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Abstract: Issues with hydrocarbon fuel supply security, price volatility, alongside
environmental and health concerns of conventional internal combustion engine |ICE)
transport technologies haveraised interest in electric vehicle (EV) alter natives. However,
the methods of EV testing for performance and range are inadequate adaptations from
ICE testing standards designed to measure liquid fuel economy and emissions under
largely unrealistic conditions. This research assesses the performance of a battery EV
(BEV) by conducting a number of real-world driving tests under varying conditions,
including the impact of vehicle accessory usage (lights, air-conditioning, stereo, heater
etc.), and additional passengers. Our results demonstrate that large increases of energy
consumption from accessory usage and additional passengers do occur in BEVs, which
remain outside of most published EV/BEV and I CE vehicle standard test results, which
themselves have recently come under scrutiny for other reasons. Due to the relatively
small battery in modern BEVs this additional loss in efficiency and range under real
world on-road conditions may severely compromise the nascent BEV industry;
particularly in areaswith limited charging infrastructure.

Acronyms:

ADR  Australian Design Rule

BEV  Battery Electric Vehicle

EV Electric Vehicle

HEV  Hybrid Electric Vehicle

ICE Internal Combustion Engine

NEDC New European Driving Cycle

PHEV Plug-in Hybrid Electric Vehicle

RBS Regenerative Braking System

UDC  Urban Driving Cycle
1. Introduction and Resear ch Objectives

The termElectric Vehicle(EV) applies to all means of transportation whaneroportion of propulsion is

provided by electric motors. This research focusegpurely battery-electric vehicles (BEV). Firstngeation
hybrid electric vehicles (HEV) such as the Toyot@u$® and the Honda Insight were largely conventiona
vehicles. For example the Prius only had a 1.3k\tkah metal hydride battery [1], and was able tivelion the
battery for only 90 seconds/1.5km. More recent pluglEVs have come to the market with larger bate(but
are still small compared to BEVS), such as the ZDdyota Prius Plug-in Hybrid at 4.4kWh for 18kmniixed
electric/petrol mode [2], or the Chevrolet Voltl&kWh for 56km pure electric drive [3]. Several mtacturers
are now releasing fully-electric BEV vehicles adoasil fuel emission-free means of transport. Hosvev
vehicle testing consistently suggests that stantzsts do not give an accurate measure of acturtleefuel
consumption or emissions when used on the road][4While standardised tests have been designdzkto

comparable and repeatable to enable consumerske mfmrmed decisions based on the rated econordy an

emissions, the standards may leave BEV driversicodatly vulnerable to differences between publiéhe



vehicle efficiencies and performances to standart$ actual driving conditions. For example, Mitshigs
published range for the iIMIEV BEV is 160km [6], ledson dynamometer testing to standards — yet shit
realistically achievable on the road. When BEVsehhattery technologies that engender a smallereramg
comparison to conventional ICE vehicles, it is monportant that BEV testing produces an accuratasue of
performance and range for a consumer. Unless shégldressed, the emergence of the nascent BEVtindus
may be severely compromised by an overstatemerdngfe and performance - adding to existing sceptici
about their performance and practicality [7]. Comnpding the issue are a large number of vehiclenggst
standards in use in different countries and regioreating some confusion for the numerous pubtisfeues
for performance and range the same vehicle inréiffigjurisdictions [8, 9]. The primary objectivelthis study
were to document the influence of driving factossich as peak/off-peak city driving and the usage of
accessories such as air-conditioning (AC), heater, and additional passengers on the energy ngign of

a BEV, as well as to investigate the relationst@ween standard testing methods and real-worldndyiv

