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Engineers Ireland Energy & Environment Division

Evening Lecture  1 st October 2008

Electric & Hybrid Electric Vehicles 
Design & Fuel Efficiency Issues

David Timoney & William Smith

School of Electrical, Electronic & Mechanical 
Engineering, University College Dublin

Outline of Presentation

• BEV – Battery Electric Vehicles

• HEV – Hybrid Electric Vehicles

• PHEV - Plug-In Hybrid Electric Vehicles

• Drive Cycles and Vehicle Fuel Economy

• Battery Characteristics (NiMH & Li-ion)

• Fuel Economy & CO2 Emissions

• Conclusions

Battery-Electric Vehicle (BEV)
(i) No internal combustion engine. (ii) Constrained by 
battery technologies – (a) limited driving range, (b) 
significant battery costs and (c) lengthy recharging times.

General Motors EV1 2-seater zero-emission vehicle 
(ZEV) 
1996-1999 (1,117 units leased) in 
California and Arizona 

Battery: NiMH: 26.4 kWh

Full Charge: 8 hrs (80% in 3 hrs)

Electric range: 75 to 150 miles  

GM cancelled the EV1 program in 
2003, after spending ~US$500 
million on R&D.

GM-Volt (2007)
111kW  electric motor
16 kWh lithium ion batt.
Elec Range: 40 miles
+ 1.0 litre engine 
(Series Hybrid)

Battery-Electric Vehicle (BEV)
Mitsubishi i MiEV Electric Car

Mitsubishi innovative Electric Vehicle 

A single electric motor drives the 
rear wheels via a reduction gear 
and differential. 

Lithium-ion Batteries:   16 kWh

Range:  about 80 miles.

May go on sale in Japan - 2010

Tesla Roadster BEV (based on Lotus Elise)

Range: 200 miles, 53 kWh, 410 kg Li-ion battery 

0-60 mph in 3.9 seconds.  $109,000

Production Rate: 8 per week

Battery Life:  ????

Hybrid Electric Vehicle (HEV)

Hybrid Electric Vehicles typically use an internal 
combustion engine in some combination with a battery 
and an electric motor / generator.

• Hybrid cars mass-marketed today (e.g. Toyota Prius, 
Honda Civic) do not use any grid electricity.

Honda Civic Hybrid Toyota Prius-2  Hyrid

Current Toyota Prius Hybrid HEV

57 kW gasoline engine, 50 kW electric motor, 1.5kWh NiMH battery



Hybrid Vehicle Technology
Series hybrids: Internal combustion engine (ICE) drives 
a generator, which supplies current to an electric motor, 
which then powers the drive wheels. A battery or 
capacitor pack can be used to store excess charge. 

Parallel hybrids: Vehicle drive wheels can draw power 
simultaneously from the engine and from a battery-
powered electric drive. (Used in  Honda Civic / Accord 
hybrids)

Series-parallel hybrids: More complex designs where 
both series and parallel modes can operate 
simultaneously. (Currently used by Ford, Lexus, Nissan, 
and Toyota).

SERIES HYBRID 
POWERTRAIN  LAYOUT

PARALLEL HYBRID 
POWERTRAIN  LAYOUT

SERIES HYBRID 
POWERTRAIN  LAYOUT

PARALLEL HYBRID 
POWERTRAIN  LAYOUT

Honda Parallel Hybrid Technology

Honda Insight (2000)
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Toyota Prius-2: Two water-cooled  three-phase 
synchronous AC permanent magnet motor / generators, 
rated at 18 kW & 33 kW.
Electric motors & battery supplement the down-sized 
engine when power demand is high.
Energy is recovered through regenerative braking .

Toyota Prius-2: Uses a Power Split Device (PSD) so 
that both series- and parallel-hybrid modes work at the 
same time.

The engine can drive the wheels 
directly (mechanically) through the 
PSD (not a CVT).  

A variable amount of engine 
power can be used in one of the 
electric motor/generators; 
(i) to charge the battery, and / or 
(ii) to help drive the wheels. 



Toyota Prius-2

• 3-phase AC electric 
motor/generators 

• DC battery.

Two Inverters needed.

Toyota Prius-2 Battery Pack

• 53 kg Panasonic  NiMH
(nickel-metal hydride).  

• Prius range: 2-3 miles all electric. 
• Rated energy storage capacity is 1.8 kWh, usable 

capacity is 0.7 kWh. 
• 80 amps discharge and 50 amps charge (~20 kW output 

and ~14 kW input).
• Electronics control charge between 40% and 80% of 

rated full charge (for best battery life). 
• Battery thermal management system (cooling fans). 
• Toyota claims 180,000 miles (290,000km) of normal 

driving with no battery performance degradation.

Efficiency contours - constant bsfc (g/kWh).
High bsfc = low thermal efficiency

Engine Speed (rev/min)
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Engine Efficiency Variation with Speed & Load Internal Comustion Engine Operation –
Hybrid Vehicle

Origin of HEV Efficiency Benefits

Efficiency improvements result mainly from;

• Engine shut off instead of idle,

• Energy recovery through regenerative braking (up to 
70%),

• Use of smaller, less powerful engine,

• Avoidance of low-efficiency engine operating points.

