and negative electrodes during their battery cycle.
There are many different types of lithium battery chemistries, each

having their own characteristics. Lithium Ion batteries have many
advantages. They are sealed cells, requiring no maintenance, have a
long cycle and shelf life, low self-discharge rate, and have high
power and energy densities. The long life is typically greater than

1000 cycles, generally reducing capacity over time. A commercially
available Lithium Iron Phosphate ‘Thunder Sky’ battery has 3000
cycles 80% initial capacity, and 4000 cycles 70% initial capacity [33].

Their disadvantages are that they have a moderate initial cost
and require protective circuitry to prevent over power and energy
charge and discharge [27]. The protective circuitry is usually pro-
vided by a battery management system, which protects the cells

from damage. Lithium Ion batteries are very suitable for home
energy storage, with a high capacity and long life time, there major
disadvantage is cost.

3.3. Flow batteries

Flow batteries consist of two reservoirs of electrolyte fluid that
flow through an electrochemical cell. The two most common

electrolytes used are Zinc/Bromide and Vanadium Redox. Flow
batteries have good specific energy, are energy efficient, use low
cost materials are environmentally friendly, are adequately power
dense, and can charge quickly [27]. The major drawback of this

energy storage system is the overhead of pumps and control sys-
tems that increase the cost [34] and also increases the number of
points of failure [35]. They also have poor energy density but can
be suited to stationary applications such as home energy storage.

3.4. Super capacitors

Super capacitors are an alternative to battery storage in EVs,

and have very high power densities. However they have very low
energy density and significantly higher cost per kWh which makes
them unsuitable for home energy storage systems.

3.5. Fuel cells

Fuel cells store electric energy by using electrolysis to produce
hydrogen, which is then stored in a tank. When the electricity is
needed, hydrogen and oxygen flow through an oxidation reduc-

tion to generate electricity [36]. A study by Caisheng Wang shows
the feasibility of using fuel cell technology with PV and wind
energy generation through simulation [37]. Though feasible the-
oretically, the cost of fuel cell systems is still very high and they are

not yet commercial available in Australia for domestic energy
storage applications.

3.6. Pumped storage hydroelectricity

Pumped storage hydroelectricity is a form of energy storage
using the gravitational potential energy of water. Storing the
energy is achieved by pumping water from a reservoir at a lower
elevation to a reservoir at a higher elevation. Retrieving the energy
can then be achieved by releasing the water back from the higher
into the lower reservoir through a turbine, in which the flow of
water generates electricity. For pumped storage electricity to be
feasible, there must be an elevated reservoir with a very large
capacity. Usually this configuration relies on the topography of a
region, using areas with a large elevation difference. They are also
not very scalable, requiring a large amount of infrastructure.
Domestic pumped storage hydroelectricity would only be suitable
in very limited locations. For these reasons it is not suitable for
domestic home energy storage.

3.7. Battery recycling

Large cells of Lithium-based batteries are expected to be
abundant worldwide within the next decade due to the market
penetration of Electric Vehicles (EVs) [33]. When an EV has
reached the end of its lifetime after around 10 years, the included
Lithium Ion batteries still have a capacity of 80% from new [38]
and can be used for stationary applications, such as home energy
storage systems. The reduction in energy density does not affect a
household greatly, so it makes sense to repurpose batteries from
EVs (“second life batteries”), which will reduce the cost of
domestic battery storage systems in the future.

Tong et al. [39] investigates the potential of second life lithium
ion batteries as energy storage by recycling batteries from an
electric vehicle. They found that the recycled lithium ion batteries
were suitable for home energy storage and cheaper than new. This
shows that the solution is viable were old lithium batteries exist.

3.8. Energy storage capacity

The sizing of energy storage is a widely covered topic.

4. UWA future farm

The University of Western Australia sponsored the creation of
the Future Farm, a best practice farm for 2050 which provides the
products of a conventional farm while minimizing the environ-
mental impact. The UWA Future Farm was built in “Ridgefield”
Pingelly in Western Australia around 158 km southeast of Perth.
The farm was opened on the 20th of November 2009, containing
3924 acres, having an average rainfall of 425 mm and costing $5.3
million dollars. The goal of the farm was to provide research into
several different enterprises including clean green and ethical
animal production, ‘No-Till’ low water usage crop production,
ecosystem maintenance and restoration, carbon farming and
community collaboration.

The household is powered entirely by solar energy, with a
10 kW solar system (with two separate inverters) and a 10 kWh
Lithium Ion battery storage system costing approximately AUD
90,000. The system has been logging data since July 2012, which
has been extracted and analyzed for this report (402 days). The
logging includes data points at half-hour intervals showing the
total power consumption (energy from battery-storage and solar
PV), power generated from the two solar inverters, battery level of
the local battery storage system, and the level of solar irradiation.

The original design was based on an expected energy require-
ment of 17 kWh per day. However, the farm house had later two
reverse-cycle air-conditioning units for heating and cooling
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installed, which together with poor insulation of the house

increased the energy consumption to 36 kWh per day, more than

double of the original design. The air conditioners require about

5 kW power when running in heater mode. No power failures had

been recorded before installation of the air-conditioners were

installed, but the farm house ran out of power six times over two

winter months after their installation.
Possible solutions to avoid the intermittent power failures were

as follows:

" Improve energy efficiency of house through better insulation
and double glazing

" Increase size of battery storage system
" Use gas-heater instead of electric air-conditioning heater
" Use diesel generators as electricity backup
" Connect farm house to the electricity grid
" Use intelligent control systems to limit power consumption

based of solar energy prediction systems

The system installed at the Future farm is relatively simple with

no intelligent control. With solar forecasting systems [40] it is

possible to predict days with low energy production, then limit the

power consumption of lower priority systems. For example

refrigerators and lighting would be considered high priority while

heating may not. There are many examples of controlling renew-

able technologies with artificial intelligence [41], improving solar

tracking and energy consumption.
In the end, a one-way grid connection was established that

allowed drawing power from the grid on days of extreme weather

conditions, but prohibited the export of generated solar energy to

the grid, because the utility’s aging rural grid was not able to cope

with it. Switching between islanding mode and grid mode is done

manually by farm staff.
Fig. 1 shows the average battery level and power usage (from

solar PV and battery storage) over the trial period of more than

one year. As the solar panels generate energy during the day, the

batteries are charged. During the night the batteries are being

discharged to power the household. Fig. 2 shows the complete

battery depletion after three days of cloudy weather with only

little solar energy being generated. Over this period several events

occurred. On the 19th and 20th of June the solar panels could not

provide enough energy to fully charge the batteries during the day

because the energy demand of the household exceeded the lim-

ited charging energy in these weather conditions. This was not the

main factor of the failure however, as shown on the 21st of June

where the battery is significantly charged during the day (to 70% of

its capacity), but the household still ran out of power at night

because of the excessively high demand through running the air-

conditioners in heating mode. The depletion of the battery then

had a snowball effect. The solar PV could not
fully charge it by the end of the next day and consequently, the

batteries were depleted again on the following night (Fig. 4).

Not having a grid connection also prevents feeding in excessive

solar energy on sunny days. Any excess energy from the solar PV

when batteries are fully charged is wasted. Fig. 3 shows the

potential energy that could have been generated is shown vs. the

actual energy generated over the 402 day period. The area

between the solar and expected solar line is the potential solar

energy wasted. The expected solar energy is based off the average

of solar generation being 1600 kWh per year for each kW of solar

power in Western Australia. This comes to 16 MWh per year for

the 10 kW system at the Future Farm. The total energy generated

and used per day on average for the farm was 17.5 kWh, however

the system should be capable of generating a daily average

43.8 kWh, so only 40% of the total potential of the solar PV system

has been utilized. The system was over-dimensioned to ensure

that the household would never run out of energy (with the ori-

ginal 17 kWh per day design consideration). This over-

dimensioning is necessary for the operation of an off-grid loca-

tion, such as a remote farm. A grid-connected system does reduce

the necessity for over-dimensioning (energy can be bought from

the grid for extreme situations) and also increases the environ-

mental benefits through feeding-in excess solar energy Fig. 5).
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5. Models and sample data

We have designed a model to estimate power usage and sav-
ings in energy cost from a mixed PV, EV and battery storage sys-
tem. The implemented web-based tool for this model displays
results in graphical form as well as text and allows user input of
several variables through slide-rulers. The information generated
includes a graph of the kW used each hour over 24 h, and gen-
erates the following data for a full year:

" kWh bought from the grid and its associated cost to the
household.

" kWh sold back to the grid and the associated revenue for the
household.

" CO2 saved from adopting solar panels, battery storage, and EVs
for transport.

" Total percentage of renewable energy, which is the sum of solar
energy and green grid energy bought vs. non-renewable grid
energy bought.

" Annual equivalent petrol cost of driving the specified number of
vehicles at the average daily distance.

" Annual energy amount (and cost) saved from installing solar PV
and battery storage system.

" Total annual cost of buying electricity from the grid minus the
revenue from feeding renewables into the grid.

" Annual cost for electricity (without provision and install)
" Annual savings, (comparing cost with and without the solar/

storage/EV system).

There are seven variables available to the user, as shown
in Fig 6. Each of them is discussed below in detail.

5.1. Number of EVs

The number of electric vehicles represents how many petrol
internal combustion engine (ICE) vehicles have been replaced with

electric vehicles in the household. The purpose of including EVs in
the model is to show the user that EV technology has the oppor-
tunity to power transportation from renewable energies [42]. The
number of EVs can be set from zero to four, which will affect the
amount of energy required by the household, the petrol savings,
the CO2 saved, total annual cost, and saving. This also affects the
average hourly energy distribution over the 24 h per day.

5.2. Solar PV

The solar PV system size can be set in kW. This affects the total
energy generated, the amount of energy available to store, the CO2

savings, the solar savings, the annual cost and annual savings. The
solar energy is shown on the 24 h graph combined with the bat-
tery storage. With battery storage, solar energy can be stored
when excess energy is produced, and used at later daytimes when
needed. The model uses solar energy data from the UWA Ideal
House project and assumes that per year per kW of PVs the solar
panels will generate 1600 kWh of energy.

5.3. Renewables percentage

The renewables percentage is the percentage of electricity
bought from the grid that is generated using renewable resources.
This affects the CO2 savings and the total percentage of renewable
energy.

5.4. Home charging vs. business

This variable affects when the energy is being used for charging
the electric vehicles. The 24 h energy usage for electric vehicles
was taken from the WA Electric Vehicle Trial, in which eleven
electric vehicles where monitored and tracked around Western
Australia [43,44]. Using this information, the model can be
adjusted for EV user behavior. The variable is the percentage of
home charging versus work charging. During home charging, the

Fig 6. Household with 2 kW peak solar PV.
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energy used by the EV to charge is in the evening when the vehicle
returns home from work, peaking at around 8 pm. The EV will
then charge overnight. During work charging, the EV charges
when the EV arrives at work. Even though in this case the charging
energy is consumed outside the household, the cost and CO2

emissions are still associated with the household and therefore
included in the model. The work charging peaks at around 9–
10 am in the morning with a smaller peak in the afternoon for
when the EV is used for additional trips during the day. The hour
at which the EV charges is important as the energy produced by
the solar PV system occurs only during daylight hours.

This variable affects all outputs from the model except the
equivalent petrol cost and cost without the system.

5.5. Daily distance driven

The daily distance driven is the average km driven per day by a
household vehicle (petrol/diesel or EV). In 2010 the average dis-
tance a passenger vehicle traveled in Western Australia was
11,700 km per year or 32.0 km per day [45] which is the default
value for this variable. This variable affects all model outputs. The
energy required to charge the vehicles is directly attributed to the
km per day where the total daily energy needed for the EV is the
km traveled multiplied by the average energy used per km for
the EV.

5.6. Home energy storage

This variable specifies the total kWh of the battery pack
installed at the household. The battery pack can store energy
generated from either the solar PV system or from the grid (e.g. at
low-price times, according to the tariff type). Larger battery sto-
rage will allow for more excess solar energy to be shifted to a time
when no solar energy is produced. In Australia this is important
because the cost of buying electricity per kWh is significantly
higher than the revenue generated from selling it back to the grid.
Therefore is preferable to retain the energy and reduce the energy
purchased from the grid, rather than offsetting energy purchased
from the grid by selling generated energy back to the grid. This
variable affects the energy amounts as well as annual cost and
savings.

5.7. Household consumption

This variable defines the average household energy consump-
tion per day excluding any EVs. The household power usage for
Western Australia was collected by Western Power in a study on
the impact of photovoltaic generation on peak demand as 16 kWh
per day [46].

5.8. Tariff type

Consumers in Western Australia can choose between different
electricity tariffs. For the average household these can be simpli-
fied to two plans, flat tariff and time-of-use tariff. A flat tariff
charges the same dollar amount per kWh irrespective of the time
of day. The time-of-use tariff in WA distinguishes between peak,
off peak and shoulder times with different power pricing.

Our energy planning tool show the amount of energy used and
the cost associated with either flat or time-of-use tariff, based on
the tariffs available from WA electricity retailer Synergy at the
time of the WA Electric Vehicle Trial [47]. The time-of-use tariff
has peak, off-peak, and shoulder segments, which change between
summer and winter season. The cost of electricity during an off-
peak period is 11.32 cents/kWh, peak is 42.15 cents/kWh and
shoulder is 21.44 cents/kWh. This contrasts to the flat tariff cost of

26 cents/kWh. The winter months in Australia are April to Sep-
tember and summer months are October to March. Fig. 7 shows

the summer and winter plan times.
When using a time-of-use tariff, the model gives the option to

charge from the grid during off-peak times. Also Erdinc Et Al. [48]

showed that there are significant changes in normal consumption

patterns by changes to electricity prices.

6. Adding local energy generation and local energy storage

Following the model presented earlier, we are now using our

online tool, available at:
http://therevproject.com/energy/
for finding a step-by-step solution to add the ideal amount of

energy generation and energy storage to a local household.
We start with a typical household, as identified in Western

Power’s Solar City survey [46]. The typical daily power consump-
tion for a household is 16 kWh with a smaller peak in the morning

and a larger peak in the evening.
Adding renewables in the form of solar PV is usually the next

step for a household, trying to reduce their power bills. Fig. 8

shows adding a moderate amount of 2 kW peak. This generates an

annual savings of $573 with the current Synergy energy plan.
Solar PVs alone cannot completely cover a household’s energy

needs. They will offset all of the energy requirements during

sunshine hours and further allow some feed-in to the grid. This
generates some income, which can be used to offset the energy

cost from the grid during evening, night and morning hours of

the day.
Adding more solar PC to the household, as is shown in Fig. 10,

will not lead to any further reduction in energy required from the

grid, as all the remaining demand is outside of sunshine hours. It
does, however, increase the amount of energy that can be expor-

ted to the grid (feed-in), if there is a grid connection and the

network operator is in fact accepting the feed-in energy. In this
case the energy fed into the grid generates $505 annually and

combined with the reduced amount of power bought from the

grid during daylight hours, a household can save AUD 1040
per year.

Also note that the amount of solar energy generated from e.g. a

1 kW peak system varies especially with country and region, plus a
number of additional factors. Typically a 1 kW peak systems

generates 1.6 MWh of energy in Western Australia, but only

0.8 kWh in Germany.
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Fig. 7. Summer and winter tariffed plans from Synergy Australia, 2013.
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Fig. 8. Household with 5 kW peak solar PV.

Fig. 9. Household with a moderate amount of solar PV.

Fig. 10. Household with 4 kW peak solar PV and 11 kWh battery storage.
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The next step is adding some moderate amount of local energy

storage as seen in Fig. 9. With a small 2 kW solar PV and a 5 kW

energy storage, annual savings will increase from $573 to $832. By

adapting the slide rulers of our online tool, one can find the

optimal amount to cover all energy usage of the displayed ‘average

day’, see Fig. 10. The tool also allows for automatic calculation of

the optimal solar and battery systemwith a optimize button. There

are many different techniques researched for optimizing energy

generation and storage [49], such as Hybrid Optimization Model

for Electric renewable (HOMER) [50] and Hybrid Optimization by

Genetic Algorithms (iHOGA) [51], while the technique used in this

software optimizes for one day. This requires a 4 kW solar PV

system and an 11 kW energy storage system. Such a system will

save a household AUD 1565 of electricity cost per year and will not

require any power from the grid (not considering days with

exceptional weather conditions as described in Chapter 4).
Optimizing energy generation and storage for the ‘average day’

lets us find the most cost-effective energy generation and storage

solution for homes that have a grid connection with moderate

connection fees. Off-grid solutions require a significant energy

buffer in order to cope with ‘non-average’ days (in fact, they have

to cater for the days with highest energy consumption, e.g. hot-

test/coldest days of the year to allow electric air-conditioning or

heating) and they have to allow for a number of hazy days in a row

with very little solar PV generation (typically 3–5 days). As shown

for the Future Farm, the overall household energy consumption

must stay within the design parameters of the solar PV and battery

system or batteries may run flat and the household will be without

power until the next day when the solar PV is generating again.
This makes the energy storage required for an off-grid solution

significantly larger and more expensive. The alternative here is to

use battery energy storage only for the ‘average day’ or provide

alternative energy generation, such as a Diesel generator for

backup purposes.
When using a time-of-use tariff, it is also possible to charge the

energy storage at cheaper off-peak times for use during expensive

on-peak times. This is shown in Fig. 11 for a 10 kWh battery sto-

rage and no solar PV. It will save the household AUD 622 per year.

It is important to note that battery storage systems are not allowed

to feed power back into the grid under Australian law.

7. Adding electric vehicle charging

We expect Electric Vehicles to be the transportation medium of

the future and a large proportion of the energy required for driving

energy will be provided through home charging. So how will the

energy balance change, if we add one or two electric vehicles to

the equation?
Fig. 12 shows the additional energy requirements with one EV

and the typical urban distance driven of 32 km per day (about

12,000 km per year). Additional energy generation and storage

capacity are required, in order to cover this significant additional

demand. This has been done in Fig. 13, where we now have

installed a 6 kW peak solar and 14 kWh storage. Additional EVs

can be added and the energy parameters be adjusted accordingly.
Please note that we do not consider ‘vehicle-to-grid’ (V2G)

technologies or even vehicle-to-home. Mullan et al. [52] have

shown quite clearly that V2G schemes are not economical in the

sense that the wear and tear on EV batteries (based on today’s

Lithium technology) can never be repaid by any reasonable energy

tariff. EV batteries have been designed to last for the lifetime of a

car, which is typically set to about 10 years or 36,500 charge/dis-

charge cycles when using the car on a daily basis. After this, the

battery will typically have a reduced capacity of 85% and the EV an

equally reduced driving range. This is considered no longer ade-

quate for driving, but the battery may well be used for stationary

energy storage purposes. Under normal conditions, the lifetime of

an EV battery is large determined by the number of charge/dis-

charge cycles it undergoes. V2G would now effectively double the

number of cycles per day, so the EVs battery would become

obsolete after five years and the EV owner would be up for a bill in

the order of AUD 15,000. The only gain for V2G was temporarily

storing a small amount of energy per vehicle, e.g. around 5–

10 kWh, so the cost (or damage) created though V2G is in the

order of AUD 8.22 per charge cycle or more than AUD 1.00 per

kWh, which is a multiple of current energy prices.
Although V2G seems not economically viable today, the situa-

tion may change in the next couple of decades, in case new battery

chemistries with a longer lifetime are developed that can endure a

larger number of charge/discharge cycles.