1.1 Vehicle Testing Standards

All standard tests consist of following a prededirspeed profile (drive cycle) on an indoor calibcat
chassis dynamometer in a climate controlled arflidree environment where the vehicle sits on tbiers of
a dynamometer which spins a mass to simulate tkelexation forces experienced on the road [10]. An
additional braking system is used on this massnilate the rolling and wind resistances. Driveleyesting
was developed in the late 1960s for uniform emissesting of ICE passenger vehicles [11, 12]. Theee
several co-existing national standards for chadgisamometer drive cycle testing for ICE vehiclesnir
different countries, all exhibiting somewhat ditfaet drive cycle profiles. For example, the New Eaan
Driving Cycle (NEDC), introduced in 2000 [13], caimis the European Union Urban Driving Cycle (UDC or
ECE-15), which is applied for ‘Euro 3’ standards.dontrast, the US Federal city driving pattern yehicle
testing (also known as the Federal Test Procedbyrer7FTP 75) exhibits a more ‘aggressive’ urbap/drive
cycle than the ECE, more likely to represent a mal world’ driving scenario. Fig. 1 shows thdiféial
nature of the speed profile from the NEDC whiclkdsnprised of drive cycles that were meant to reprelow
speed city driving followed by motorway driving.dfn these measurements a city, highway and comlifired
consumption figure are generated. The NEDC testqutore is identical to the Australian Design R{&BR)
81/02 used for the labelling of all new cars saidAustralia, with EV economy values displayed in h¥m
[10]. However, the NEDC test procedure developeth Wwéuropean driving data may not be appropriate or
accurately reflect Australian driving conditionss #vith other standards, the ADR 81/02 was develdpetCE

vehicles and was adapted for BEVs [14]. The admptaheans the BEV range is calculated by dividing t



stated capacity of the battery by the energy copsiom value determined in the speed profile te6].[This is
likely to underestimate actual BEV energy consumptdue to the combination of unrealistic energy
consumption from the drive cycle tests and an avgiification of a consistent battery capacity otiemre when

it is known that Li-ion cells lose capacity withmi and use [15-18]. In recognition of the increglsinarge
differences between the NEDC cycles and real wedtles, the EU is planning to introduce the new
Worldwide Harmonized Light Vehicles Test Proced(@eLTP) in 2017 [19]. However, even if Australia
remains with the ADR 81/02 procedures derived fitben NEDC or the new WLTP, this article describes th

many limitations of all existing approaches thatnds cater specifically for BEVSs.

%ﬂﬁﬂﬁ%ﬂﬁﬂwmﬁw##

0 200 400 600 800 1000 1200
Time (seconds)

Speed (km/h)

Fig. 1. New European Drive Cycle speed profi@]

1.2 Actual Vehicle Performance Vagaries on the Road

Road testing of BEVs is notoriously challengingdietermine actual performance and efficiency dua to
range of environmental (wind, rain, temperatur@otgraphy, geography) and driver influences (stijfag of
use, number of passengers, accessory use, ete27[2Additionally, when batteries in BEVs providmth
propulsion and auxiliary power (operating brake siepvacuum pumps, power steering, navigation, coeng,
stereos, and in particular A/C and heating systetiis) may contribute to considerable additional rgpe
consumption and a corresponding reduction in dgiviange [21, 23, 24, 26-33]. As thermal comfortais
subjective individual concept dependent on exteara internal vehicular environmental conditions tha
whole body and individual body parts, and metabbbat fluctuations [34], it is challenging to ind&iinto
testing in a detailed manner. Vehicular comfort gitidlg procedures include the use of thermal masiki
surface sensors simulating human bodies in sehisiglogical and psychological comfort models, [35],
and many are based on a variety of parameters {lgjamnus temperature, mean skin temperature, naeient

temperature, air velocity, humidity ratio, etc.) determine the degree of general comfort [37, S3hilar



research has been done for passenger comforciafif39]

The use of AC has a significant effect on energysamption of a vehicle [34]. This is recognisedtiy
US FTP-75 testing procedure with specific testsdébdermine changes fuel consumption. However, this i
lacking in the ADR 81/02 and the NEDC testing scasmin conventional vehicles the AC compressor is
powered from the engine, and a clutch mechanisnagagythe compressor when necessary. In BEVs the AC
usually comprises of a separate small electric matal fans to drive the AC system that are batewered.
Heating systems in conventional vehicles do notehavnoticeable effect on energy consumption as ICEs
produce large quantities of heat and are cooleggusiater and radiator systems which is directed twater
core through which air is passed. The only additi@nergy consumption arises from the electricdaed to
generate airflow in the cabin. In contrast BEVs tmuentain electric heating elements which can regme a
substantial electrical load in colder climates tmaty significantly impact efficiency and range. hig and other
electrical accessories (such as stereo sound systamd mobile devices) will also influence energy
consumption, although these loads are relativelglistwhile modern EVs with regenerative brakingtsyns
(RBS) exhibit additional energy efficiency and ranghis analysis focussed only on quantifying addél
accessory consumption when driving in urban areasffipeak traffic conditions, with peak traffic mditions

included as a comparison.