Fig. 11. Household with 4 kW peak solar PV and 11 kWh battery storage.
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8. Conclusion

Going off the grid poses considerable design considerations and

challenges. Electricity is required to be available on demand and

reliably to support modern living.
The technology available at the moment makes a solar PV

system with Lithium Ion batteries the most feasible option.
Extended power outage times due to batteries running flat are

not acceptable. When designing an off-grid solution with renew-

able technologies it is necessary to over-dimension the system

with a margin to ensure that the power is available even in rare

weather conditions. This leads to considerable additional expenses

and a generally under-utilized PV, as energy supply will on aver-

age far exceed demand. UWA’s Future Farm only had a solar PV

utilization of 40% and still experienced occasional power outages

due to high energy usage after a series of days with low solar PV

generation. A combination of solar PV and battery storage with

grid connection or backup diesel generator allows for extreme

scenarios with renewable energy being used for ‘average days’.

Also, being able to feed-in surplus energy to the grid allows a

much more cost-effective solution. It is important to note that grid

feedback may not be available for some rural areas or industry, and

in other cases it may be available but there is no financial benefit.
Off-grid solar PV and battery systems are also very inflexible to

utilization changes, e.g. if the household grows and requires more

energy than its original design. When UWA’s Future Farm had two

air-conditioners installed for heating during the night, the demand

more than doubled from the original 17 kWh per day to 36 kWh

per day leading to the power running out at several occasions of

extreme weather conditions.
Data on average household power demand versus typical solar

PV curves demonstrate that there is a need for shifting energy

from midday to the later hours in the day, and battery storage

systems can provide a solution for this at a household level. The

adoption of battery storage systems will depend on the develop-

ment of future energy prices, feed-in tariffs for solar PV and pos-

sible energy storage subsidies.
For the average Australian household consuming 16 kWh daily

with modeling we show that their entire power usage can be

offset by a 4 kW PV system and an 11 kWh battery.

Fig. 13. Household with one EV and increased solar PV and battery storage to match higher energy requirements.

Fig. 12. Household with one electric vehicle.
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$XVWUDOLD¶V�ILUVW (9�WULDO��FRQVLVWLQJ�RI�HOHYHQ�ORFDOO\�
FRQYHUWHG� (9V� EDVHG� RQ� )RUG� )RFXV�� RZQHG� E\�
YDULRXV�EXVLQHVVHV�DQG�JRYHUQPHQW�DJHQFLHV >�@�

�� 7KH�LQVWDOODWLRQ�RI� WKH�:HVWHUQ $XVWUDOLDQ�FKDUJLQJ�
VWDWLRQ�QHWZRUN��D�VHW�RI��� $&�DQG�RQH�'& (OHFWULF�
9HKLFOH FKDUJLQJ�RXWOHWV� ZKLFK�DUH�PDGH�DYDLODEOH�
WR�WKH�SXEOLF� $W�WKH�WLPH�RI�SULQW��WKLV�FRQVWLWXWHV�RQH�
RI� WKH� ODUJHVW FKDUJLQJ� VWDWLRQ� QHWZRUNV� LQ� DOO� RI�
$XVWUDOLD�

5(9LHZ� KDV� KHOSHG� LQ� DQDO\]LQJ� GULYLQJ� DQG� FKDUJLQJ�
EHKDYLRUV�RI�(9�GULYHUV�>����������@�DQG�VWDWLVWLFV�JHQHUDWHG�
IURP�WKLV�V\VWHP�KDV�EHHQ�XVHG�LQ�VHWWLQJ�XS�DQ�DFFHSWDQFH�
VWXG\�DPRQJ�(9�GULYHUV�>��@�

5(9LHZ� LV� FXUUHQWO\� SURYLGLQJ� UHDO�WLPH PRQLWRULQJ� RI
YHKLFOHV�� FKDUJLQJ� VWDWLRQV� DQG� VRODU� LQVWDOODWLRQV� DURXQG�
:HVWHUQ�$XVWUDOLD��ZLWK�QHZ� VWDWLVWLFV�JHQHUDWHG�HYHU\�KDOI�
KRXU� 7KH�VRIWZDUH�LV�D�FRPELQDWLRQ�RI�3\WKRQ�VHUYHUV��&URQ�
EDWFK� VFULSWLQJ� RI� 3\WKRQ� IRU VWDWLVWLFDO� SURFHVVLQJ�� 3+3�
VHUYHU� VLGH� DQG�3RVWJUH64/�EDFNHQG�ZLWK� -DYD6FULSW��&66�
DQG�+70/�IRU�WKH�XVHU�LQWHUIDFH��%HFDXVH�WKHVH�RSHQ�VRXUFH�
ODQJXDJHV��DORQJ�ZLWK�VHYHUDO�RSHQ�VRXUFH�OLEUDULHV��PDNH�XS�
WKH�V\VWHP��LW�KDV�WKH�DELOLW\�WR EH�ZLGHVSUHDG�DQG DYDLODEOH�
WR� DQ\� HGXFDWLRQDO� RU� QRW�IRU�SURILW� RUJDQL]DWLRQ��:H� KRSH�
WKLV� ZLOO� SURPRWH� IXUWKHU� UHVHDUFK� LQWR� FKDUJLQJ� VWDWLRQ�
LQIUDVWUXFWXUH� DQG� VKRZ� WKDW� LW LV� SRVVLEOH� WR� ILOO� WKH� YRLG�
EHWZHHQ� D� UHVHDUFK� RUJDQL]DWLRQ¶V QHHG� IRU� GDWD� FROOHFWLRQ
DQG�WKH�JRYHUQPHQW�FRUSRUDWH�VSRQVRUV¶ QHHG�IRU�LQYHVWPHQW�
UHWXUQ�

7KURXJKRXW�WKH�GHYHORSPHQW�RI�WKLV�VRIWZDUH�WKHUH�ZHUH�
VHYHUDO�OHVVRQV�OHDUQHG�RQ�VWDNHKROGHUV� UHTXLUHPHQWV��IHDWXUH�
DFFHSWDQFH� E\� VWDWLRQ� XVHUV�� DQG� JHQHUDO� SRVVLELOLWLHV� IRU�
FKDUJLQJ�VWDWLRQ�VRIWZDUH��:H�EHOLHYH� WKDW� WKH�IHDWXUHV� WKDW�

���



ZHUH�GHYHORSHG�LQ�WKLV�V\VWHP�KHOS�IRUP�D EDVHOLQH�IRU�IXWXUH
YHKLFOH� WUDFNLQJ� DQG� FKDUJLQJ� VWDWLRQ� PRQLWRULQJ VRIWZDUH�
GHYHORSPHQWV�� 7KURXJK� WKH� (9� 7ULDO� ZH� IRXQG� WKDW�
FRPPHUFLDO� VRIWZDUH� ZKLFK� LV� VROG� EXQGOHG� ZLWK� FKDUJLQJ�
VWDWLRQV�RIWHQ�ODFNV�YLWDO�IXQFWLRQV�DQG FDQ�EH�YHU\�DZNZDUG�
WR�RSHUDWH� $OVR LQ�DOO�FDVHV�ZH�KDYH�VHHQ��VXFK�VRIWZDUH�LV�
OLPLWHG�WR�WKH�DVVRFLDWHG FRPSDQ\¶V�FKDUJLQJ�KDUGZDUH��QRW�
VXSSRUWLQJ LQWHURSHUDELOLW\� ZLWK� RWKHU� VWDWLRQV��:LWK� PDQ\�
GLIIHUHQW� FKDUJLQJ� VWDWLRQ� PDQXIDFWXUHV�� WKLV� PDNHV�
PDQDJHPHQW��DQDO\VLV�DQG�ELOOLQJ�WURXEOHVRPH��

,,� /2&$/�$1'�,17(51$7,21$/�$'237,21 2)�(/(&75,&�
9(+,&/(6�$1'�&+$5*,1*�67$7,216

%HIRUH� WKH�:$�(9�7ULDO� DQG� WKH� FKDUJLQJ� VWDWLRQ� WULDO�
WKHUH�ZHUH�QR�2(0�EXLOW��FRPPHUFLDOO\ EXLOW��(9V DYDLODEOH�
LQ�$XVWUDOLD�DQG�QR�FKDUJLQJ�VWDWLRQV� LQ�:HVWHUQ�$XVWUDOLD��
6LQFH�WKHQ� VHYHUDO�PDQXIDFWXUHUV�KDYH�UHOHDVHG�QHZ�HOHFWULF�
YHKLFOHV� DQG� SOXJ�LQ� K\EULG� YHKLFOHV� LQWR� WKH� $XVWUDOLDQ�
PDUNHW� LQFOXGLQJ� 0LWVXELVKL�� 1LVVDQ�� +ROGHQ�� %0:��
3RUVFKH DQG�7HVOD�0RWRUV� 7KH������)UDQNIXUW�0RWRU�6KRZ
,$$ ZDV� ³GRPLQDWHG�E\� HOHFWULF� YHKLFOHV´� DFFRUGLQJ� WR� LWV�
PHGLD�FRYHUDJH�>�@��*OREDOO\�WKH�QXPEHU RI�(OHFWULF�9HKLFOHV�
KDV�JURZQ IURP�������� LQ������WR������PLOOLRQ�LQ����� >�@��
(OHFWULF� YHKLFOHV� DUH� QR� ORQJHU� D� GUHDP�� EXW D� UHDOLW\�� DQG�
HYHU\�\HDU�ZH�ZLOO�VHH�PRUH�RQ�RXU�URDGV��)RU�IOHHW�PDQDJHUV��
WUDFNLQJ�DQG�ORJJLQJ�RI�HQHUJ\�XVDJH��DV�ZHOO�DV�ORFDOL]DWLRQ
DQG�XWLOL]DWLRQ�DUH�YDOXDEOH�WRROV�WR�UHGXFH�FDUERQ�HPLVVLRQV�
DQG�H[SHQVHV�

0HDQZKLOH�WKH�QXPEHU�RI�FKDUJLQJ�VWDWLRQ PDQXIDFWXUHUV�
KDV� LQFUHDVHG� GUDPDWLFDOO\�� DQG�PDQ\� JRYHUQPHQWV� DURXQG�
WKH�ZRUOG�DUH�VXEVLGL]LQJ�WKHLU�LQVWDOODWLRQ�WR�PHHW�WKH�GHVLUH�
WR� UHGXFH� WKH� GHSHQGHQFH� RQ� RLO�� :KLOH� FKDUJLQJ� VWDWLRQ�
PDQXIDFWXUHUV� FXUUHQWO\� KDYH� LQFRPSDWLEOH� FXVWRPHU�
LGHQWLILFDWLRQ PHWKRGV�DQG�FRPSHWLQJ�PDQDJHPHQW�VRIWZDUH�
WKH 2SHQ� &KDUJH� 3RLQW� 3URWRFRO� �2&33� >�@ KDV� EHHQ�
LQWURGXFHG� DV� D� SRVVLEOH� QHZ� VWDQGDUG IRU� (96(�
FRPPXQLFDWLRQ��2&33�LV�DQ�RSHQ��XQLIRUP�FRPPXQLFDWLRQV�
SURWRFRO� WKDW� FDQ� EH� XVHG� DFURVV� DOO� FKDUJLQJ� VWDWLRQV��
$OUHDG\��PDQ\�PDQXIDFWXUHUV�DUH�VXSSRUWLQJ�WKLV SURWRFRO�±
QRZ�EHLQJ�WKH�PRVW�SRSXODU�SURWRFRO�IRU�QHZ�VWDWLRQV��7KLV�
PHDQV� WKDW� H[WHUQDO� FRPSDQLHV� FDQ� DFFHVV� WKH� GDWD� DQG�
FRQWURO�RI�WKH�VWDWLRQV�YLD�DQ�$SSOLFDWLRQ�3URJUDP�,QWHUIDFH�
�$3,���QR�PDWWHU�ZKLFK�PDQXIDFWXUHU�

7KH� QXPEHU� RI� (9V� LQ� 3HUWK�� :HVWHUQ� $XVWUDOLD� KDV�
JURZQ�IURP����LQ������WR�RYHU�����LQ������DQG�HYHU\�\HDU�LW�
LV� SURMHFWHG� WR� JURZ�� 9DULRXV� FRQVXOWLQJ� ILUPV� DQG�
JRYHUQPHQWV� KDYH� IRUHFDVWHG� WKH� JURZWK� RI� (9� VDOHV� LQ�
$XVWUDOLD�� ,Q� ����� WKH� 'HSDUWPHQW� RI� (QYLURQPHQW� DQG�
&OLPDWH &KDQJH�FRPPLVVLRQHG�FRQVXOWLQJ�ILUP�$(&20�WR�
VWXG\�WKH�HFRQRPLF�YLDELOLW\�RI�HOHFWULF�YHKLFOHV�>�@ DQG�WKH\�
SURMHFWHG�WKDW�VXSSO\�FRQVWUDLQWV�ZRXOG�OLPLW�WKH�VDOHV�RI�(9V�
�LQFOXGLQJ� K\EULGV�� LQ� $XVWUDOLD� XQWLO ���� DQG� LQ� HDFK� RI�
WKHLU�WKUHH�SURMHFWLRQV�RYHU�����RI�QHZ�FDUV�ZRXOG�EH�SOXJ�
LQ�K\EULGV�RU�SXUH�(9V�E\�������$(&20�UHOHDVHG�DQRWKHU�
UHSRUW� LQ� ����� IRU� WKH� 9LFWRULDQ� 'HSDUWPHQW� RI� 7UDQVSRUW�
ZKHUH WKURXJK� WKH� XVH� RI� D� YHKLFOH� FKRLFH� PRGHO WKH\�
FRQFOXGHG� WKDW� VDOHV� RI� K\EULG� HOHFWULF� YHKLFOHV� LQ�9LFWRULD�
ZLOO�EH�PRUH�SUHGRPLQDQW�LQ�WKH�VKRUW�WHUP���XS�WR���\HDUV���
SOXJ�LQ�HOHFWULF�YHKLFOHV�LQ�WKH�PHGLXP�WHUP�������\HDUV��DQG�
(9V� LQ� WKH� ORQJ� WHUP� ���� \HDUV�SOXV�� >�@��7KH\� DOVR� IRXQG�

HYLGHQFH� WKDW� KLJK� OHYHOV� RI� FKDUJLQJ� LQIUDVWUXFWXUH� ZLOO�
VLJQLILFDQWO\�LQFUHDVH�WKH�DGRSWLRQ�RI�(9V��

,Q������ $%0$5&�SHUIRUPHG�D� VXUYH\�RI�PRWRULVWV� LQ�
$XVWUDOLD�ZLWK�D�FRQVHUYDWLYH�HVWLPDWH�RI�(9�XSWDNH��7KH\�
FRQFOXGHG�WKDW�ZLWKRXW�D�EUHDNWKURXJK�LQ�EDWWHU\�WHFKQRORJ\�
WKH�DGRSWLRQ�RI�(9V�E\������ZRXOG�OLNHO\�EH������RI�QHZ�FDU�
VDOHV >�@�� +RZHYHU� SOXJ�LQ� K\EULG� HOHFWULF� YHKLFOHV� ZRXOG�
FRQVWLWXWH�D�PXFK�ODUJH�SURSRUWLRQ�RI������RI�WKH�QHZ�YHKLFOH�
PDUNHW�

7KH� (QHUJ\� 6XSSO\� $VVRFLDWLRQ� RI� $XVWUDOLD� UHYLHZHG�
VHYHUDO�GLIIHUHQW�IRUHFDVWV IRU�$XVWUDOLD� VKRZLQJ�WKDW�WKH\�DOO�
KDG� VHYHUDO� IDFWRUV� LQ� FRPPRQ� WKDW� FRQWUROOHG� (9� XSWDNH�
ZLWK� D� PDMRU� IDFWRU� EHLQJ� DYDLODEOH� (9 FKDUJLQJ�
LQIUDVWUXFWXUH�>�@��

,,,� ,03257$1&( 2)�0($685,1*�(9,5210(17$/�,03$&7

7KH�HQYLURQPHQWDO�LPSDFW�RI�UXQQLQJ�DQ\�YHKLFOH�QHHGV�
WR�EH�DQDO\]HG�IURP�LWV�VRXUFH��7KH�HQYLURQPHQWDO�EHQHILW�LQ�
WHUPV�RI�&2� HPLVVLRQV�RI�(9V� UHOLHV�TXLWH� KHDYLO\�RQ� WKH�
ZD\�WKH�HOHFWULFLW\�LV�JHQHUDWHG��)URP������WR������������RI�
DOO�HOHFWULFLW\�JHQHUDWHG�FDPH�IURP�QRQ�UHQHZDEOH�UHVRXUFHV��
ZLWK�������IURP�FRDO��������IURP�RLO�DQG�������IURP�JDV�
>�@��7KH�8QLRQ�RI�&RQFHUQHG�6FLHQWLVWV�UHOHDVHG�D�UHSRUW�LQ�
�����VWDWLQJ�WKDW KRZ WKH�HOHFWULFLW\�ZDV�JHQHUDWHG�GLUHFWO\�
DIIHFWV�WKH�HQYLURQPHQWDO�EHQHILW�RI�D�1LVVDQ�/HDI�LQ�WKH�86�
>��@��7KHLU�UHSRUW�VKRZHG�WKDW�LQ�VRPH�UHJLRQV�WKH�GLIIHUHQFH�
LQ�FDUERQ�HPLVVLRQV�LQ�HOHFWULFLW\�JHQHUDWLRQ�YDULHG�DV�PXFK�
DV�WKUHH�WLPHV��ZKHUH�D�QXFOHDU�DQG�UHQHZDEOH�HQHUJ\�PL[�RI�
JHQHUDWLRQ� LV� FRPSDUHG� WR� D� KHDYLHU� FRDO� DQG� JDV� GULYHQ�
SRZHU�JHQHUDWLRQ��7KLV�PHDQW�WKDW�YHKLFOHV�LQ�DUHDV�ZLWK�KLJK�
HOHFWULFLW\� HPLVVLRQV� ZHUH� FRPSDUDEOH� WR� KLJKO\� HIILFLHQW�
SHWURO�YHKLFOHV������RI�DOO�$PHULFDQV�OLYH�LQ�WKHVH�DUHDV��

7$%/(�,�� ()),&,(1&<�$1'�7+(25(7,&$/�(0,66,216
2)�(/(&75,&�9(+,&/(6

0RGHO
��LV�3+(9�

(IILFLHQ
F\
�:K�NP
�

5DQJH
�NP�

&2�
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0LWVXELVKL�L�0L(9 ��� ��� ���
1LVVDQ�=(��/HDI� ��� ��� ���
5HQDXOW .DQJRR�=( ��� ��� ���
7HVOD�0RGHO�6� ��� ��� ���
+ROGHQ�9ROW ��� �� ���
0LWVXELVKL�2XWODQGHU ��� �� ���
3RUVFKH 3DQDPHUD 6( ��� �� ���

0RGHO��N:K�NP�DQG�UDQJH�IURP�JUHHQYHKLFOHJXLGH�JRY�DX�>��@�
&2� HPLVVLRQ�FDOFXODWHG�IURP�60(&������

$� UHSRUW� E\� 60(&� LQ� ����� IRU� WKH� 'HSDUWPHQW� RI�
7UDQVSRUW� VWDWHV� WKDW� LQ� :HVWHUQ� $XVWUDOLD� WKH� DPRXQW� RI�
NJ&2� (PLVVLRQV� SHU� N:K� LV� ������ >��@�� )URP� WKLV�
LQIRUPDWLRQ� DQG� WKH� HIILFLHQFLHV� RI� WKH� PRGHOV� IURP� WKH�
$XVWUDOLDQ� 'HSDUWPHQW� RI� ,QIUDVWUXFWXUH DQG� 5HJLRQDO�
'HYHORSPHQW� >��@ RQH� FRXOG� FDOFXODWH� WKHRUHWLFDO� &2�
HPLVVLRQV�SHU�NP�RI�WKH�(9�DYDLODEOH�LQ�:$��+RZHYHU��WKLV�
ZRXOG�DVVXPH� WKDW� WKHVH�FDUV�DUH�FKDUJHG�HQWLUHO\�IURP�WKH�
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DYHUDJH�JULG�ZLWKRXW�DQ\�UHQHZDEOHV��ZKLFK�LV�FOHDUO\�QRW�WKH�
FDVH��0DQ\�HDUO\�(9�DGRSWHUV�DOVR�KDYH�VRODU�39�JHQHUDWLRQ�
DW�KRPH�DQG�DUH�DEOH�WR�FKDUJH�WKHLU�FDUV�FRPSOHWHO\�HPLVVLRQ�
IUHH�� $OVR�� WKH� IRFXV� RQ� &2� YDOXHV� PLVVHV� PRUH� KDUPIXO�
HPLVVLRQV��VXFK�DV�FDUERQ�PRQR[LGH�DQG�SDUWLFXODWH�PDWWHU��
ZKLFK�FDQ�EH�PXFK�EHWWHU�FRQWUROOHG�LQ�SRZHU�VWDWLRQV�WKDQ�LQ�
FRPEXVWLRQ�HQJLQH�FDUV�

,Q������ WKH�$XVWUDOLDQ�1DWLRQDO�7UDQVSRUW�&RPPLVVLRQ�
UHOHDVHG�D�UHSRUW�GLVFXVVLQJ�WKH�FDUERQ�GLR[LGH�HPLVVLRQV�RI�
QHZ�$XVWUDOLDQ�9HKLFOHV�>��@��7KH\�IRXQG�WKDW�WKH�DYHUDJH�J�
&2��SHU�NP�ZDV����J�NP��PHDQLQJ�WKDW�(9V�LQ�WKH�ZRUVW�FDVH�
VFHQDULR�JHQHUDWH�OHVV�HPLVVLRQV�WKDQ�WKH�DYHUDJH�QHZ�SHWURO�
FDU��7R�UHGXFH�RU�UHPRYH�&2��HPLVVLRQV�IRU�(9V��WKH\ PXVW�
EH� FKDUJHG� �RU� DUJXDEO\� RIIVHW�� IURP� D� UHQHZDEOH� HQHUJ\�
UHVRXUFH��

,W�LV�LPSRUWDQW�WR�QRWH�WKDW�DLU�TXDOLW\�LQ�PHWURSROLWDQ�DUHDV�
ZLOO� LPSURYH� WKURXJK� WKH� XVH RI� (9V� HYHQ� ZKHQ� FKDUJHG�
IURP�D�³GLUW\�JULG´��(9V SURGXFH�]HUR�WDLOSLSH�HPLVVLRQV DQG�
SRZHU� VWDWLRQV�DUH� W\SLFDOO\� ORFDWHG� LQ� OHVV�SRSXODWHG�DUHDV�
RXWVLGH�D�FLW\��$OVR��PDQ\�HPLVVLRQV�FDQ�EH�EHWWHU�GHDOW�ZLWK�
DW� D� SRZHU� VWDWLRQ� WKDQ DW� WKRXVDQGV� RI� ,&(� �LQWHUQDO�
FRPEXVWLRQ�HQJLQH��FDUV�

,9� ,1)5$67858&785(
+HUH� ZH� GLVFXVV� WKH� (96(�� (9� DQG� UHQHZDEOH� HQHUJ\�

VRXUFHV�WKDW�DUH�FXUUHQWO\�PRQLWRUHG�E\�5(9LHZ� $OO�RI�WKHVH�
WHFKQRORJLHV� XVH� WKHLU� RZQ� VRIWZDUH� LQWHUIDFHV� DQG�
LQWHJUDWLRQ�

$� &KDUJLQJ�6WDWLRQ�,QIUDVWUXFWXUH
7KH� FKDUJLQJ� VWDWLRQV FXUUHQWO\� LQVWDOOHG� LQ� :HVWHUQ�

$XVWUDOLD KDG�EHHQ�VRXUFHG�IURP�WKH�8QLWHG�.LQJGRP��EXLOW�
E\�FKDUJLQJ�VWDWLRQ�FRPSDQ\�(OHNWURPRWLYH��,Q�WKH�DEVHQFH�
RI�DQ�$XVWUDOLDQ�VWDQGDUG��ZH�VHOHFWHG WKH�(XURSHDQ�VWDQGDUG�
,(& ������ 7\SH��� �0HQQHNHV�� FRQQHFWRUV IRU� /HYHO���
FKDUJLQJ� DW� ���N:�� ZKLFK� XQOLNH� WKH� 86�-DSDQ� VWDQGDUG�
7\SH��� �-������ GRHV� VXSSRUW� FKDUJLQJ� XVLQJ� WKUHH�SKDVH�
SRZHU��ZKLFK�LV�SUHYDOHQW�LQ�$XVWUDOLD��EXW�QRW�LQ�WKH�8�6��7KH�
VWDWLRQV� DUH� ZDWHU� UHVLVWDQW� DQG� ILWWHG� ZLWK� RYHUFXUUHQW�
SURWHFWLRQ�DQG�5&'�VZLWFKHV�

,Q�WHUPV�RI�FRPSDWLELOLW\��WKHUH�DUH�DW�OHDVW�ILYH�GLIIHUHQW�
W\SHV�RI�FRQQHFWRUV�IRU�WKH�FKDUJLQJ�(9V�LQ :$�

x 6WDQGDUG�$XVWUDOLDQ�KRXVHKROG�VRFNHW�����DQG���$��
� $6�1=6�����

x 6WDQGDUG�$XVWUDOLDQ���3KDVH�VRFNHW ���$�DQG���$�
x ,(&�������7\SH����³6$(�-����´�
x ,(&�������7\SH����³0HQQHNHV´�
x 7HVOD¶V�$&�'&�YDULDWLRQ�RI�,(&�������7\SH���
x &+$GH02��-DSDQ�
x &RPER�&&6�7\SH����&RPELQHG�&KDUJLQJ�6\VWHP��

,(&�7\SH���YDULDQW�³6$(´�
0RVW PDQXIDFWXUHUV� �0LWVXELVKL�� 1LVVDQ�� %0:� DQG�

3RUVFKH��DUH�QRZ�UHOHDVLQJ�WKHLU�FDUV�ZLWK�D�7\SH���VWDQGDUG
LQ�WKH�$XVWUDOLDQ�PDUNHW��RQO\�7HVOD�XVHV�,(&�7\SH���

&KDUJLQJ�VWDWLRQ�XVHUV�KDYH�EHHQ�VXSSOLHG�ZLWK 5),'�WDJV
IRU�LGHQWLILFDWLRQ��WR�DOORZ�PRQLWRULQJ DQG�IXWXUH�ELOOLQJ��7KLV�
DOVR�UHGXFHV�WKH�ULVN�RI�FDEOH�WKHIW��DV�RQO\�WKH�FRUUHFW�WDJ�FDQ�
UHOHDVH�WKH�FKDUJLQJ�FDEOH� 2WKHU�LGHQWLILFDWLRQ�PHWKRGV�XVHG�
HOVHZKHUH�LQFOXGH�VPDUWSKRQH�ORJLQ��FUHGLW�FDUG�VZLSH�DQG�LQ�
YHKLFOH� LGHQWLILFDWLRQ�� EXW� WKHVH� UHTXLUH� KLJKHU� VHFXULW\�

VWDQGDUGV��LQ�FDVH�RI�FUHGLW�FDUG�UHDGHUV��DQG�FRQVWDQW�LQWHUQHW�
FRQQHFWLRQ��ZKLFK�PDNHV�WKHVH�PHWKRGV�PRUH�H[SHQVLYH��

%� (9�0RQLWRULQJ
:H� XVH *60�EDVHG� WUDFNLQJ� GHYLFHV� IURP� $VWUD

7HOHPDWLFV��PRGHOV $7����DQG�$7����*36�IRU�YHKLFOH�GDWD�
ORJJLQJ�� 7KHVH� WUDFNLQJ� GHYLFHV� FRPPXQLFDWH� ZLWK� WKH�
5(9LHZ� VHUYHU� YLD� DQ� LQWHUQDO�*60�PRGHP�� XVLQJ� D� 6,0�
FDUG�ZLWK�PDFKLQH�WR�PDFKLQH��0�0��FDSDELOLWLHV� 7KH�ILYH�
GLJLWDO�LQSXW�OLQHV�RI WKH�WUDFNLQJ�GHYLFHV�DUH�FRQQHFWHG�WR�WKH�
DLU� FRQGLWLRQLQJ�� LJQLWLRQ�� KHDGOLJKWV�� UDGLR� DQG� KHDWHU�
VWDWXVHV��7KH�DQDORJ�LQSXW�OLQH�LV�FRQQHFWHG�WR�D�EDWWHU\�OHYHO�
ORJJLQJ�GHYLFH�WKDW�RXWSXWV�WKH�EDWWHU\�OHYHO�SHUFHQWDJH�DV�DQ�
DQDORJ�YROWDJH��7KH�EDWWHU\�PHWHU�FRXQWV WKH�HQHUJ\�IORZLQJ�
LQ�DQG�RXW�RI�WKH�PDLQ�HOHFWULF�YHKLFOH�EDWWHU\�SDFN�XVLQJ�D�FW�
FXUUHQW VHQVRU��

&� 6RODU�3KRWRYROWDLF�0RQLWRULQJ

)LJ���� $ ��N:�VRODU�V\VWHP�RQ�WKH�+XPDQ�0RYHPHQW�EXLOGLQJ RI�8:$��
:HVWHUQ�$XVWUDOLD

'� 6RODU�7UDFNLQJ�)HDWXUHV
:H� PRQLWRU� D� URRI�WRS� VRODU� 39� V\VWHP� RI ��N:S��

LQVWDOOHG� RQ� 8:$¶V� +XPDQ�0RYHPHQW� EXLOGLQJ�� )RU� GDWD�
FROOHFWLRQ� D�6XQQ\�:HEER[�LV�XVHG�LQ�FRQMXQFWLRQ�ZLWK�WKH�
VRODU� LQYHUWHUV�� 7KLV� DOORZV� ORJJLQJ� DQG� GRZQORDGLQJ RI�
HQHUJ\�GDWD HYHU\�PLQXWH�YLD�IWS��

9� 5(9,(:�62)7:$5(�'(6,*1

$� 5(9LHZ�6\VWHP�'HVLJQ

)LJ���� 6RIWZDUH�V\VWHP�IRU�WKH�5(9LHZ�VHUYHU

7KH� V\VWHP� FRQVLVWV� RI� VHYHQ� FRPSRQHQWV DQG� LV�
FRQILJXUHG�DV�VKRZQ�LQ�WKH�LPDJH�DERYH�

���



�� (OHFWULF�9HKLFOH�6HUYHU
�� &KDUJLQJ�6WDWLRQ�6HUYHU
�� 6RODU�'RZQORDGHU
�� 'DWD�3URFHVVLQJ�6FULSWV
�� 'DWDEDVH
�� 8:$�:HE�6HUYHU
�� :HE�,QWHUIDFH

,Q�WKLV�VHFWLRQ� ZH�ZLOO�JR�LQWR�GHWDLO�IRU�WKH�(9 VHUYHU��
FKDUJLQJ�VWDWLRQ VHUYHU��VRODU GDWD GRZQORDGHU�DQG�EDWFK�GDWD�
SURFHVVLQJ��7KH�GDWDEDVH�LV�D�3RVWJUH64/� WKH�ZHE�VHUYHU�LV�
$SDFKH��DQG�WKH�LQWHUIDFH�LV�IXUWKHU�GLVFXVVHG�LQ�VHFWLRQ�9,,�

%� (OHFWULF�9HKLFOH�6HUYHU
7KH� FKDUJLQJ� V\VWHP�PRQLWRULQJ� LV� GRQH�ZLWK� D� 3\WKRQ�

GDHPRQ� UXQQLQJ� WKH� 7KUHDGLQJ� 6RFNHW� VHUYHU� OLEUDU\�� 7KLV�
OLEUDU\� OLVWHQV� IRU� 7&3� FRQQHFWLRQV� RQ� D� GHILQHG� SRUW� DQG�
FUHDWHV� D� QHZ� WKUHDG� IRU� HDFK� RQH�� ZKLFK� FDQ� KDQGOH� WKH�
SURFHVVLQJ�RI� WKH�GDWD� UHFHLYHG��7KH�SURFHVVLQJ� LV�GRQH�E\�
SDUVLQJ� WKH� LQFRPLQJ� PHVVDJH IURP� WKH� E\WH� VWUHDP LQWR�
3\WKRQ�YDULDEOHV��FRQQHFWLQJ�WR�WKH�GDWDEDVH�DQG�LQVHUWLQJ�WKH�
QHZ�GDWD�SRLQWV�

7KH�IROORZLQJ� LQIRUPDWLRQ� LV� UHFRUGHG� LQ� D�3RVWJUH64/�
GDWDEDVH�IRU�HDFK�GDWD�SRLQW� ODWLWXGH��ORQJLWXGH��WLPH�ORJJHG�
RQ� GHYLFH�� WLPH� UHFHLYHG� DW� VHUYHU�� YHKLFOH� VSHHG�� YHKLFOH�
KHDGLQJ�� DOWLWXGH�� MRXUQH\� PD[� VSHHG�� MRXUQH\� PD[�
DFFHOHUDWLRQ�� MRXUQH\� GLVWDQFH�� MRXUQH\� LGOH� WLPH�� LJQLWLRQ�
VWDWXV�� DODUP� OLQH� VWDWXV� �XQXVHG��� DLU FRQGLWLRQLQJ� VWDWXV��
KHDGOLJKWV� VWDWXV�� KHDWHU� VWDWXV�� FKDUJLQJ� VWDWXV�� DQG� FDU�
EDWWHU\�OHYHO� 7KH�*36�SRVLWLRQV�DQG�OLQH�LQSXWV�DUH�XSORDGHG�
RQWR�WKH�VHUYHU�HLWKHU�DW�HYHU\�PLQXWH�RU�DW�HYHU\�WHQ�PHWHUV��
ZKLFKHYHU�FRPHV�ILUVW� 7KLV�UDZ�GDWD�LV�ODWHU�SURFHVVHG�DQG�
FRPELQHG�ZLWK�RWKHU�GDWD�E\�EDWFK�VFULSWV�LQWR�PRUH�XVHIXO�
LQIRUPDWLRQ�

&� &KDUJLQJ�6WDWLRQ�6HUYHU
7KH�FKDUJLQJ�VWDWLRQ�VHUYHU�DOVR�XVHV�D�3\WKRQ�GDHPRQ�

VLPLODU� WR� WKH�HOHFWULF�YHKLFOH� VHUYHU��7KLV� VHUYHU� KRZHYHU�
GRHV�QRW�MXVW�UHFHLYH�LQIRUPDWLRQ�IURP�WKH�VWDWLRQV�EXW�DOVR�
FKHFNV� DQG� VHWV� WKH� VWDWLRQV¶ UHDO� WLPH� FORFN�� DQG� UHTXHVWV�
LQIRUPDWLRQ� IURP� WKH� VWDWLRQV¶ LQWHUQDO� GDWDEDVH� 7KH�
FKDUJLQJ� VWDWLRQ PRGHPV� DUH� FRQILJXUHG� WR FRQQHFW� WR� WKH�
VHUYHU�� DOORZLQJ� WKHP� WR� XVH� G\QDPLFDOO\� DOORFDWHG� ,3�
DGGUHVVHV��ZKLFK�DUH�JHQHUDOO\�D�FKHDSHU�RSWLRQ�WR�XVLQJ�PRUH�
FRQYHQLHQW VWDWLF�,3V��

7KH�VWDWLRQ�VHUYHU�UHTXHVWV�WKH�VWDWXV�HYHU\�ILYH�PLQXWHV��
ZKLFK�LQFOXGHV�WKH�QXPEHU�RI�HYHQWV�WKDW�KDYH�RFFXUUHG�DW�WKH�
VWDWLRQ�� WKH�FXUUHQW�VWDWXV��FKDUJLQJ�� LGOH��HUURU��� WKH� HQHUJ\
GUDZQ� IRU� WKH� ODWHVW�FKDUJH HYHQW�� WKH� WRWDO�HQHUJ\�VXSSOLHG�
RYHU�DOO�WLPH��UHDO�WLPH�FORFN�DQG�ODWHVW�XVHU LG �LI�LQ�XVH���7KLV�
LQIRUPDWLRQ�LV�UHFRUGHG�LQ�WKH�VHUYHUV¶�GDWDEDVH��

7KH� VWDWLRQ� KDV� D� UHFRUG� RI� VHYHUDO� GLIIHUHQW� W\SHV� RI�
HYHQWV�� LQFOXGLQJ� FKDUJLQJ�� GLVFRQQHFW�� SRZHU� IDLOXUH� DQG�
UHVHW� :KHQ� WKH�QXPEHU�RI� UHFRUGHG�HYHQWV�DW� WKH� VHUYHU� LV�
OHVV� WKDQ� WKDW� DW� WKH� VWDWLRQ�� WKH� H[FHVV� UHFRUGV� DUH�
GRZQORDGHG�DQG�VWRUHG IRU�ODWHU VWDWLVWLFDO DQDO\VLV��

7KH�FRQILJXUDWLRQ�RI�D�VWDWLRQ� LV�GRQH�XVLQJ�SURSULHWDU\�
VRIWZDUH�� 7KH� VWDWLRQV� DOORZ� WKH� FRQILJXUDWLRQ� RI� VHYHUDO�
SDUDPHWHUV�� LQFOXGLQJ� WKH� PLQLPXP� DQG� PD[LPXP� SRZHU�
RXWSXWV� DQG� FKDUJH� WLPH� UHVWULFWLRQV�� ,W� DOVR� JLYHV WKH�
DGPLQLVWUDWRU� WKH� DELOLW\� WR UHPRWHO\� ORJLQ WR� WKH� VWDWLRQ�RU�

GLVFRQQHFW�D�XVHU��RU�UHVHW�D�VWDWLRQ���7R�DOORZ�WKLV�VRIWZDUH�
WR�FRQQHFW�WR�WKH�VWDWLRQ�WKH�VHUYHU�FDQ�RSHQ�DQ�66+ WXQQHO�
EHWZHHQ� WKH� VWDWLRQ� DQG� WKH� DGPLQLVWUDWRU� 3&� 7KLV� FDQ� EH
XVHG�WR�HLWKHU�UHPRWHO\�FRQILJXUH�WKH�VWDWLRQ¶V�*60�PRGHP�
RU�WKH�FKDUJLQJ�VWDWLRQ�LWVHOI��

'� 6RODU�6\VWHP�'RZQORDG
7KH�VRODU�V\VWHP�GRZQORDG�XVHV�D�3\WKRQ�EDWFK�VFULSW�UXQ

DV�D�³&URQ´ MRE RQ�WKH�VHUYHU��7KLV�VFULSW�ZLOO�VFDQ�WKURXJK�D�
OLVW� RI� UHPRWH� )73� DGGUHVVHV�� DFFHVV� DQ� H[SHFWHG� ILOH�
VWUXFWXUH��GRZQORDG�QHZ�RU�XSGDWHG�&69�ILOHV�RQ�WKDW�UHPRWH�
GHYLFH��DQG�SDUVH�WKHP�LQWR�WKH�GDWDEDVH��7KH�GDWD�IURP�WKH�
VRODU�V\VWHP�LQFOXGHV�WLPH�VWDPSV��SRZHU�JHQHUDWHG��YROWDJHV�
DW�WKH�SDQHOV�DQG�JULG�DQG�RSHUDWLRQ�KHDOWK�IODJV�

6RODU� V\VWHPV DUH� FRQQHFWHG� WR� DQG� VFDQQHG� HYHU\� ���
PLQXWHV IRU�GDWD�GRZQORDG�

(� 'DWD�3URFHVVLQJ�6FULSWV
7KH� LQIRUPDWLRQ� WKDW� FRPHV� LQWR� WKH� GDWDEDVH� IURP� WKH�

VHUYHUV� LV� UDZ� WHOHPHWU\�� FKDUJLQJ� VWDWLRQ� GDWD� DQG� VRODU�
HQHUJ\�GDWD��'DWD SUH�SURFHVVLQJ�LV�XVHG�IRU VSHHGLQJ�XS�WKH�
GHOLYHU\�RI�VWDWLVWLFV�JUDSKV�WR�WKH�XVHU��ZKLFK�LV�LPSRUWDQW�IRU�
XVDELOLW\�DQG�VFDODELOLW\��'DWD�SURFHVVLQJ�LV�GRQH�E\�VHYHUDO�
3\WKRQ�VFULSWV�WKDW�ORRN�IRU�FKDQJHV�LQ�WKH�UDZ�GDWD� WR�FUHDWH�
QHZ� GDWD� VHWV�� $Q� H[DPSOH� RI� RQH� RI� WKHVH� SURFHVVHV� LV�
FUHDWLQJ� MRXUQH\� HYHQWV� IURP� UDZ� WHOHPHWU\� GDWD�� :KHQ� D�
YHKLFOH�LV�GHWHFWHG�DQG�LWV�LJQLWLRQ�VWDWXV�FKDQJHV�IURP�RQ�WR�
RII� WKHQ�WKH�VFULSW�ORRNV�EDFNZDUGV IURP�WKDW�SRLQW�WR�IRUP�D�
MRXUQH\��7KH�GDWD�LV�FRPELQHG�LQWR�PHDQLQJIXO�ILHOGV�VXFK�DV�
WRWDO�GLVWDQFH�WUDYHOOHG�DQG�HQHUJ\�XVHG�

7KH�3\WKRQ� VFULSWV� DUH� VFKHGXOHG� DV� D� &URQ� MRE� RQ� WKH�
VHUYHU��DFWLYDWLQJ�HYHU\����PLQXWHV��7KH�VFULSWV�SHUIRUP�WKH�
IROORZLQJ�

x *HQHUDWH�YHKLFOH�MRXUQH\V��FKDUJLQJ�HYHQWV��LGOH�
HYHQWV��PLVVLQJ�GDWD�HYHQWV

x *HQHUDWH�FKDUJLQJ�VWDWLRQ�HYHQWV
x &RPELQH�VLPLODU�FKDUJLQJ�VWDWLRQ�DQG�YHKLFOH�

FKDUJLQJ�HYHQWV�EDVHG�RQ�XVHU�WDJ��WLPH�DQG�
ORFDWLRQ

x &RPSUHVV�GDWD� VXFK�DV�DLU�FRQGLWLRQLQJ��KHDWHU��
KHDGOLJKWV�LQWR�D�GDWD�SRLQW�IRU�D�MRXUQH\

x &RPSUHVV�FKDUJLQJ�GDWD�LQWR�FKDUJLQJ�PDLQWDLQLQJ�
FKDUJH��GLYLGH�LQWR�E\�KRXU�DQG�E\�ZHHN�DUUD\V

x *HQHUDWH�KHDW�PDSV

$V�VHSDUDWH�VFULSWV�DUH�XVHG�IRU�GLIIHUHQW�IXQFWLRQV��DGGLQJ�
QHZ�IXQFWLRQDOLW\�RU�VWDWLVWLFV�FDQ�EH�HDVLO\�GRQH�E\�DGGLQJ�
DQ� DGGLWLRQDO� VFULSW�� 7KLV� OLPLWV� WKH� QHHG� IRU� PRGLI\LQJ�
H[LVWLQJ�VRIWZDUH�DQG�UHGXFHV�LQWHJUDWLRQ�SUREOHPV�DQG�KHOSV�
LQ�LVRODWLQJ�HUURUV�

9,� 6,0,/$5�7(&+12/2*,(6

$� &RPPHULFDO�7HFKQRORJLHV IRU�(9�WUDFNLQJ
7KHUH�DUH�VHYHUDO�H[DPSOHV�RI�FRPPHUFLDO�*36�WUDFNLQJ�

VRIWZDUH� SDFNDJHV� IRU� IOHHW� YHKLFOHV�� &RPPHUFLDO� YHKLFOH�
WUDFNLQJ� LV� XVHG� LQ� PDQ\� GLIIHUHQW� LQGXVWULHV� LQFOXGLQJ�
PLQLQJ�� WUDGHV�� XWLOLWLHV�� WUDQVSRUWDWLRQ�� DQG� JRYHUQPHQW�
DJHQFLHV�� 7KHUH� DUH� VHYHUDO� GLIIHUHQW� SURGXFWV� DYDLODEOH� LQ�

���



$XVWUDOLD� VXFK� DV� (=<�& >��@�� )OHHWPDWLFV >��@ DQG
5HDG\7UDFN >��@��7KHVH�SURGXFWV�FODLP�WR�SURYLGH�VROXWLRQV�
WKDW�ZLOO�UHGXFH�IXHO�FRVWV��LPSURYH�SURGXFWLYLW\��UHGXFH�ODERU�
FRVWV��DQG�LQFUHDVH�DFFXUDWH�UHSRUWLQJ��7KHVH�VHUYLFHV LQVWDOO�
*36�WUDFNLQJ�GHYLFHV�LQWR�WKH�IOHHW�YHKLFOHV�WR�PRQLWRU�WKHP
UHPRWHO\��7KH�PDMRU�GUDZEDFN�RI�VXFK�FRPPHUFLDO�V\VWHPV
LV� WKDW� WKH\� GRQ¶W� UHFRUG� HQHUJ\� XVDJH� RU� WKH� VWDWXV� RI�
FKDUJLQJ��DLU FRQGLWLRQLQJ��KHDWLQJ�DQG�KHDGOLJKWV�EXW�UDWKHU�
H[FOXVLYHO\� UHO\� RQ� D� *36� XQLW�� $GGLWLRQDOO\� WKH\� GRQ¶W�
LQFOXGH� LQIRUPDWLRQ� IURP� RWKHU� GHYLFHV� VXFK� DV� FKDUJLQJ�
LQIUDVWUXFWXUH�$OO�WKHVH�V\VWHPV�DLP�DW�WKH�SHWURO�IOHHW�PDUNHW�

%� 5HVHDUFK�7RSLFV
0DQ\�LQVWLWXWLRQV�DURXQG�WKH�ZRUOG�KDYH�VWDUWHG�UHVHDUFK�

LQWR�WUDFNLQJ�DQG�PRQLWRULQJ�RI�HOHFWULF�YHKLFOHV�DQG�FKDUJLQJ�
VWDWLRQV�� XVLQJ� WKHLU� RZQ� *36� V\VWHPV� DQG� FKDUJLQJ�
LQIUDVWUXFWXUH�� ,Q� WKH� 1RUWK� (DVW� RI� (QJODQG�� %O\WKH�
SHUIRUPHG� D� VWXG\� WUDFNLQJ� ��� HOHFWULF� YHKLFOHV� DQG� D�
FKDUJLQJ�VWDWLRQ�QHWZRUN�>��@��7KH\�FRQFOXGHG�ZLWK�VWDWLQJ�
WKHLU DELOLW\�WR�XVH�WKH�GDWD�IURP�WUDFNHG�YHKLFOHV�WR�GHULYH�WKH�
VWDWH�RI�WKH�FKDUJLQJ�VWDWLRQ�QHWZRUN��)URP�WKHUH�WKH\�DUH�DEOH�
WR�SUHGLFW�SRVVLEOH�IXWXUH�SUREOHP�DUHDV�IRU�HOHFWULFLW\�SRZHU�
JHQHUDWLRQ��

)LJ���� 7UDFNLQJ�SDJH�IRU�WKH�5(9LHZ�VRIWZDUH

9,,� 5(9,(:�)($785(6
7KH� 5(9LHZ� ZHEVLWH� IHDWXUHV� VHYHUDO� SDJHV� LQFOXGLQJ�

YHKLFOH� WUDFNLQJ�� YHKLFOH� VWDWLVWLFV�� FKDUJLQJ� VWDWLRQ� VWDWXV��
FKDUJLQJ�VWDWLRQ�VWDWLVWLFV��ELOOLQJ��KHDW�PDSV��MRXUQH\V�OLVWV��
FKDUJLQJ�OLVWV��PRELOH�WUDFNLQJ��DQG�PRUH��'HSHQGLQJ�RQ�WKH�
W\SH� RI� XVHU� �VWDWLRQ� RSHUDWRU�� VWDWLRQ� XVHU� RU� (9� WUDFNHU��
VRPH�SDJHV�DUH�UHVWULFWHG�RU�KLGGHQ��7KH�ZHEVLWH�LV�D�VHFXUH�
+70/���VLWH�ZLWK�OLYH�LQIRUPDWLRQ��LQWHUDFWLYH�PDSV��JUDSKV�
DQG� FXVWRPL]DEOH� WLPH� VFDOHV�� 7KH� VXSSRUWHG� EURZVHUV� DUH�
&KURPH�� ,(� ����� )LUHIR[� DQG�6DIDUL�� DOORZLQJ� DFFHVV� IURP�
FRPSXWHUV��WDEOHWV�DQG�VPDUWSKRQHV�

$� 9HKLFOH�7UDFNLQJ�)HDWXUHV
7KH� WUDFNLQJ� SDJH �VHH� )LJ�� �� GLVSOD\V� WKH� YHKLFOHV¶�

PRYHPHQW�RQ�D�PDS�ZLWK�GULYH GLVWDQFH��VSHHG�DQG�EDWWHU\�
XVDJH�GLVSOD\HG�LQ�D�JUDSK��7KH�XVHU�FDQ�VHOHFW�DQ�LQGLYLGXDO�
YHKLFOH�RU�DOO�YHKLFOHV�LQ�D�IOHHW�DQG�WKH�WLPH�SHULRG�WR�GLVSOD\��
7KH�JUDSK�LV�LQWHUDFWLYH��DOORZLQJ�WKH�XVHU�WR�GUDJ�DQG�]RRP�
LQ� RQ� WKH� WLPH� VFDOH� DQG� FDQ� VKRZ� FKDUJLQJ� DQG� MRXUQH\�
HYHQWV� DV�ZHOO� DV� WKH� VWDWXV� RI� DLU FRQGLWLRQLQJ�� KHDGOLJKWV�
DQG�KHDWHU�LQ�D�YHKLFOH�

%� 9HKLFOH�7UDFNLQJ�,PSOHPHQWDWLRQ
7KH�YHKLFOH�WUDFNLQJ�SDJH�XVHV�3+3�VFULSWV�WR�VXSSO\�WKH�

LQIRUPDWLRQ� WR� -DYD6FULSW�FRGH�RQ� WKH�SDJH��7KH�SDJH�XVHV�
VHYHUDO� IUHH�WR�XVH� OLEUDULHV� LQFOXGLQJ� -4XHU\� IRU�
FRPPXQLFDWLRQ�ZLWK� WKH� VHUYHU�� *RRJOH�0DSV� IRU� WKH�PDS�
DQG�'\JUDSK�IRU�WKH�LQWHUDFWLYH�JUDSK��7KH�'\JUDSK�OLEUDU\�
LV�RSHQ�VRXUFH�DQG�ZDV�PRGLILHG�IRU�XVH�LQ�WKH�ZHEVLWH��

7R�GLVSOD\�WKH�*36�GDWD� WKH�PDS�KDV�WKH�DELOLW\�WR�VKRZ�
LQGLYLGXDO� LQWHUDFWLYH� SRLQWV� WKDW� FDQ� EH� FOLFNHG� RQ� IRU�
DGGLWLRQDO�LQIRUPDWLRQ�RU�DQ�LPDJH�WKDW�LV�JHQHUDWHG�E\�D�3+3�
VFULSW� RQ� WKH� VHUYHU�� 7KH� QXPEHU� RI� LQWHUDFWLYH� SRLQWV� LV�
OLPLWHG�WR����� DV�WRR�PDQ\�SRLQWV�FDQ�FDXVH�LQVWDELOLW\�LQ�WKH�
EURZVHU�� +RZHYHU�� WKH� LPDJH� RYHUODLG� RYHU� WKH� PDS FDQ�
FRQWDLQ�DQ\�QXPEHU�RI�SRLQWV� ZKLFK�DOORZV�XVHUV�WR�VHH�GDWD�
RYHU�ORQJHU�WLPH�SHULRGV��*HQHUDWLQJ�DQ�LPDJH�DW�WKH�VHUYHU�
LV�DOVR�XVHIXO� EHFDXVH�WKH�LQIRUPDWLRQ�VHQW�IURP�WKH�VHUYHU�WR�
WKH� XVHU� LV� VLJQLILFDQWO\� OHVV�� 7KH� VHUYHU� FDFKHV� DOO� LPDJHV�
JHQHUDWHG� DQG� JHQHUDWHV� GLIIHUHQWO\ VFDOHG LPDJHV� IRU�
GLIIHUHQW�PDS�]RRP�OHYHOV�

)RU SHUIRUPDQFH DQG� VWDELOLW\ UHDVRQV�� WKH� JUDSK EHORZ�
WKH�PDS LV� OLPLWHG� WR�GLVSOD\LQJ�������SRLQWV�DW� D� WLPH��7R�
UHGXFH�WKH�ORDG�RQ�WKH�VHUYHU� WKH�JUDSK�FDFKHV�GDWD�DQG�RQO\�
UHTXHVWV�DGGLWLRQDO�LQIRUPDWLRQ�ZKHQ�QHFHVVDU\��:KHQ�D�XVHU�
SDQV� WKH� JUDSK� WR� WKH� OHIW� RU� ULJKW� RQO\� WKH� PLVVLQJ�
LQIRUPDWLRQ�LV�UHTXHVWHG��7KH�JUDQXODULW\�RI�WKH�GDWD�LV�DOVR�
LPSRUWDQW�DQG�WKH�VHUYHU�LV�GHVLJQHG�WR�VHQG�VXE�GLYLGHG�GDWD�
ZKHQ�WKH�WLPH�SHULRG�VHOHFWHG�KDV�PRUH�WKDQ�WKH�������SRLQW�
PD[LPXP��:KHQ�WKH�XVHU�]RRPV�RQ�D�VHFWLRQ�RI�WKH�JUDSK�
WKH�VHUYHU�LV�DVNHG�IRU�VXE�GLYLGHG�RU�UDZ�LQIRUPDWLRQ�IRU�WKLV
VPDOOHU�WLPH�SHULRG��

&� (9�6WDWLVWLFV
7KH� YHKLFOHV VWDWLVWLFV SDJH� �VHH� )LJ�� ��� GLVSOD\V� D�

VXPPDU\� RI� DOO� YHKLFOHV� WUDFNHG� RU� DQ LQGLYLGXDO YHKLFOH�
ZLWKLQ�D�XVHU�VHOHFWHG�WLPH�SHULRG��7KH�DOO�YHKLFOHV�VXPPDU\�
LQFOXGHV�IRXUWHHQ�JUDSKV�DQG�D�YHKLFOH�OHDGHU�ERDUG��UDQNLQJ�
DOO� YHKLFOHV�E\� WRWDO� GLVWDQFH� WUDYHOOHG� DQG� VWDWLQJ� WKH� WLPH�
GULYHQ�� QXPEHU� RI� WRWDO� MRXUQH\V�� DYHUDJH� MRXUQH\ GLVWDQFH�
DQG DYHUDJH�MRXUQH\�WLPH�
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)LJ���� 7UDFNLQJ�SDJH�IRU�WKH�5(9LHZ�VRIWZDUH

,I� D� VLQJOH� YHKLFOH� LV� VHOHFWHG�� D� SDJH� VXPPDUL]LQJ LWV�
VWDWLVWLFV�YHUVXV�WKH�UHVW�RI�WKH�YHKLFOHV��WKH�³FRPPXQLW\´��LV�
VKRZQ� 7KLV�LV�D�µJDPLILFDWLRQ¶ IHDWXUH��ZKLFK�ZH�ILQG�XVHIXO�
WR�NHHS�PRQWKO\�UHSRUWV�LQWHUHVWLQJ�IRU�WKH�XVHUV�

'� &KDUJLQJ�6WDWLRQ�6WDWLVWLFV
7KH�³6WDWLRQV´ SDJH�GLVSOD\V�WKH�VWDWLVWLFV�RI�DOO�VWDWLRQV�

RU�RI�DQ LQGLYLGXDO�VWDWLRQ�ZLWKLQ�D�VHOHFWHG�WLPH�SHULRG�ZLWK�
OLYH�VWDWXV��SRZHU�LQ�N:��HQHUJ\�LQ�N:K�DQG�FKDUJLQJ�WLPH
LQ�KRXUV��PLQXWHV�DQG�VHFRQGV��7KH�XVHU�FDQ�VHOHFW�D�VXPPDU\�
RI�DOO�FKDUJLQJ�VWDWLRQV�RU�DQ LQGLYLGXDO�FKDUJLQJ�VWDWLRQ�DQG�
VHW�D�VWDUWLQJ�DQG�HQGLQJ�WLPH�SHULRG��

(DFK� RI� WKH� VWDWLVWLFV� JHQHUDWHG� LV� XVHIXO� WR� FKDUJLQJ�
VWDWLRQ�RSHUDWRUV�� 7KH�WDEOH�VKRZV�

x :KLFK HOHFWULFLW\�SODQ�LV�PRUH�XVHIXO��GLVSOD\LQJ�WKH�
FRVW� RI� D� IODW� UDWH� RI� HOHFWULFLW\� SULFH �H�J�� ������
F�N:K� DQG� D� WLHUHG� UDWH �SHDN�VKRXOGHU�RII�SHDN��
H�J�� �����F�� �����F� DQG� �����F� SHU� N:K� UHVSHF�
WLYHO\�� ZKLFK�FKDUJHV�PRUH�GXULQJ SHDN�WLPHV�DQG�
OHVV�GXULQJ RII�SHDN�WLPHV�

x 7LPH�VSHQW�FKDUJLQJ�WKH�YHKLFOH��GUDZLQJ�PRUH�WKDQ�
�N:�� DQG� WKH� WLPH� VSHQW� SOXJJHG� LQ� DQG� QRW�
FKDUJLQJ�DV�D�SHUFHQWDJH��7KLV�VKRZV�LI�D�VWDWLRQ�LV�
PRUH�XVHG�IRU�FKDUJLQJ�RU�LI�D�ORFDWLRQ�LV�PRUH�XVHG�
DV�D�SDUNLQJ VSRW��

x 7LPH�VSHQW�RQ�D�WUDQVDFWLRQ��KRZ�ORQJ�WKH�YHKLFOH�LV�
SOXJJHG�LQ�RQ�DYHUDJH��

x $PRXQW�RI�WLPH�WKH�VWDWLRQ�LV�DFWXDOO\�LQ�XVH�YHUVXV�
LWV� WRWDO� WLPH� LQVWDOOHG�� 6KRZLQJ� KRZ� RIWHQ� WKH�
VWDWLRQV�DUH�XWLOL]HG�DV�DQ�DYHUDJH�RYHU�DOO�ORFDWLRQV�

)LJ���� $Q�H[DPSOH RI�WKH�ELOOLQJ�SDJH�IURP�5(9LHZ

(� %LOOLQJ
7KH� ELOOLQJ� SDJH� DOORZV� DQ�(9 XVHU� WR� YLHZ� KLV� RU� KHU�

PRQWKO\� PRELOLW\� FRVW� ,W� DOVR� OHWV VWDWLRQ� RSHUDWRUV YLHZ�
XWLOL]DWLRQ�DQG�HQHUJ\�XVDJH�RI� WKHLU�VWDWLRQV�� ,Q�ERWK�FDVHV�
VXPPDULHV�DV�ZHOO�DV�LWHPL]HG�ELOOV�DUH�JHQHUDWHG��VLPLODU�WR�
SKRQH�ELOOV��$OO ELOOV�DUH�DXWRPDWLFDOO\�JHQHUDWHG�ZLWK�VHYHUDO�
LQIRUPDWLYH�JUDSKV� LQFOXGLQJ�GLVWDQFH�WUDYHOOHG��GLVWDQFH�SHU�
FKDUJH� DQG� N:K� SHU� NP� RI� WKH� LQGLYLGXDO� YHUVXV� WKH�
FRPPXQLW\�� $OVR�� D� WLPH�RI�XVH� HQHUJ\� JUDSK� LV� JHQHUDWHG
�VHH�)LJ������

)� +HDW�0DSV
+HDW� PDSV� DUH� DXWRPDWLFDOO\� JHQHUDWHG� DQG� FDQ� VKRZ�

DUHDV�ZKHUH� YHKLFOHV� GULYH�� SDUN� DQG� FKDUJH�ZLWKLQ� FHUWDLQ�
WLPH�SHULRGV� 7KHVH�DUH�JHQHUDWHG�E\�3\WKRQ�EDWFK�VFULSWV�DV�
D� SDUW� RI� WKH� GDWD� SURFHVVLQJ� XVLQJ� WKH� KHDW� PDSV� OLEUDU\�
ZULWWHQ�E\�-MJX\�>��@�

*� 0RELOH�$SSOLFDWLRQV
5(9LHZ�KDV�WZR�PRELOH�SKRQH�DSSOLFDWLRQV�IRU�(9�GULYHUV�
DQG�VWDWLRQ�XVHUV��7KH�ILUVW�DOORZV�XVHUV�WR�YLHZ�WKHLU�YHKLFOH�
VWDWXV� RQ� WKHLU�PRELOH� SKRQH�� VKRZLQJ� ORFDWLRQ�� VWDWXV� DQG�
EDWWHU\� OHYHO��7KH�VHFRQG�DOORZV�VWDWLRQ�XVHV� WR� VHH� LI� WKHLU�
YHKLFOH�LV�VWLOO�GUDZLQJ�SRZHU�RU�LI�WKHLU�(9 LV�IXOO\�FKDUJHG��
,W�DOVR�DOORZV�XVHUV�WR�FKHFN�UHPRWHO\�LI�D�VWDWLRQ�LV�RFFXSLHG�
RU�IUHH��DOORZLQJ�(9�GULYHUV�WR�SODQ� WKHLU�WULS�DKHDG� 7KHVH�
DSSOLFDWLRQV�KHOSHG�HDVH� µUDQJH�DQ[LHW\¶�ZKHUH�GULYHUV� IHDU�
WKHLU�YHKLFOH�ZLOO�QRW�KDYH�HQRXJK�HQHUJ\�OHIW�LQ�WKH�EDWWHU\�
WR�PDNH�LW�WR�D�GHVWLQDWLRQ�

'HVLJQLQJ�PRELOH�ZHE�SDJHV�LQVWHDG�RI�DSSV�PDNHV�VXUH�
WKH\�FDQ�EH�XVHG�IRU�HYHU\�VPDUWSKRQH�RU�WDEOHW�PRGHO��7KH�
SDJHV ZHUH�GHYHORSHG�DV OLJKWZHLJKW�ZHE�SDJHV XVLQJ�+70/�
��DQG�-DYD6FULSW��ZKLFK�FRPPXQLFDWH�SHULRGLFDOO\�ZLWK�WKH�
VHUYHU� IRU� GDWD� XSGDWHV�� (DFK� RI� WKH� FKDUJLQJ� VWDWLRQV� DUH�

���



OLVWHG�LQ�D�SDJH��ZLWK�WKHLU�DYDLODELOLW\�LQGLFDWHG�E\�D�EOXH�RU�
JUHHQ LFRQ�

)LJ���� 6PDUWSKRQH�DSSOLFDWLRQV

+� 6\VWHP�$GPLQLVWUDWRU�3DJHV
7KH� V\VWHP� DGPLQLVWUDWRU� FDQ� JHW� DQ� RYHUYLHZ� XVLQJ�

MRXUQDOLQJ�SDJHV�IRU�DOO�YHKLFOH�MRXUQH\V�DQG�FKDUJHV��DV�ZHOO�
DV� VSHFLILF� ZHE� SDJHV� IRU� VXSSRUW�� VHWWLQJV� DQG� GHEXJJLQJ
IXQFWLRQV�

9,,,� 5(68/76
,Q� WKLV� VHFWLRQ� ZH� ZLOO� GLVFXVV� UHVXOWV� IURP WKH� :$�

(OHFWULF�9HKLFOH�7ULDO��UHSUHVHQWHG�LQ�5(9LHZ�JUDSKV�

$� 2YHUDOO�(QHUJ\�8VDJH
)LJ��� VKRZV WKH�HQHUJ\�FRQVXPHG�FKDUJLQJ�(9V�E\�KRXU�

RI� GD\� DQG� ORFDWLRQ�� 7KLV� LQIRUPDWLRQ� FDQ� EH� XVHG� IRU�
DQDO\]LQJ (9� JULG� LPSDFWV� DQG� WKH� XVDJH� RI� UHQHZDEOH�
HQHUJ\� 7KH�ORFDWLRQV�DUH�GHILQHG�DV�IROORZHG�

x +RPH��$�UHVLGHQWLDO�DUHD
x %XVLQHVV��$�FRPPHUFLDO�RU�LQGXVWULDO�DUHD
x 6WDWLRQ��$Q�(9�FKDUJLQJ�VWDWLRQ
x 8QNQRZQ��$Q�XQGHILQHG�DUHD
7KH� SHDN RI� WKH� HQHUJ\� VXSSOLHG� IRU� FKDUJLQJ� YHKLFOHV�

�DYHUDJHG� RYHU� DOO� ORFDWLRQV�� LV� GXULQJ� WKH� PRUQLQJ� KRXUV�
DURXQG��±��DP��7KLV�PHDQV��(9V�DUH�FRPPXWLQJ�IURP�KRPH�
WR�ZRUN�DQG�XVH�D�FKDUJLQJ�IDFLOLW\�DW�ZRUN��PRVW�OLNHO\�IUHH�
RI� FKDUJH��� ,W� LV� ZRUWK� QRWLQJ� WKDW� WKH� PDMRULW\� RI� HQHUJ\�
VXSSOLHG� LV� GXULQJ� VXQVKLQH� KRXUV HVSHFLDOO\� IRU� VWDWLRQ�
FKDUJLQJ� DQG� EXVLQHVV� FKDUJLQJ�� )RU� XQNQRZQ� DQG� KRPH�
FKDUJLQJ� WKHUH� LV� D�PXFK� VPDOOHU� SHDN� DW� DURXQG��SP�� IRU
YHKLFOHV�WKDW�DUH�UHWXUQLQJ�KRPH DQG�FKDUJLQJ�WKHUH��7KLV�DOVR�
VXJJHVW�WKDW�WKH�PDMRULW\�RI�XQNQRZQ�ORFDWLRQV�DUH�XQODEHOHG�
KRPH�ORFDWLRQV�

)URP�WKLV�LQIRUPDWLRQ�DQG�VRODU�LQIRUPDWLRQ�JDWKHUHG �VHH�
)LJ����� ZH�FDQ�VKRZ�WKDW�W\SLFDO FKDUJLQJ�VFHQDULRV�FDQ�EH�
RIIVHW� DOPRVW� LGHDOO\� E\� VRODU� WHFKQRORJ\�� 0RVW� RI� WKH�

FKDUJLQJ�RFFXUV�GXULQJ�WKH�GD\��ZKLFK�GLIIHUV�IXQGDPHQWDOO\�
IURP� WKH� VFHQDULR� SURSDJDWHG� E\� VRPH� HQHUJ\� VXSSOLHUV��
ZKLFK�VKRZV�DOO�(9V�FKDUJLQJ�DURXQG��SP�ZKHQ�WKH\�UHWXUQ�
WR�KRPH��

)LJ���� N:�GUDZQ�E\�KRXU�RI�GD\�IRU�(9�FKDUJLQJ�DW�YDULRXV�ORFDWLRQV

%� (96(�6WDWLRQ�8VDJH
7KH�VWDWLVWLFV�LQ�WKLV�VXEVHFWLRQ�DUH WDNHQ�IURP�5(9LHZ¶V�

³6WDWLRQV´�SDJH�VKRZLQJ�WKH�VXPPDU\�RI�DOO�FKDUJLQJ�VWDWLRQV�
DV� D� SDUW� RI� WKH�:$� &KDUJLQJ� 6WDWLRQ� 1HWZRUN�� IURP� WKH�
EHJLQQLQJ�LQ������XQWLO�0D\������

,Q�)LJ�� � DQG�)LJ�� � ZH�GLVFXVV� WKH�GLIIHUHQFH�EHWZHHQ�
FKDUJLQJ� DQG� PDLQWDLQLQJ� FKDUJH�� ,W� LV� FRPPRQ� WKDW� DQ�
HOHFWULF�YHKLFOH�FKDUJHU�ZLOO�GUDZ�D� ODUJH�DPRXQW�RI�SRZHU�
XQWLO�WKH�EDWWHU\�SDFN�LV�IXOO��DW�ZKLFK�SRLQW�WKH�FKDUJHU�ZLOO�
FRQWLQXH�WR�GUDZ�SRZHU�DW�D�VLJQLILFDQWO\�ORZHU�UDWH��:KHQ�
GUDZLQJ�SRZHU�DW�WKH�ORZHU�UDWH�WKH�(9�FDQ�EH�GRLQJ�VHYHUDO�
WKLQJV�LQFOXGLQJ PDLQWDLQLQJ�WKH�FKDUJH�RI�WKH�EDWWHU\�SDFN��
SUH�FRQGLWLRQLQJ� WKH� LQWHULRU� RI� WKH� YHKLFOH�ZLWK� KHDWLQJ�RU�
FRROLQJ�RU�PDLQWDLQLQJ�WKH�WHPSHUDWXUH RI�WKH�EDWWHU\�SDFN�WR�
LPSURYH�GULYLQJ�HIILFLHQF\��7R�GLVWLQJXLVK�EHWZHHQ�FKDUJLQJ�
DQG PDLQWDLQLQJ�FKDUJH��ZH�GHILQH�D�YHKLFOH�WR�EH�FKDUJLQJ�LI�
LW�LV�GUDZLQJ�PRUH�WKDQ��N:�RI�SRZHU��RWKHUZLVH�ZH�GHILQH�
LW�DV�³PDLQWDLQLQJ´�

)URP�)LJ��� LW�LV�FOHDU�WKDW�WKURXJKRXW�WKH�GD\�WKH�PDMRULW\�
RI� HQHUJ\� FRQVXPHG� IURP� WKH� VWDWLRQ� LV� GRQH� GXULQJ� D�
FKDUJLQJ� F\FOH�� 7KH� HQHUJ\� IRU� FKDUJLQJ� YDULHV� KHDYLO\�
GHSHQGLQJ� RQ� WKH� WLPH� RI� GD\� ZLWK� WKH�PDMRULW\� RI� HQHUJ\�
EHLQJ� XVHG� WKURXJKRXW� WKH� GD\�� UHGXFLQJ� VWHDGLO\� LQWR� WKH�
HYHQLQJ�DQG�ERWWRPLQJ�RXW�DURXQG�PLGQLJKW��+RZHYHU� WKH�
PDLQWDLQLQJ�FKDUJH�HQHUJ\�FRQVXPSWLRQ� LV� VLPLODU� LQ�HYHU\�
KRXU�WKURXJKRXW�WKH�GD\�DQG�QLJKW��7KLV�LV�EHFDXVH�WKH�HOHFWULF�
YHKLFOHV� DUH� VRPHWLPHV� SDUNHG� DW� WKH� FKDUJLQJ� VWDWLRQ�
RYHUQLJKW��DQG�SRVVLEO\�RYHU�GD\V�ZKHQ�WKH�(9�LV QRW�EHLQJ�
XVHG�� 7KH�PDLQWDLQLQJ� FKDUJH� FRQVXPSWLRQ� UHPDLQV� VWHDG\�
WKURXJKRXW�WKH�WLPH�WKH�YHKLFOH�LV�LGOH�

,Q�)LJ��� ZH�VKRZ�WKH�DPRXQW�RI�WLPH�VSHQW�IRU�FKDUJLQJ�
DQG�PDLQWDLQLQJ�FKDUJH��)URP�WKH�GLVFUHSDQF\�EHWZHHQ� WKH�
WLPH�UHTXLUHG�IRU�FKDUJLQJ�DQG�WKH�WLPH�DFWXDO�VSHQG�SOXJJHG�
LQ� DW� WKH� FKDUJLQJ� VWDWLRQ�� LW� FDQ� EH� VHHQ� WKDW� WKH� FKDUJLQJ�
VWDWLRQV� LQ� PDQ\� FDVHV� DUH� EHLQJ� PLVXVHG� DV� IUHH� SDUNLQJ�
ORFDWLRQV�IRU�(9V��
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)LJ���� N:�GUDZQ�E\�KRXU�RI�GD\�VWDFNHG�ZLWK�SRZHU�GUDZQ�IRU�FKDUJLQJ�
YHUVXV�SRZHU�GUDZQ�IRU�PDLQWDLQLQJ�FKDUJH

)LJ���� 7KH�DPRXQW�RI�WLPH�VSHQW�DW�D�FKDUJLQJ�VWDWLRQ�ZLWK�VWDFNHG�FKDUJLQJ�
WLPH�DQG�PDLQWDLQLQJ�FKDUJH�WLPH�

7$%/(�,,�� &+$5*,1*�67$7,21�),*85(6 ������±������
��� 0217+6�

7RWDO�N:K ����������N:K
(VWLPDWHG�&RVW�������F�SHU� ��������
(VWLPDWHG�&RVW� ��������
1XPEHU�RI�7UDQVDFWLRQV ����
3OXJJHG�LQ�7LPH �����GD\V���������
&KDUJLQJ�7LPH ����GD\V�����������
0DLQWDLQLQJ�&KDUJH�7LPH �����GD\V�����������
$YJ�7UDQVDFWLRQ�7LPH ��������
$YJ�&KDUJLQJ�7UDQVDFWLRQ� ���������������
$YJ 0DLQWDLQLQJ�7LPH �����������������
3HUFHQWDJH�7LPH�LQ�8VH �����
3RZHU�8VHG�LQ�3HDN ��������N:K��������
3RZHU�8VHG�LQ�6KRXOGHU ��������N:K��������
3RZHU�8VHG�LQ�2II�SHDN ��������N:K���������

7$%/(� ,,�� VKRZV� WKH� VXPPDU\� RI� WKH� FKDUJLQJ� VWDWLRQ�
XVDJH�� )URP� WKH� LQIRUPDWLRQ� FROOHFWHG� DQG� DXWRPDWLFDOO\�
DQDO\]HG��ZH�FDQ�GUDZ�VHYHUDO�FRQFOXVLRQV��7KH�IODW�UDWH�SODQ�
RI� EX\LQJ� HOHFWULFLW\� LV� FKHDSHU� WKDQ� WKH� SHDN�VKRXOGHU�RII�

SHDN� SODQ�� 2QO\� ��� RI� WKH� WLPH� VSHQW� DW� D� VWDWLRQ� LV� XVHG�
DFWXDOO\�FKDUJLQJ��ZKLOH�IRU�WKH�UHPDLQLQJ�����RI�WKH�WLPH��
WKH�YHKLFOH�VLWV�LGOH�DQG�EORFNV�D�FKDUJLQJ�VWDWLRQ��7KLV�FRXOG�
DOORZ�IRU�YHKLFOH�WR�JULG�WHFKQRORJLHV��KRZHYHU��DV�VKRZQ�LQ�
>��@�� 9�*� DSSOLFDWLRQV� DUH� QRW� FRVW� HIIHFWLYH� ZLWK� FXUUHQW�
EDWWHU\�WHFKQRORJ\��DV�WKH�DGGLWLRQDO ZHDU�DQG�WHDU�IURP�H[WUD�
FKDUJH�F\FOHV�E\�IDU�RXWZHLJKV�WKH�PDUJLQDO�HQHUJ\�FRVW��7KH�
VWDWLRQV�WKHPVHOYHV�ZHUH�RQO\�LQ�XVH������RI�WKH�WLPH�ORJJHG��
OHDYLQJ�D�ODUJH�SURSRUWLRQ�RI�WKH�RXWOHWV�LGOH��

&� 6RODU�7HFKQRORJLHV
,Q�WKH�JUDSK LQ )LJ���� ZH�VKRZ�WKH�DYHUDJH�SRZHU�RXWSXW�

RI�WKH���N: SHDN VRODU�V\VWHP�DW�7KH�8QLYHUVLW\�RI�:HVWHUQ�
$XVWUDOLD�SHU�GD\��7KH�VRODU�V\VWHP�EHJLQV�JHQHUDWLQJ�HQHUJ\�
DW� �DP� LQ� WKH PRUQLQJ� DQG� VKXWV� GRZQ� DW� �SP��ZLWK� SHDN�
HQHUJ\� RXWSXW� DW� �� QRRQ� 7KH� VRODU� V\VWHP� JHQHUDWHV�
DSSUR[LPDWHO\� ��N:K� SHU� GD\� RI� RSHUDWLRQ� 6R� WKLV VRODU�
V\VWHP�LV JHQHUDWLQJ DURXQG���0:K�SHU�\HDU��,Q�FRPSDULVRQ�
WKH����(9�FKDUJLQJ�VWDWLRQV DUH�XVLQJ RQO\����0:K�SHU�\HDU�
RQ�DYHUDJH��VHH�7$%/(�,,�����7KLV�VKRZV�WKDW�RQH�ODUJH�VRODU�
39� LQVWDOODWLRQ� FDQ� HIIHFWLYHO\� SRZHU� D� QXPEHU� RI� (9
FKDUJLQJ�VWDWLRQV��

)LJ����� $YHUDJH�SRZHU�RXWSXW�RI�WKH���N:�VRODU�V\VWHP�DW�8:$

)LJ����� +HDW�PDS�RI�SRVVLEOH�FKDUJLQJ�ORFDWLRQV�WKDW�DUH�XWLOLVHG�GXULQJ�WKH�
GD\���DP�WR��SP�
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'� +HDWPDSV�IRU�(9�3DUNLQJ
:H�JHQHUDWHG� D� KHDW�PDS� RI� WKH� FKDUJLQJ� ORFDWLRQV� IRU�

WUDFNHG�(9V�IURP������WR�-XO\�������%\�ORRNLQJ�DW�WKH�FKDUJH�
HYHQWV�WKDW�WRRN�SODFH�GXULQJ�WKH�GD\�EHWZHHQ��DP�DQG��SP��
ZH�FDQ�LGHQWLI\�SRVVLEOH�SXEOLF�ORFDWLRQV�LQ�WKH�3HUWK�0HWUR�
DUHD�� 7KH� KHDW� PDS� VKRZV� VHYHUDO� KHDYLO\� XWLOL]HG� DUHDV��
LQFOXGLQJ�UHVLGHQWLDO�DQG�EXVLQHVV�ORFDWLRQV��2QH�KRW�VSRW�LQ�
/DQGVGDOH�:$�LV�WKH�ORFDWLRQ�RI�DQ�(9�FRQYHUVLRQ�FRPSDQ\�
WKDW�VHUYLFHV�PRVW�RI�WKH�WUDFNHG�(9V��)URP�WKH�KHDW�PDS��ZH�
FDQ�GHWHUPLQH� WKDW� WKLV� LV� D� SODFH�ZKHUH� D� FKDUJLQJ� VWDWLRQ�
ZRXOG� EH� KLJKO\� IUHTXHQWHG�� 7KH� KHDW�PDS� DOVR� VKRZV� KRW�
VSRWV�DURXQG�PRVW�H[LVWLQJ�VWDWLRQV�VXFK�DV�DW�7KH�8QLYHUVLW\�
RI�:HVWHUQ�$XVWUDOLD��

,;� &21&/86,216
:H� KDYH� SUHVHQWHG� 5(9LHZ�� DQ� LQWHJUDWHG� ZHE�EDVHG�

WRRO�IRU�PRQLWRULQJ�IOHHWV�RI�(9V�DQG�PDQDJLQJ�D�QHWZRUN�RI�
FKDUJLQJ� VWDWLRQV�� 7KH� V\VWHP� FRPSULVHV� OLYH GDWD� LQIRU�
PDWLRQ�SRUWDOV�IRU�FXVWRPHUV�DV�ZHOO�DV�IRU�IOHHW�RSHUDWRUV�DQG�
FKDUJLQJ� QHWZRUN� RSHUDWRUV�� ,W� SURYLGHV� VWDWLVWLFDO�
LQIRUPDWLRQ� RQ� WLPH� DQG� ORFDWLRQ� RI� FKDUJH� HYHQWV DQG
LQFOXGHV�D�WLPH�RI�XVH�ELOOLQJ�V\VWHP�

7KH� 5(9LHZ� V\VWHP� LQWHUIDFHV� ZLWK� FKDUJLQJ� VWDWLRQV��
YHKLFOH�EDVHG�GDWD� ORJJHUV DQG�VRODU�V\VWHPV��7KLV� UHTXLUHV
FRQILJXUDWLRQ�DQG�WHVWLQJ�IRU�HDFK RI�WKH�GLIIHUHQW�GHYLFHV�LQ�
SDUDOOHO�ZLWK�VHUYHU�DQG�GDWDEDVH�GHYHORSPHQW��7KH�VRIWZDUH�
ZDV� ZULWWHQ� WR� XVH� D� 3RVWJUH64/� GDWDEDVH�� ZLWK� VRIWZDUH�
GHVLJQHG LQ� 8QL[� VKHOO� VFULSWV�� S\WKRQ�� 3+3� -DYD6FULSW��
+70/�DQG�&66�IRU�VHUYHU�EDVHG�DQG�FOLHQW�EDVHG�SURFHVVLQJ�
DQG�GDWD�GLVSOD\��

(DFK�RI� WKH�GLIIHUHQW� OHYHOV� RI� WKLV� SURMHFW� �VHUYHU�� GDWD�
SURFHVVLQJ��DQG�LQWHUIDFH��ZDV�GHYHORSHG�LQ�WDQGHP�WR�HQVXUH�
LQWHJUDWLRQ�� 7KH� VRIWZDUH� ZDV� GHVLJQHG� LQ� D� PRGXODU� ZD\�
ZLWK� VHSDUDWH� VFULSWV� IRU� LQGLYLGXDO� IHDWXUHV� PDNLQJ� XQLW�
WHVWLQJ� HDVLHU�� UHGXFLQJ� LQWHJUDWLRQ� SUREOHPV� DQG� LVRODWLQJ�
IDLOXUHV�� $OO� RI� WKH� SURJUDPPLQJ� ODQJXDJHV� XVHG� LQ� WKH�
V\VWHP� DUH� LQWHUSUHWHG� ZKLFK� PHDQV WKDW� GHVLJQ� FKDQJHV�
FRXOG�EH�PDGH�YHU\�TXLFNO\��

)URP�WKH�GDWD�FROOHFWHG�DQG�DQDO\]HG� ZH�FDQ�GHGXFW�WKDW�
VRODU� WHFKQRORJ\� LV� DQ� HIIHFWLYH� ZD\� IRU� RIIVHWWLQJ� HQHUJ\�
UHTXLUHG� IRU� FKDUJLQJ� (9V� DW� SXEOLF� FKDUJLQJ� VWDWLRQV� DQG�
SODFH�RI�ZRUN��)RU�KRPH FKDUJLQJ� HQHUJ\�LV�PRVWO\�UHTXLUHG�
RXWVLGH� RI� VRODU� JHQHUDWLRQ� KRXUV� DQG� ZRXOG� QHHG� WR� EH�
SURYLGHG�E\�D GRPHVWLF HQHUJ\�VWRUDJH V\VWHP��$���N:�VRODU�
V\VWHP�ZDV�PRUH� WKDQ�HQRXJK� WR�RIIVHW� WKH�HQHUJ\�XVHG�E\�
(9�FKDUJLQJ�DW����SXEOLF�FKDUJLQJ�VWDWLRQV��

$&.12:/('*(0(176

7KH� DXWKRU�ZRXOG� OLNH� WR� WKDQN� DOO� SDUWQHUV� RI� WKH�:$�
(OHFWULF� 9HKLFOH� 7ULDO�� DV� ZHOO� DV� WKH� $5&� DV� VSRQVRULQJ�
ERG\��:H�ZRXOG�OLNH�WR�WKDQN�DOO�GRQRUV�DQG�VSRQVRUV�RI�WKH�
5(9� 3URMHFW�� HVSHFLDOO\� *DOD[\� 5HVRXUFHV�� WKH� :$�
'HSDUWPHQW� RI� 7UDQVSRUW�� DQG� 8:$�� )RU� WKH� 5(9LHZ�
SURMHFW��ZH�ZRXOG�OLNH�WR�HVSHFLDOO\�WKDQN�7HOVWUD�$XVWUDOLD��
ZKR SURYLGHG� XV� ZLWK� 0�0� 6,0� FDUGV� IRU� YHKLFOHV� DQG�
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Abstract — Fast-DC charging stations can charge an Electric Vehicle (EV) several times faster than Level-2 AC charging stations. 
Using a network of DC charging stations, it becomes possible to use EVs for long distance, cross-country driving with only short 
recharging stops. This paper examines and compares typical customer usage patterns at DC fast-charging stations (50kW) versus 
Level-2 AC stations (7kW). It includes data collected from the University of Western Australia's AC and DC charging network in the 
Perth metropolitan area, as well as from stations along the highway connecting Perth to Augusta in the rural South West of Western 
Australia (over 300 km apart). A cost model is also drawn up to calculate the operating cost and break-even requirement across 
several different styles of charging stations. User behavior and adoption of certain charging infrastructure is crucial for the take up of 
electric vehicles in general. EV charging standards and infrastructure availability have, therefore, a fundamental influence on the 
electrification of transport. 

 
Index Terms—fast-charging stations, electric vehicles, DC charging, AC charging, user behavior, comparison 

1. INTRODUCTION 
LECTRIC VEHICLES (EVs) are an environmentally friendly alternative to traditional internal combustion engine vehicles 
(ICE), which are a major contributor of carbon emissions [1]. EVs are emission free if charged from renewable energy 

sources and they improve urban air quality as well as fuel security [2]. Additionally, they are becoming more and more common 
on the roads today, with an increase on the roads worldwide from 100,000 vehicles in 2012 to over 1 million in 2016 [3]. This 
paper discusses the data collected from three different sources—the Western Australian Electric Vehicle Trial [4], The 
University of Western Australia’s fast-charging station [5] and the RAC-funded Electric Highway in Western Australia [6]. 
Comparing these trials allows the assessment of different charging infrastructure types, different locations and different usage 
patterns between paying and non-paying customers (e.g. free stations). The current state of EV charging technology,  specifically 
international standards and their adoption in different countries, is also examined by using publicly available information [7]. 
Electric vehicle adoption has a direct link to the availability of fast-charging infrastructure [8] (though not without contention 
[9]). The infrastructure installation and maintenance of these charging stations is an expensive process, so having greater clarity 
on usage patterns can assist organizations in their decision making. 

This paper’s aim is to give an overview of all charging infrastructure developed to date and the overall necessity of an electric 
vehicle charging station network. The University of Western Australia's Renewable Energy Vehicle Project (REV) installed 
Western Australia's first EV charging infrastructure in 2010 as a series of 23 Level-2 ("medium fast") AC charging stations 
(7.7kW), funded through the WA Electric Vehicle Trial in combination with an ARC Linkage grant [4]. REV later installed 
Australia's first commercial CCS fast-DC charging station (50kW) in 2014. 

Although the EV Trial and REV/UWA had proposed an Electric Highway through Western Australia with several partners, it 
took over two years until RAC WA eventually funded this network. Funds were given to nine rural communities to install a pair 
of AC and DC charging stations at each location, plus a tenth at the RAC headquarters in West Perth. The rural locations are 
Mandurah, Harvey, Bunbury, Busselton, Dunsborough, Margaret River, Augusta, Donnybrook and Nannup. While power is 
provided free of charge at all UWA stations, users of the Electric Highway have to pay $0.50 per kWh. This is twice the amount 
of the domestic energy rate, which makes these stations unattractive to local EV owners. 

The remainder of this paper is organized as follows. Section 2 presents the various types of EV charging infrastructure from a 
global to local standpoint. Section 3 explores different EV charging methods and the preferred methods of adoption. Section 4 
analyses and compares data collected from the UWA AC and DC charging stations, and the local Electric Highway network. In 
Section 5, a cost model then drawn using this data from the UWA stations. The data analysis is validated in Section 6 using a 
similar study before a summary and concluding remarks are drawn in Section 7. 
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2. AC AND DC CHARGING INFRASTRUCTURE 
 

 
Figure 1. Global EV charging inlet adoption [7] 

Countries around the world have adopted different charging standards, and in some cases more than one. The United States 
and Canada have passed legislation to adopt the IEC 62196 Type-1 standard (single-phase AC), while the European Union has 
adopted the IEC 62196 Type-2 charging standard (three-phase AC). For DC, these countries use the compatible Combined 
Charging System (CCS) standard, again as Type-1 (USA, Canada) and Type-2 (Europe), which allows vehicle manufacturers to 
use a single combined vehicle inlet for either AC or DC charging. France and Italy initially adopted Type-3 (Scame) connectors 
and are currently in transition towards Type-2 connectors.  

Japan uses almost exclusively its CHAdeMO standard for DC charging, while China uses its GB/T standard. Some countries, 
like Australia, have failed to adopt any national standard and then had to suffer the consequences. A mix of Type-1 and Type-2 
charging stations were installed in different states in Australia initially when mostly Type-1 vehicles were imported into the 
country (no EVs were ever produced in Australia). This changed in late 2017, when leading vehicle manufacturers decided to 
change over to Type-2 for newly imported vehicles, and other manufacturers can be presumed to follow. This leads to 
presumptions that the whole country should adopt Type-2 stations as a standard which would cause major problems for both 
charging station operators, as they could not serve all cars (unless they installed Type-2 stations, which have exchangeable power 
cables), and vehicle owners, who would not be able to charge their cars on CCS stations of the wrong type. Using Type-2 
chargers, however, makes sense for Australia, as the country does have a three-phase power grid. 

Figure 1 shows each country’s predominant AC charging standard in combination with the adopted DC standard. The 
information used to generate this chart was extracted from the publicly available PlugShare website [7], which claims to be the 
most accurate source of charging stations worldwide, with approximately 112,000 locations and 170,000+ outlets. Countries that 
have insufficient or no charging station data are not labeled.  

There are several charging standards omitted from this graph, perhaps most importantly the Tesla charging stations, which 
provide brand-specific chargers in all countries where they distribute their vehicles. In Australia, China and Pakistan, Tesla DC 
charging stations outnumber all other DC stations, as shown later in Figure 4. When only considering the Type-1, 2 and 3 
connectors, Tesla stations outnumber all others in Serbia and Hong Kong. 

Charging stations in Western Australia are progressing towards Type-2 chargers. This is inherently visible in recent 
installations of charging stations, as well as the local charging station networks as follows: 

 
The REV/UWA fast-DC station supports: 
• DC CCS Combo Type-2 
• DC CHAdeMO 

while, the RAC stations provide: 
• DC CCS Combo Type-1 
• DC CHAdeMO 
• AC Type-2 (Mennekes) [10] 
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This variety of outlets allows the stations to support the different EV standards currently in use. All RAC DC-stations have a 
Level-2 AC station next to them, allowing vehicles without fast-charging support to charge using an SAE J1772 (Type-1) 
connector. The power and voltage outputs for charging stations that are commonly found around southwest WA is tabulated as 
Table 1. 
 

DC Output 
Max Output Current 120A 
Max Output Power 50kW 

Output Voltage Range 50–500VDC 
 

AC Output (three phase) 
Max Output Current 63A 
Max Output Power 43kW 

Output Voltage Range 400VAC 
 

AC Output (single phase) 
Max Output Current 32A 
Max Output Power 7.2kW 

Output Voltage Range 230VAC (+-10%) 
Table 1 - Outputs of various charging stations in south-west WA 

3. TYPES OF EV CHARGING 
There are several different methods of EV charging. When discussing the efficiency of the various methods this paper does not 

including any transmission losses or power generation. Various power generation methods for electric vehicle charging can be 
found here [11], [12], with an in-depth comparative study in [13].   

Electric vehicles are traditionally charged off AC mains. The AC power needs to be converted into DC power by a rectifier 
inside the vehicle. Although this makes the charging infrastructure quite simple, each EV must carry an expensive and heavy 
AC–DC converter element. In many cases, first generation EVs are equipped with only a basic AC charger, useful for Level-1 
home charging (max 2.4kW), but not taking advantage of the higher AC currents available at Level-2 charging stations. 

The higher the output power of a charger, the heavier and larger the charger must be. Electric vehicles carry this internal 
charger as a part of their design, to allow charging off a standard electric power point. But at higher currents this method 
becomes impractical, as larger and heavier AC–DC converters would have to be carried.  

DC stations offer a solution for this. Very little electronics is required in the EV itself, as most of the hardware is included in 
the charging station. First, EV and station negotiate the correct DC voltage level over a communication link. Then the station 
provides the correct DC level at a much higher current than is feasible with AC charging. The communication protocol used 
between the charging station and the vehicle is defined by IEC 61851-1 [14]. 

Signal data lines are part of all charging stations, whether AC or DC, and are fully defined in IEC 62196 and IEC61851. They 
are also part of safe-guarding stations and EVs against failures and potential hazards. The stations used in the UWA EV trials 
were equipped with internal over-voltage/over-current protection, over-heating control, and protective earth detection. The 
stations were also installed on separate circuits with dedicated RCDs, following the conventions of AS/NZS 3000 Wiring Rules. 