2. Methods

The vehicle tested was the ‘REV Eco’, a BEV conier®f a 2008 model Hyundai Getz small passenger
vehicle (Fig. 2). The BEV features a 28 kW DC diiecinotor without energy recuperation and 13 kWHh.if
ion-phosphate batteries with an approximate 80kmirdy range. All original accessories were operaio
including AC, fans, stereo, lights, and power stegralthough the heat for the BEV was generateédguan
electric positive temperature coefficient eleméiso, as the BEV drive motor does not move whenvisgicle
is stationary, a separate electric motor was ilestab drive the compressor, and a contactor usesvitch the
DC motor on. Multiple devices were used duringitestincluding headlights and stereo. All drivetsewere
conducted at an average outside ambient temperat@@ degrees Celsius. BEV energy consumptionimgad
(in Ah) were taken using a wired-in TBS electroniesXpert pro high-precision battery monitor [41]hi§
system measures voltage as well as current viauat sksistor and is therefore capable of recordingrgy
flows in both directions. The monitor has an accyraf +/- 0.4% for current and voltage measuremeuitis a
refresh rate of 1Hz. Tests recorded Ah readingscahculated kWh values using the nominal voltagehef
battery pack. In addition, a conventional ICE (pBtiGetz of the same model was tested under thes sam

conditions to compare the test against the BEV emion and also to the published figures for fuel



consumption from the ADR 81/02 testing procedure.
The parameters varied for road testing were:
a. Peak traffic vs. off-peak traffic
b. Driver only vs. driver with two passengers (150&tat)
c. Electric air-conditioning on/off
d. Electric heater on/off

e. Headlights and stereo on/off

These variations were captured in road tests miegstire energy consumption of the BEV driving under
the following conditions:
1. Off-peak traffic, driver only, no accessories rumnj
2. Off-peak traffic, driver only, with electric AC ruing (only);
3. Off-peak traffic, driver only, with electric heatemning (only)
4. Off-peak traffic, driver only, with headlights astereo running (only),
5. Off-peak traffic, driver with two passengers, ha@gsories running,

6. Peak traffic, driver only, no accessories running.

All trials have been conducted at roughly the saemeperature of about 20°C. Fig. 3 shows the route
selected to represent city driving which featuraffit lights, hills, and variable traffic. The giular route was
chosen as a good representation of a daily comnawiegg in most cities, including mostly arterialads with
traffic lights as well as some smaller suburbardsod he route leaves a suburb before enteringtariarroad
between Perth and Fremantle at maximum speeds &et@and 60 km/h. The round trip distance is atdlih
km with start/stop at The University of Western &aba. Since there will be some variations wheiridg the
same path even at identical weather and traffiditimms, the driving experiment for each setting teeen
repeated five times. This will give us consumptamd range measurement which will be much more agleto
the typical driver's use than artificial drive cgalata from a dynamometer.

Only a single fixed power setting was implementad tested for both heating and AC, so they can be
considered as on/off accessories. The weight ofwtbeadult passengers was 75kg, each. Chargingesfly of
the BEV was determined by measuring both the enasgyrecorded at the mains general power outliteat
metre, and the on-board battery charger. This wh&aed using a residential electricity meter teegénergy
readings in kwWh. The battery was charged over séVveurs with voltage and current values recordeztye
five minutes and the instantaneous power was ctedl The ratio between this value and the reafiarg the

power meter gives the efficiency value. Five triaksre completed to find the average energy consomiior



each trial. BEV position and speed was logged ugitisB GPS mouse connected to a laptop, as walh as-
board vehicle information system ‘EyeBot’ recordeiglOHz sampling frequency [42]. The GPS datardsmb
BEV position and speed to verify the influence ebk and off-peak traffic conditions. Peak traffanditions
results in higher fuel consumption in ICE vehiclegith fuel consumption the highest when traffic is
transitioning between free-flowing and congestetl].[ll trials were completed on non-holiday weekda
during school periods at off-peak traffic periodsd one trial at peak conditions for comparisone Peak

traffic conditions were from 7am to 10am and alsorf 3pm to 6pm, and the off-peak period was 10aBpta.

Fig. 2. The ‘REV Eco’, a BEV conversion of Hyundai Getnpgleted at the University of Western Australia



JBarracks

. Davidpe

G ResoMIoN) LI mmrmnrc
Reserve !ﬁ Reservel

, ffred Cov ."".'=|': "B
I .. L1 | t | L End L -I:-
| Paimyra,_ of Ll — . [E=* e
o Cosgle el

Map data ©2015 Google Terns Prlvacy maps google.com

Fig. 3. Test route of 26.6km round trip (using Google Maps)

3. Results
3.1.BEV Performance on Road

Fig. 4 shows the average energy consumption reddiateeach test condition over five trials. Fig. 5
shows the average speed for the five trials foheast condition. As the trials for accessory usagee
completed during off-peak times, the average spatgks are similar for those conditions. Energyscmnption
tests found the difference between peak and ofk-pesffic decreased energy consumption and incrbase
average speed by 14.8% and 25.5%, respectivelg. ifitlicates that acceleration events have a langadt on
energy consumption (particularly without the inadusof a RBS). The use of accessories had a langagt on
energy consumption. The AC and heating used a kangeunt of energy, increasing energy consumptia@r ov
the baseline of 29.6% and 32.6% respectively. Nudé the effects of both AC and heater can be faigmitly
higher in very hot or very cold conditions. Two &iohal passengers increased power consumptionlt322.

Combined driving lights and stereo usage causedlatively small 5.2% increase over the baselina. Fo



comparison a conventional ICE (petrol, automatie}zGvas test driven during off-peak urban condgifor a
total distance of 79.1km (three loops of the BESt t®ute). The conventional Getz consumed 5.37petrfol,
resulting in a fuel consumption figure of 6.79 L@kén (as calculated in Equation 1). Table 1 shoves th
published fuel consumption values from standartingsiccording to ADR 81/02 procedures. The autimote

the difference between the ADR 81/02 drive cycld #re urban driving test is likely to be the prignéactor in

the lower fuel consumption for the drive test rigkato the urban drive cycle used for ADR 81/02.
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Fuel Consumption = M x 100 = =27~ % 100 ~ 6.79 L/100km ()
Distance Traveled 79.1km
Table1 Automatic ICE Getz ADR 81/02 fuel consumption test
Vehicle\Test Cycle Urban Extra Urban Combined
Hyundai Getz 9.5 L/100km 5.4 L/100km 6.9 L/100km
3.2.Charging

Charging efficiency tests determined losses indharging system. The REV Eco BEV was driven
until the TBS battery monitor charge reading was0%§) and then the vehicle was charged to 99.1%. G-ig
shows charging the battery versus time with battenyent, voltage, and energy supplied recordestratnute
intervals, with power being the product of the agkt and current as per Equation 2. Fig. 7 shows the
cumulative energy supplied to the charging systesr dime. The charging efficiency was determined by
integrating numerically the values in Fig. 6 usithge trapezoidal rule described in Equation 3, aras w

calculated using Equation 4 from the energy reading
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P=1xV 2

[t~ (G + 1) — i) D ©)
. __ Useful power ouput _ 9.55kWh _ =~

Eff1c1ency ~ Total power input T 1095kWh n= 0.87 (4)

4. Analysisand Discussion
4.1.BEV Performance on Road

Road tests demonstrated that accessory usagesigrgfacant impact on energy consumption, which is
particularly evident with climate control. The ro$ts showed the AC increased the BEV energy copson
by around 30% (Fig. 8). Similarly the heating sysiacreased energy consumption by 33%. These fisdime
also supported by tests conducted on air-condit@psiystems in ICE vehicles in [43, 44]. For masfrtdries
with warm or moderate climate and winter tempeeguabove about —10°C, heating of ICE vehicles dog¢s
require additional energy, as the excess heat fedatively inefficient fuel combustion heats thebita No
standard test procedures consider the impact ofinlgessystems in vehicle testing, and in colder
climates/regions/periods, this may greatly oveestaBEVs efficiency and range. In BEVs with a Liibattery,
real world testing has demonstrated the high seitgito traffic, device use, driver preferencesdaveather
conditions with higher ambient temperatures indrepshe rate of capacity loss over time, althougtvdr
ambient temperatures reduce the effective capatitiye time of use [45, 46, 47]. The effective @ityas also