3.1 Typical Charging Cycle 
Electric vehicles go through three or more different states when charging. This can vary from vehicle to vehicle. At a DC 

charging system, a battery is typically filled up to only 80% capacity, as the charging rate significantly slows down for the 
remaining 20%, due to the battery’s increase in internal resistance [15]. 

At most AC charging systems, an EV is fully charged to 100%, but even then, it continues to draw a small amount of power to 
maintain the charge of the battery at the top level. This is to counteract the parasitic draw of various electrical systems in the 
vehicle, and keep the battery full. Some EVs also condition the battery pack through heating or air conditioning, in order to 
increase charging efficiency [16], [17] or simply pre-condition the cabin through heating or cooling as a comfort feature for the 
driver.  

Figure 2 shows an EV charged from about 25% to 100% state of charge (SoC) on the DC charging station at UWA. Although 
this station can provide 50kW of power to the EV, charging begins at 40kW, and as the battery level rises the output power is 
further reduced. For this reason, all DC charging stations stop charging at 80% SoC. The remaining 20% of charging can take 
longer than the initial 80% and would preclude other customers from using the charging station. 
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Figure 2. Battery charge rate [kW] in red and State of Charge [%] in blue over time. 

3.2 Limitations on Charging Speeds 
The following factors limit the effective charging speed (or charging power) of a charging station: 

• Temperature of batteries— 
Very high, as well as very low temperatures, require lower charging rates. 

• Temperature of tolerable heat dissipation in the power electronics— 
E.g. charging in closed environments, such as a domestic garage has to limit heat dissipation in order to reduce any 
fire hazard. 

• Health of the battery— 
Ageing or unhealthy batteries exhibit a larger variation in individual cell voltages and will therefore require more 
time for balancing during the charging process. 

3.3 Authentication and Billing 
Charging station operators may want to control access by some form of user authentication and bill users for their power 

usage. Authentication can take place in several different ways, including locally at the station (allowing for the station to control 
authentication without needing an internet connection), or via a server. The charging stations in the REV/UWA trials use RFID 
cards that were provided to station users. These can be authenticated against an external server. A local whitelist is useful in the 
event that the station loses its network connection.  

Interfaces to manage these stations are also necessary to collate and display the data to users or operators. The Open Charge 
Point Protocol (OCPP) was developed in an attempt to foster global development, adoption and compliance of communication 
protocols [18]. This common protocol means that stations from different manufacturers can be controlled by a single OCPP 
server.  

3.4 Driving Efficiency and Battery Size for EV’s 
There is a significant variation in energy efficiency for EVs [19], ranging between: 

• BMW i3     129Wh/km, 
• Mitsubishi I-MiEV 135 Wh/km, 
• Nissan Leaf    173Wh/km, 
• Tesla Model S   186Wh/km. 

Also, each of these vehicles has a different battery capacity, ranging from the Leaf’s 16kWh battery to the Tesla Model S 
100kWh battery. For the sake of comparing the different charging stations, two typical scenarios are taken, representing both 
ends of the spectrum: 

• Case 1:  16kWh, 135 Wh/km 
• Case 2:  100kWh, 200 Wh/km 

3.5 Inductive Charging 
Inductive charging allows wireless charging of an EV via an electromagnetic field.  There is a coil in the vehicle and one 

located below the vehicle, usually embedded in a mat. Of the various charging methods, this is the least efficient but the most 
convenient, as it does not require the driver to plug the vehicle or even to carry a cable. A major issue that manufacturers need to 
address is that the efficiency is reduced if the coils are not aligned correctly when parked. Only 5% of the surveyed EVs parked 
within the tolerance level of the coils, so this requires either a movable coil or a self-parking vehicle to reduce this issue [20]. 
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The power transfer efficiency varies depending on the manufacturer, air gap and power rating. In seven different studies between 
2011 and 2014 these values were found to be between 83% and 92% [21].  

3.6 Level-1 Charging (IEC 62196-3 Mode 2) 
Level-1 is limited by the rating of a standard power outlet in the respective country. In Australia, the maximum power to be 

drawn at Level-1 is 240V at 10A (2.4kW). Electric vehicles are mostly fitted with these chargers internally, as they are 
comparatively lightweight. 

3.7 Level-2 Charging (IEC 61851-3 Mode 3) 
Level-2 charging allows the vehicle to draw a higher current up to 32A at 240V (7.7kW for single phase or 23kW for three 

phase). Like Level-1 charging, this relies on the internal charger of the vehicle. 

3.8 DC-Fast Charging (IEC 61851-3 Mode 4) 
DC-fast charging ranges from 50–900 VDC and has a range of varying current outputs. Unlike other stations, the charger is 

not inside the vehicle, but within the station itself. The station’s charger is controlled by the vehicle via data lines. The stations in 
WA support up to 125A (50kW), while Tesla’s Supercharger already charges at 120kW [22]. Recent CCS 2.0 stations are 
supplying up to 350kW per station [23], while future CCS DC chargers will deliver up to 450kW per station [24], [25]. 

3.9 Alternative Methods 
Another potential method of converting AC power into DC for charging the vehicle is through the use of integrated motor 

drives where the vehicles’ motors are used to do the conversion [26].  

3.10 Charging Speed Comparison 
Table 2 compares the various charging techniques for different battery types and charging levels. 
 

Charging Type Charge 
level 

Charging time 
16kWh 100kWh 

Level-1 100%    5 hrs    33 hrs 
Level-2 (1-phase) 100%    2 hrs    11 hrs 
Level-2 (3-phase) 100%  40 mins   3.7 hrs 
DC   50kW   80%  15 mins   1.5 hrs 
DC 150kW   80%    5 mins    32 mins 
DC 450kW   80% 1.7 mins 10.7 mins 

Table 2 - Charging style configuration and time for small and large battery packs 

3.11 Australian Charging Standard Preference 
Figure 3 presents a chart of the number of charging stations installed in Australia. In total 416 stations have been registered at 

online platform PlugShare. 
  

 
Figure 3. Australian charging inlet adoption 
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It was observed that there are slightly more installations for CHAdeMO than CCS in Australia, but CCS is expected to take 
over within two years, as there is a shift to more CCS inlets from major car manufacturers. 

BMW as one of the market leaders, has decided to swap over from Type-1 to Type-2 EV inlets for the Australian market and it 
is expected that will trigger other OEMs to follow suit. Standards Australia has so far failed to recommend any charging standard 
although the topic has been debated for over ten years. Out of the 416 stations registered, there are: 

 
• 20 Tesla Superchargers, 
• 41 CCS, 
• 45 CHAdeMO, 
• 98 Type-2, and 
• 212 Type-1 stations.   

 

3.12 International EV Plug Adoption 
The global adoption of DC charging inlets from about 147,911 charging stations worldwide was also analyzed, as illustrated in 

Figure 4.  
 

 
Figure 4. International DC charging inlet adoption 

The Chinese GB/T standard has the highest share of all worldwide charging installations, but only exists in China, due to the 
Chinese government’s New Energy Vehicle (NEV) initiatives in 2009, which catalyzed the installations of charging stations 
around the country [27]. CHAdeMO, originating in Japan, was introduced prior to CCS and has many installations in Japan and 
North America, leading to its higher market share. Of the charging stations in Figure 4, there are 

 
• 115,776 GB/T DC chargers, 

of which 66,059 are combined AC/DC stations [28] 
• 16,639 CHAdeMO stations, 
• 8,496 Tesla Superchargers, and 
• 7,000 CCS stations [29]. 
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4.  ANALYSIS OF CHARGING STATION USAGE 
Usage patterns of the UWA/REV charging station network were analyzed, comprising twenty 7kW AC chargers and one 

50kW DC-fast charger. Data was obtained during the period of 1 June 2012 to 31 January 2018 for the AC stations, and from 12 
November 2014 to 13 October 2017 for the DC station, unless stated otherwise. Short dates are presented in the format 
dd/mm/yyyy. 

 

4.1 AC Charging and Maintaining Charge  
UWA/REV stations are Level-2 stations which typically require a few hours to fully charge a vehicle and therefore many users 

leave their vehicles charging while they are at work. Many vehicles are hence idly plugged into the charging station even when 
charging has been completed. Of course, this is mostly because no fees are being collected for charging or for parking at these 
stations. In this section the charging patterns of the UWA AC stations was analyzed across the data summary tabulated in Table 
3. To ensure that only real charging events are logged, events that are less than five minutes long are filtered.   
 

Number of events 4,444 
Total energy delivered 29,206kWh 
Total plugged in time 672 days 

Table 3 - Total statistics for the AC stations across the sample period 

 
 

Figure 5. The energy delivered during charging and maintaining charge on average for an AC station at each hour of day. 

Figure 5 illustrates the average energy delivery of an AC charging station at each hour of day. Energy delivery increases and 
peaks at 9 am because it is then when many users arrive at work to charge their vehicle. The energy used to maintain charge 
increases and peaks at 12 noon, when most of the vehicles have been fully charged. That said, the average energy used to 
maintain charge on a vehicle averages at only 2.19Wh, which is significantly below the average charging energy of 63.3Wh. 
 

 
Figure 6. Durations of charging and maintaining AC charge by station time on a vehicle per station at each hour of day. 

Figure 6 shows the average time spent for an AC charging station to be in charging or maintaining state over the time of day. 
As most charging events commence around 9 am to 10 am, more time is spent charging at the station, and as the vehicles get 
charged, the "charge bar" in the graph eventually transitions into the "maintain bar" for the rest of the vehicle's plug-in time. The 
charging stations free up in the evenings, before demand increases again in the next morning. In total, the UWA/REV AC 
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stations have spent 312 days charging and 405 days maintaining charge over the data collection time frame, which averages to 
0.342 hours charging and 0.431 hours maintaining per day per station. The average charge event at an AC station takes 3.91 
hours and uses 6.66kWh of energy. 
 

 
Figure 7. The energy delivered during charging and maintaining charge on average for an AC station for each day of week 

By analyzing the charging patterns across a week, Figure 7 indicates that more energy is used during the weekdays for 
charging, at an average of 0.27kWh per day. Charger usage drops significantly on weekends to less than half at 0.11kWh per 
day.  

 
 

 
Figure 8. The time taken to charge or maintaining AC charge on a vehicle for each day of week. (CS vs DC) 

When comparing charge times across the days of the week, Figure 8 shows that charging duration decreases during the 
weekends by 53% on average, each station spends 0.14 hours charging and maintaining on weekdays, and 0.043 hours on 
weekends. This is consistent with the results from Figure 7. 
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Figure 9. Comparison for the number of chargers per day between each of the AC stations. 

A comparison of the average daily number of charge events for each UWA/REV AC charging station is shown in Figure 9. 
The low number of charges per day is mostly due to slower charging on AC and the fact that cars are not collected when 
charging is finished, so charging bays are not freed up for new customers. The charger locations near offices and work locations 
enable their staff to charge on a more consistent basis, but it leaves the stations vacant on weekends. This is evident in the UWA 
Computer Science and Main Roads stations, where staff charge their vehicles daily on weekdays. The stations in the suburbs of 
Subiaco and Fremantle are in general parking areas and are more accessible to the public. However, the low EV penetration rate 
combined with the long charging times contributes to lower charging numbers for these stations. Overall, UWA/REV AC 
stations have on average 0.27 charges per day, ranging from 0.08 to 0.55 charges per day. 
 

 
 

 
Figure 10. Comparison for the energy delivered at each station per day across each of the AC stations. 

By comparing the energy delivery per day for each AC station, Figure 9 shows a similar trend to Figure 10, whereby a higher 
charge per day will contribute to a higher energy usage for each station. Each station delivers on average 1.76kWh per day, with 
the Main Roads station delivering the most energy at 4.38kWh per day. 
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4.2 AC versus DC Station Comparisons (CS vs DC) 
A comparison of the UWA/REV fast-DC station against the AC station network at the UWA Computer Science (CS) car park 

is shown in Figure 11. As expected, the DC station delivers much higher energy amounts in a shorter time than the AC station.  
 

 
Figure 11. The differences in energy delivered by an AC station versus a DC station at each hour of day.  (CS vs DC) 

Figure 12 compares the energy usage between the DC station and the AC station across each hour of day based on its charge 
events. The energy used for the AC station is the sum of its energy delivery during charging and maintaining phases. The DC 
station uses 7.78 times more energy per hour than the AC station. On average, the AC station delivers 0.09kWh per hour, while 
the DC station delivers 1.0kWh per hour. Also, while the energy delivery at the AC station peaks at 9 am, charging events at the 
DC station usually peak later in the morning and continue into the afternoon and evening. The quick charging capability of the 
DC stations means that users can often charge their vehicle en route to their destination.  

 
 

 
Figure 12. The difference in charging time on an AC station versus a DC station at each hour of day. 

Figure 12 compares the charging duration between the UWA DC station and the UWA AC station per hour of day. Charging 
durations for the AC station is a sum of its charging and maintaining phases. On average, vehicles are tethered to an AC station 
6.5 times longer than at a DC station. Even so, there is only a 13.3% difference in the energy delivered between the DC and AC 
charge events.  

It is noted that while charging durations on the AC station are longest for morning arrivals, there is no such noticeable trend 
for DC charging durations.  
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Figure 13. The average charging duration for a DC and AC charge event. 

Figure 13 compares the average charging duration for each charge event on the REV/UWA DC and AC stations. The data for 
AC charging is averaged across all charging events on all AC stations. The average AC charging time across all metropolitan 
stations is 235 minutes (3h55min) for 6.65kWh, while the average DC charging takes 20.2 minutes for 7.80kWh. 

 
 

 
Figure 14. The daily energy delivery for a DC and AC station. 

When comparing the daily energy delivery between the AC and DC charging stations, Figure 14 illustrates that the DC station 
typically delivers 23.9kWh per day, and 1.57kWh per day for an AC station. 
 

4.3 DC Station Comparison 
Comparing data from the UWA DC station with the Electric Highway DC stations in the WA South-West, the number of 

charge events, charging duration and the energy delivered is considered. 
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Figure 15. Number of DC charge events per station per day of week between the UWA (12/11/2014 to 13/10/2017) and the Electric Highway (RAC) 

(02/03/2016 to 20/09/2016). 

The number of charges per day of week in Figure 15 compares the average charges at UWA with the RAC stations. The 
charging data from the RAC stations is compared with the UWA/REV data across 2,370 recorded charging instances beginning 
from 12 November 2014 to 13 October 2017. The average number of DC charge events is 3.35 per day at UWA, but only 0.65 
per day for the average Electric Highway station.  
 
 

 
Figure 16. The number of charges per day for each station from the UWA (12/11/2014 to 13/10/2017) and the RAC (02/03/2016 to 20/09/2016). 

By comparing the number of charges per day for each station, Figure 16 shows that the stations closer to the Perth CBD are 
used more often than those in regional areas. The RAC West Perth station has 3.0 charges per day, whereas the UWA station has 
3.35 charges per day. The regional stations have significantly fewer than 1.0 charge per day, with Mandurah at 0.86 charges per 
day, and the lowest being Nannup at 0.087 charge events per day. This puts the average number of charge events of an Electric 
Highway station to 0.65 charges per day. 
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Figure 17. The amount of energy in kWh delivered per day for each DC station from the UWA (12/11/2014 to 13/10/2017) and the RAC (02/03/2016 to 

20/09/2016). 

Energy delivery across all stations per day is in line with their number of charge events in Figure 16, whereby stations in the 
city deliver more energy per day. However, despite their lower charging frequency, regional stations deliver more energy per 
charge as illustrated in Figure 17. The West Perth station delivers the most energy at 30.4kWh per day, followed by the UWA 
station at 23.9kWh. The Augusta station delivers the least amount of energy at 1.2kWh per day. The average energy delivered by 
the Electric Highway stations comes to 7.92kWh per day. 

 

 
Figure 18. The energy delivered per station per day of week between the UWA (12/11/2014 to 13/10/2017) and the Electric Highway (RAC) (02/03/2016 to 

20/09/2016) DC stations. 

Figure 18 compares the energy usage between the UWA station and the average Electric Highway station across each day of 
the week. The Highway stations are more popular during weekends, as more traffic commutes to regional destinations. On 
average the Highway stations consume 5.55kWh on a Sunday as compared to 2.88kWh on a Thursday. The UWA charging 
station delivers the most energy on Wednesday with 27.3kWh, and the least on Monday with 19kWh. 
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Figure 19. The energy delivered per station per hour of day between the UWA (12/11/2014 to 13/10/2017) and the RAC (02/03/2016 to 20/09/2016) DC 

stations. 

Figure 19 compares the energy consumption per time of day between the UWA station and the average of the RAC charging 
stations. This data was averaged through all the historical charges on the UWA station, which was then classified to its 
instantaneous energy consumption at each hourly duration per day. This data is then compared with the data that was obtained 
from the RAC stations. On average, the UWA station delivers 23.9kWh per day, while the average Highway station delivers 
4.08kWh per day.  

 
Figure 20. The average charging durations on the UWA (12/11/2014 to 13/10/2017) and the Electric Highway (02/03/2016 to 20/09/2016) DC stations. 

Charging durations at the UWA stations, as shown in Figure 20, are predominantly under 40 minutes, which makes up 89% of 
all charges. The average charging time for the UWA DC station is 22.45 minutes. Half of the charges at the Electric Highway 
stations take between 20 to 40 minutes, with 29% taking less than 20 minutes. The average charging time for the Electric 
Highway DC stations is 30.68 minutes. 
 

Type Owner Duration (hh:mm) Energy (kWh) 

DC UWA 00:21 7.128 

Highway 00:31 12.26 

AC UWA (7kW) 05:11 9.881 

Highway (7kW) 02:01 4.313 

Highway (43kW) 01:19 16.69 
Table 4 - Comparison of average charging duration and energy consumption for AC and DC stations (02/03/2016 to 20/09/2016). 

Table 4 summarizes the average charging duration and energy consumption per charge on AC or DC charging stations of 
UWA and RAC. Comparing the DC charge times, users of an RAC DC station charge 10 minutes longer on average and 
delivered 4.6kWh more energy than they do at the UWA station. This is mostly contributed by the West Perth station, which is 
more frequented by drivers due to its close proximity to the city center, which implies that drivers can visit the nearby shopping 
center and cafes while their vehicle is charging. Conversely, charging durations are longer at the UWA/REV AC stations (of 
which half are installed near workplaces) when compared to the RAC 7kW AC stations, which average to about 1.5 hours longer 
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and 2.83kWh more energy delivered. The 43kW fast-AC chargers average at 1.3 hours charge time, delivering 16.69kWh of 
energy. The average charging time per vehicle on the UWA DC station is 21 minutes to take, on average, 7.1kWh of energy. For 
the Highway stations, the average charging time is 31 minutes for 12.26kWh of energy. 