reduced by higher current draws, and the effectooler ambient temperatures and higher BEV curdesmvs



from heater use can compound to reduce the vefdaolge under these conditions. The combined load fre
driving lights and stereo was about 200W, resultinga 5% increase in energy used by the BEV. For
conventional ICE vehicles Kassakian et al. [40okdted a 200W electrical load can lead to a 0Qkm
increase in fuel consumption. Therefore, vehiclsigieers need to be vigilant of the significant iripnat all
electrical loads have on range for all vehicles] #sting standards should enable consumers tdleet@
discriminate between these undisclosed energy coinguaccessories. Finally, loading the vehicle witlo
additional passengers (at 150kg total weight) imseel the power consumption by 21%. This is a sagmif
increase in energy consumption for an individudiisie. The effect of additional mass also demonssréhe
potential overall energy savings that can be aeuidwy reducing vehicle mass, e.g. through the fiseew

materials such as carbon fiber.
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4.2.Charging

The charging efficiency results for the BEV of 8%flidated the figures released by the battery ararg
manufacturer of greater than 85% [48]. The coestst high charging efficiency measured at each fivinute
interval shows that only around 13% of the energyha residential mains general power is consumed b
charging the BEV. In addition to BEV driving penfvance and efficiency comparisons, the conversiegel®
from the home electricity outlet to batteries is iamportant element of BEV efficiency to be disclds®

consumers.



4.3.Implications and Recommendations

The majority of the standard testing proceduresiatotake into account accessory usage, despite rmode
cars including increasing amounts of electricalipopent. The lowest energy usage was recorded ogitye
route during off-peak times, which was used asbteeline to which other test cases were compaites rdad
test completed with the conventional ICE Getz rdedrfuel consumption comparable to the ADR 81/02
combined figure, although in reality the results heavily dependent on traffic conditions at theeti It must be
qguestioned whether the ADR 81/02 urban test profipifies urban Australian driving. The developmehthe
much more realistic WLTP is a clear indication thie# NEDC testing does not approximate actual nigivin
the EU, and real [19, 49, 50]. The drive testeauged in this research had fewer periods of aatela, higher
levels of acceleration, longer periods of consspeted and a higher average speed than the NEDCphafie,
and could be argued to be closer to the drive ayséal in the WLTP. While standard test proceducesrdhble
repeatable and comparable testing, the resultsxisfireg procedures fail to describe actual driviegergy
consumption adequately to empower consumers to inéened decisions between conventional vehicteb a

BEVs.

5. Conclusion

Our real-world testing has demonstrated the dradifferences in energy consumption from different
operational conditions, particular those in relatith vehicle accessories and passenger loadingicéeh
accessories significantly impact energy efficieaeyl range, and this is neglected by vehicle stantesting,
particularly in the case for BEVs. Specifically, standard test procedures consider the impact afirtie
systems, and in colder locations this may greatbrstate a BEVs efficiency and range. This mayltésiuhe
publication of overstated vehicle performance aamte under non-test conditions when accessorieis arge.
This research recommends that standards shouldeeoabsumers to be able to discriminate betweesethe
undisclosed energy consuming accessories and iropaciditional passengers. Furthermore, standatagtad
to test BEVs where range is calculated by simplyditig the stated capacity of the battery (evenwhiion
cells lose capacity with time and use) by the epe@nsumption values achieved in the drive cycststevill
likely overestimate BEV performance. Finally, thesearch demonstrated that ‘real world’ drivingdda a
given location and time (including traffic conditi®) can vary significantly from the drive cyclesathhe
vehicle is tested against, and provides additiomgletus to the further evolution of vehicle testistgndards
underway. The inclusion of drive cycles that apprate off-peak and peak urban driving, in additiorpeak

and off-peak extra urban driving is also recommendédere practical. While these limitations of prase



standards may not be a major issue for vehicleb wit on-board ICE, modern BEVs with relatively smal
batteries may compromise market trust and accdipyatsi the nascent technology if consumers arenara of
the sensitivity of the BEV to various operating ditions, and also of the limitations of the adaptad of

conventional testing procedures for BEVs.
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