 

4.4 DC Charging Connectors Used 
Figure 21 compares the types of connectors used at the UWA DC station. CHAdeMO (88%) is in higher demand than CCS 

(12%) which is because popular EV models from Mitsubishi and Nissan use CHAdeMO, and Tesla provides a CHAdeMO 
adapter for their vehicles. This trend is set to change with the introduction of more EVs with CCS connectors in Australia from 
the 2018 model year onwards.  

 
Figure 21. Percentage of connector types used at the UWA DC station (12/11/2014 to 13/10/2017). 
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5. COST MODELLING 
Table 5 introduces a cost model that includes the usage analysis as summarized in Section 4. This is presented as a 

probabilistic case study for running and maintaining various types of charging stations, namely 7kW AC (AC-7), 50kW DC 
(DC-50), 150kW DC (DC-150) and 350kW DC (DC-350).  
 

Subject Category Unit AC-7 DC-50 DC-150 DC-350 
Running cost Station cost, CS $ 3,000 30,000 70,000 127,000  

Installation cost, CI $ 1,000 6,000 8,000 30,000  
Expected lifespan, tL Years 10 10 10 10  
Interest at 5% (average), i $ / year 109.11 982.03 2,127.73 4,282.74  
Depreciation (constant), D $ / year 400 3,600 7,800 15,700  
Operating cost / maintenance, CMa $ / year 200 400 600 1,000  
Energy supply charge, Csup $ / day 1.02 1.02 1.02 1.02  
Stations per site, S Stations 6 6 6 6  
Supply charge per station, Csup/S $ / day 0.17 0.17 0.17 0.17 

Cost per day Total $ / day 2.11 13.81 28.99 57.62  
Bay lease per day, CB $ / day 10.00 10.00 10.00 10.00 

Cost per day with bay Total $ / day 12.11 23.81 38.99 67.62        

Energy Energy tariff, TE $ / kWh 0.28327 0.28327 0.28327 0.28327        

Sales required to break 
even, R 

Without bay [Margin = 50%] kWh / day 14.90 97.50 204.70 406.80 
Without bay [Margin = 100%] kWh / day 7.45 48.75 102.35 203.40 
With bay [Margin = 50%] kWh / day 85.51 168.10 275.30 477.40 
With bay [Margin = 100%] kWh / day 42.75 84.05 137.65 238.70       

Actual use Actual user count, N Users / day 0.43 3.35 
  

 
Actual amount of energy per charge, 
EC 

kWh 9.12 7.13 
  

 
Actual energy delivery at UWA, Ed kWh / day 3.91 23.90 

  
 

Actual Energy cost, CE $ / day 1.11 6.77 
  

       

Estimated use 
for higher EV density 
(conservative estimate) 

User count, N Users / day 2 10 20 40 
Amount of energy per charge, EC kWh 7 15 20 30 
Energy delivery at UWA, Ed kWh / day 14.00 150.00 400.00 1200.00 
Energy cost, CE $ / day 3.97 42.49 113.31 339.93 

Table 5 - Cost model of the AC and DC stations according to their power throughout. The 350kW DC station requires a dedicated transformer and substation, 
which is reflected in its installation cost. Running costs are estimated based on UWA's own 7kW AC and 50kW DC stations costs, and supplier quotes for the 

150kW and 350kW DC stations.  

The stations’ running costs are calculated per day based on the costs associated to their estimated purchasing and installation 
costs, while assuming a financing option and depreciation of 5% and 8% per annum respectively over its lifespan. Energy tariffs 
are based on ongoing rates from Synergy, which is the sole residential energy provider in metropolitan WA. Based on 
observations, new stations are expected to be provisioned for ten years before needing replacements or large-scale maintenance. 
The total running cost includes estimated ongoing maintenance cost, and the option of parking bay rental. Calculations of the 
sales required to break even include scenarios where bay rental is needed or otherwise. Actual energy and charging time values 
are based on data collection from the UWA/REV stations. The estimated use subject illustrates conservative estimates for 
utilization of more powerful DC stations under a higher EV adoption rate.  

A station running cost Cr is calculated as the sum of its finance interest, depreciation and its operating/maintenance cost per 
day, adding its energy supply cost and if applicable, its bay lease.   
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𝐶𝑟 =
𝑖 + 𝐷 + 𝐶𝑀𝑎

365.25 +
𝐶𝑠𝑢𝑝

𝑆   [+𝐶𝐵] (1) 

 
Using estimates for i, D, and CM in Table 5, along Csup provided by Synergy, the running cost for the 7kW AC, 50kW DC, 

150kW DC and 350kW DC stations was calculated to be $2.11, $13.81, $28.99 and $57.62 respectively, excluding an estimated 
bay lease of $10 per day. These figures scale exponentially with the charging station’s power output, as more powerful stations 
are more expensive and require more energy to operate. This is, however, compensated with faster charging durations, allowing a 
higher charge frequency. 

To calculate the required break-even energy sales R for each charging station to break even, scenarios with profit margins M at 
50% and 100%, with or without the bay lease of $10/day (B/B̄) were considered. The energy tariff TE is referenced to Synergy, 
which at time of writing stands at $0.28327/kWh.  

𝑅 =
𝐶𝑟

𝑀 ∙ 𝑇𝐸
 (2) 

 
The calculated sales requirements R to break-even for these four scenarios across the four charging station types is then plotted 

as illustrated in Figure 22. 
 

 
Figure 22. Break-even points for AC and DC stations’ energy delivery in kWh required under scenarios representing with or without bay rentals CB (Bay/No 

bay), with sales margins set at 50% (M=0.5) and 100% (M=1).  

From Figure 22, it is clear that any fee for the charging bay rental CB increases the required break-even energy sales 
requirement R, but it has a lower relative effect on the higher-output DC stations, which are expected to sell more energy per day 
accordingly. For instance, the presence of the bay rental fee CB across both margins increases the break-even point R by 573% on 
the 7kW AC station, which means this station will never be profitable in this scenario. 

For 50kW, 150kW and 350kW DC stations, break-even point R increases to 172%, 134% and 117%, respectively. This results 
in less impact for faster stations. Increasing the sales margins from 50% to 100% halves the break-even point R across all stations 
and CB scenarios. 

The collected data in Sections 4.1 and 4.3 was subsequently utilized to measure the actual usage of the 7kW AC and 50kW 
DC stations, the energy delivery Ed is defined as the product of the number of users N and the average energy use per charge EC. 

𝐸𝑑 = 𝑁 ∙ 𝐸𝐶  (3) 

The energy cost CE at that station is thus determined by the energy tariff TE. 
𝐶𝐸 = 𝑇𝐸 ∙ 𝐸𝑑 (4) 

By drawing a conservative estimate that anticipates a higher EV penetration density, a three to four-fold increase in users per 
day is expected across the 7kW AC and 50kW DC station, and more daily users for 150kW and 350kW DC stations once they 
are available.  
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6. VALIDATION 
A similar study was performed in Ireland, finishing in 2016 [30]. This study first investigates the EV charging landscape in 

Ireland, while drawing comparisons to other European countries. The authors noticed that the numerous EV adoption strategies 
and incentives undertaken by these countries are contributing to the large growth of EV sales, which introduces a demand for 
charging stations. The authors then analyzed the usage of 711 charging stations, including 83 DC fast-chargers in Ireland and 
Northern Ireland through their recorded charge events. Comparisons were performed on aggregated standard and fast-DC charge 
point datasets, use cases for standard charge points, and use cases for fast-charge points. From these comparisons, the authors 
then deduced that slow AC chargers have more usage throughout the day, compared to fast chargers that see more usage through 
the evening and night, which is consistent with the findings presented in this paper. Additionally, the average charge duration for 
fast chargers is 36 minutes versus three hours for standard chargers, which is also comparable to this paper’s findings. To the 
best of the authors’ knowledge this work presents the only other analysis of charging station usages in a geographic location.  

7. SUMMARY AND CONCLUSION 
While it makes a significant difference, whether charging energy is provided free of charge or for a nominal fee, the location 

of the stations is also a fundamental factor. While originally proposed as an Electric Highway by UWA, the RAC in cooperation 
with the local councils decided to place charging stations in the local town centers instead of in proximity to the bypassing 
highway. The idea was probably that with the low number of EVs at this stage, the local communities should also benefit from 
this charging infrastructure. However, introducing power charges at about twice the rate of domestic fees made sure that locals 
will not use these chargers. Why would they use a charging station if they can charge for half the cost at their nearby home (or 
practically free if they have solar PV)? 

As battery technology continues to evolve, EVs with larger batteries are coming onto the market. This means that public 
Level-1 and Level-2 AC charging infrastructure will become obsolete. The market is expected to shift such that AC charging is 
being used exclusively for home charging, while all public infrastructure will be DC charging. 

The costs of the infrastructure, coupled with the consistently changing technology makes such an investment quite risky, 
considering the lifecycle and return on investment. Only where massive government incentives or investor capital are available 
do these projects become feasible. Even then, the infrastructure will only be utilized when the vehicle itself does not have access 
to home charging. So, if one tries a comparison with the existing petrol station network, only about 10% of all charges are 
expected to need public infrastructure. Of course, this number highly depends on the local housing environment. The higher the 
percentage of people who live in houses with garages (as is the case in Western Australia), as opposed to apartments without any 
EV charging options, the lower the infrastructure requirement will be. 

The major factors in EV adoption remain the initial purchase price (which is closely tied to $/kWh battery prices) followed by 
the availability—or possibly just the perception of availability—of EV charging infrastructure. For modern EVs, range and 
charging times are almost on par with ICE vehicles, so these points should no longer play a role in purchase decisions. 
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Conclusion 

The research was aimed at creating an overall perspective of EV usage in Western Australia. 

The four major focus areas were EV driving behaviours, charging infrastructure, 

interconnectivity and renewable energies. The focus areas represent the integration required 

for EVs to become an alternative method of transportation to ICE vehicles. Below is a 

summary of the main findings from the trials and associated research, under each of the focus 

areas:   

EV Driving Behaviour 

The ICE vehicles converted to EVs for the trial had less than 130 km of drivable range, which 

is quite limited compared to the newer OEM vehicles released on the market today. From the 

data collected from the West Australian EV trial, they had more than enough charge to be 

functional, with 83 percent of charge events occurring when the vehicle still had more than 

half of its maximum allowable range remaining. Despite having sufficient range before 

requiring a charge, drivers would almost always plug in, due to range anxiety in operating the 

vehicles. The vehicles on average were used an hour a day and spent 23 hours idle at various 

locations.  

EVs were driven in the same manner as regular ICE vehicles, with the majority of the driving 

occurring at the same time in both vehicle types.  

Renewable Energy 

When compared to ICE vehicles, EVs have the potential for lower environmental impact 

through reduced carbon emissions and lower maintenance costs. Throughout the life cycle of 

electric vehicles, carbon emissions are still incurred. These are caused in part by the mining 

of raw materials, their manufacturing, the delivery to the customer, disposal and any required 

supporting infrastructure in the form of charging stations/locations. However, even when 

charged from non-renewable energy sources such as coal or natural gas, EVs cause less 

emissions than a similar sized ICE vehicle and the power generation emissions are typically 

in less densely populated areas. To maintain low carbon emissions, renewable energy is the 

ideal source for charging EVs. 
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The energy usage of EVs and their impact on the electrical infrastructure is heavily dependent 

on when and where they were charged. The research from our trials showed that the charging 

locations used are at the start or end of trip destination. Peak charging times were during mid-

morning for public charging stations and during the early evening for home charging. In 

either case, charging occurs outside of the time of optimal solar energy generation. However, 

with vehicles parked and charged at the workplace, smart charging controls can communicate 

with the stations to shift charging to when solar power or wind energy is available. With 

home charging occurring after hours, there is little opportunity to charge directly from solar 

energy, but smart charging systems could shift the charging to a time when there is either an 

abundance of wind energy in the grid or surplus energy from the base load of coal-fired 

power stations. The use of home energy storage is another viable solution.  

Charging infrastructure 

Throughout the trial, it became clear that the vehicles often adopted a ‘base charging 

location’. On average for each vehicle, 59% of their charges occurred in the same location, an 

additional 23% at a second ‘base charging location’, and only 18% of charging occurred 

outside of these two locations. We can then surmise that installed charging stations would 

only have a maximum utilisation of 18% of the active EVs on the road, given that they were 

not considered a ‘base charging location’.   

When EVs initially plugged into charge at a charging station, they draw the maximum 

amount of energy from the station as possible. When their battery reaches 100%, the energy 

draw drops back to maintenance, using very little electricity. It should be mentioned that 

throughout our trial, both parking as well as charging energy was provided free of charge and 

there were no time limitations in place. When parking at level one or level two stations, the 

vehicles would spend on average 8% of the time actually charging, and 92% of the total time 

in maintenance mode, (plugged in, maintaining full charge). On average from plugging in, 

EVs only needed to recover 20% of their total battery capacity. Charging stations are misused 

as free parking bays and occupied for exceedingly long times. This makes the economics of 

getting EV users to pay for energy usage at long term parking locations less profitable than 

simply getting them to pay for the parking. 

With the level one and level two charging stations, the cost of the installation and 

maintenance of infrastructure, and the underutilisation of the stations makes it impractical to 

install them for public use in most situations. The research revealed that EV users are 
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discouraged from utilising the stations when the cost of the power is greater than that of their 

‘base charging location’. The best use for these stations is when they installed at an EV ‘base 

charging location’, such as the home or workplace. In this case, the advantages of a charging 

station over a regular power socket is:  

• Enhanced safety and security, where the stations and connectors have additional 

protection from electrical faults, weather and vandalism 

• Monitoring of usage 

• Smart charging controls (as a future technology to be further investigated). 

The amount of battery storage available in an EV is more than enough to allow the driver to 

deviate from their average path travelled before returning to a slow charging location. In 

instances where the vehicle had depleted its battery, the research found that the long charging 

times of level one or two charging stations were inconvenient for drivers. 

The UWA DC Fast charging station allowed trial participants to charge for free, while the 

RAC Electric Highway stations require EV users to pay for their electricity usage, which as it 

was higher than the cost of electricity from a slower home charging location, discouraged 

usage. This made these stations only attractive as a charging location when the vehicle has a 

very low state of charge or on extended road trips when there is no other charging alternative. 

The benefit of DC charging stations is, is that they charge an EV about seven (50kW DC) to 

50 times (350kW DC) faster than their AC counterparts. Fast DC charging stations are much 

more expensive and complex to build and install, as well as their necessity for a location that 

can provide the required grid power. This could be mitigated with energy storage systems, 

that can directly provide the DC power to the EV. However, energy storage systems are 

expensive and to charge multiple vehicles their size/cost directly depends on the amount of 

usage of the station and the range of the vehicles they charge. As once the energy storage 

system is depleted it would require time to recharge itself from renewable energy sources or 

the grid.  

DC charging infrastructure should be adopted in two different ways. The first, for charging of 

vehicles that are within their driving range but have depleted their charge, should be installed 

sporadically throughout major metropolitan areas. The second for vehicles that are on longer 

trips, such as interstate travel, should be placed along major routes to make long distance EV 

travel possible. 
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Charging infrastructure connector standards 

Throughout the trials multiple differing standards of connectors for charging infrastructure 

were installed throughout Western Australia by various different companies. For level 1 and 

level 2 charging, the SAE J1772 (Type 1) and Mennekes (Type 2) connectors were 

competing, and in our trials to connect to various outlets, we needed to provide three different 

cable types (one for standard outlet charging) for the various EVs available. In our charging 

station roll out, we opted for Mennekes sockets, matching Australia’s 3-phase electricity 

network, but as OEMs started rolling out, many opted for SAE J1772 on their vehicles. 

However, only a few years later, all new models coming to Australia are now equipped with a 

Mennekes socket. The research concluded that the Mennekes system should become the 

standard for Australia's level 1 and level 2 charging, with Combo CCS-Type-2 variant being 

the choice for DC charging stations. 

Interconnectivity 

Through the interconnection of EVs, charging infrastructure, and renewable energy data, it 

becomes possible to show the full life cycle of the energy generation and usage with 

automated analysis. Charging station providers can authorise, measure and report on the 

energy usage, the EV drivers can monitor and optimize their driving and charging behaviour 

and renewable energy installations can be further justified. In addition, interconnectivity of 

these systems can provide EV drivers with more benefits, such as knowing where a charging 

location is available, remotely monitoring the status of vehicle charging or booking charging 

locations in advance to ensure a charging location is available. This data can create real-time 

awareness for EV drivers, charging stations and renewable energy operators on the benefits 

of EVs in reducing carbon emissions and cost. 
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Areas of additional research 

To obtain the greatest benefit from reduced carbon emissions, more research needs to be 

performed into energy storage systems to maximise the amount of renewable energy used by 

EVs. Incremental renewable energies can then be stored and used to charge EVs when they 

return to the charging site and could potentially provide a much faster charging speed. How 

this integration could be achieved and what it means for the life cycle of EVs could be 

conducted as future research. 

Inductive charging can become a valuable addition to EVs, making them simpler to use and 

removing the need to carry a cable for vehicle charging. The convenience of this technology 

could potentially be an incentive for more drivers to adopt EVs. Inductive charging could 

become an alternative to traditional level 1 and level 2 charging infrastructures in the future 

but requires research into improving the technology and making it possible for a larger rollout 

in the EV industry. This technology will face the same standardisation and acceptance 

challenges as the charging infrastructure that was deployed in our trial as a part of this 

research. 

Vehicle automation will be the next revolution for transportation for the world, increasing 

safety, optimising driving patterns and reducing labour costs. By having vehicles capable of 

finding their own charging location, only when needed, there is room for reducing electric 

vehicle infrastructure and improving renewable energy use. There are many potential 

research areas in vehicle automation, and it is likely that they will be based on EVs.  
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Summary 

In order to maximise the carbon emission reduction for EVs, they need to be charged from 

renewable energy sources. This will require energy storage systems when vehicles are to be 

charged outside of sunshine hours. 

Few Australians have so far opted to adopt EVs. At the beginning of this research in 2011, 

EVs were not available on the market, and only enthusiasts who performed their own 

conversions had access to them. These vehicles were limited by the battery technology at the 

time, with the EVs converted in the trial having a maximum range of 130km. The research 

showed that potential EV adopters’ largest concerns around EVs were range anxiety, price 

and technical problems. 

In the last few years, modern EVs have been released by major car manufacturers to the 

market and battery technology has improved, vastly increasing their range. 

Modern EVs available today boast ranges of 350 km and a lot more charging infrastructure 

has been installed around Australia. The rising range and the drivers’ usage of the vehicles 

show that the availability of charging infrastructure is not as strong a limiting factor today. 

That means that the technical challenges which impacted EV popularity in 2011 has now 

been largely resolved and they have been proven to be a suitable alternative to ICE vehicles 

in most circumstances.  

Today the largest concern for potential EV adopters is price. The commonality between 

countries with high EV adoption is government incentives and industry involvement. In this 

regard, Australia lags behind, and EV adoption will continue to be stifled until incentives are 

introduced or the vehicle price drops further. 
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