Disadvantages;

• More complex, heavier and more expensive to 
manufacture.

Plug-In Hybrid Vehicle (PHEV)
• A PHEV employs an electric motor, a battery, a backup 

internal combustion engine and can be recharged using 
mains electricity.

The USA Energy Independence and Security Act of 2007
defines a vehicle that:

• Draws motive power from a battery with a capacity of 
at least 4 kWh.

• Can be recharged from an external source of 
electricity for motive power. 

(Toyota Prius-2 has a rated battery capacity of 1.8 kWh, of 
which  0.7 kWh is usable). 

The IEEE definition requires an all-electric range of at 
least ten miles (PHEV-10 / PHEV16km).



Future Toyota Prius Plug-In Hybrid 

57 kW gasoline engine, 50 kW electric motor, 9 kWh battery (~20 miles)

PHEV Terminology

• PHEV-[number of miles] represents the distance the 
vehicle can travel on battery power alone e.g. PHEV-20 

• Alternatively, A PHEV-20 contains enough useable 
battery energy storage to displace 20 mi (32 km) of 
petroleum consumption on the standard test cycle .

• A family car would require ~0.25 to 0.3 kWh/mi for all 
electric operation. 

• A PHEV20 would require ~5 to 6 kWh of usable battery 
capacity. Nominal battery must be larger than this.

• Actual range will depend heavily on drive cycle.

New European Drive Cycle  (EU Test Cycle)

0

20

40

60

80

100

120

140

0 200 400 600 800 1000 1200 1400

Time (seconds)

V
eh

ic
le

 S
pe

ed
 (

km
/h

)

“Standard” Test Cycle 

Regulatory v Actual Vehicle Drive Cycles 
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PHEV Production Plans
• No plug-in hybrid passenger vehicles are currently in 

production (July 2008). 
• Toyota, General Motors, Ford, BYD Auto (China), and 

VW,  Hyundai and Mazda, and smaller manufacturers 
have announced their intention to produce PHEV cars.

• July 2006: Toyota announced development of a PHEV 
(Prius-3, expected late 2008). Lithium-ion batteries 
planned for sale in 2010.

• November  2006:  GM announced plans to produce a 
PHEV-10  from late 2009.

• January 2007:  GM unveils Chevrolet Volt a PHEV-40 
Road testing in 2008 / production 2010. 

• Sept. 2008: Chrysler reveals 3 BEV & PHEVs, for market 
from 2010 (26 kWh Li-ion) – to meet social responsibility. 



Modes of operation

A plug-in hybrid may be capable of operation in charge-
depleting and charge-sustaining modes. 

Combinations of these two modes are termed blended 
mode or mixed-mode .

PHEV Operating Modes

Battery Utilisation

Battery State of Charge (SOC)

SOC too low :  
• Vehicle loses performance. 
• Increased battery losses, and 
• Potential damage to the battery pack.

PHEV Battery Issues
Increasing the battery storage above current HEV level 
increases vehicle cost and presents significant packaging 
challenges. 

Li-ion likely to replace NiMH but many issues remain.

Combined deep/shallow cycling in PHEV batteries is  
more demanding than with HEVs or BEVs. 

PHEV batteries may need to be oversized to last the life of 
the vehicle, further increasing cost.

Battery Power Density v Energy Density

A PHEV is likely to incur at least one deep discharge 
cycle per day and as a result will need to provide 4000+ 
deep discharge cycles in its 10-15 year lifetime.



• NiMH can achieve 4000 cycles when discharged to 70% 
depth of discharge repeatedly. 

• To achieve the same number of cycles, Li-ion 
technology could only be discharged to 50% depth of 
discharge on a daily basis. 

• Assuming a 70% usable SOC window for a PHEV20 
then requires ~9 kWh of total energy capacity. 

• PHEV needs 5-10 times more energy capacity than 
HEV.

HEV / PHEV Battery Characteristics
Toyota Prius “Hymotion” PHEV-20 Conversion
3 months, 2212 miles, 35 charges (single PHEV)
9 kWh Li-ion battery pack

U.S. Department of Energy - Vehicle Technologies Program 2008 Annual Merit Review

Toyota Prius “Hymotion” PHEV-20 Conversion
3 months, 2212 miles, 35 charges (single PHEV)
9 kWh Li-ion battery pack

U.S. Department of Energy - Vehicle Technologies Program 2008 Annual Merit Review

PHEV and the Electricity System

• Combining an energy storage system with the power 
train of a conventional vehicle results in a hybrid vehicle 
with higher fuel efficiency.

• PHEVs can help integrate the transportation and electric 
power generation sectors and improve the efficiency, 
fuel economy, and reliability of both systems .

• In both cases, the energy storage system is used to 
provide load leveling.
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Minimum Electricity System Efficiency Needed to 
achieve Primary Energy benefits from PHEV
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PHEV - Urban Use HEV - Urban Use

• A very efficient electricity generation, transmission and 
distribution system is required for a PHEV to work from 
an energy perspective.  

• PHEV is cheaper per mile, mainly because tax electricity 
is lower than on gasoline (in Europe).  

• The price of electricity per kWh needs to be less than 
about 2.4 times that of gasoline for the customer to see 
any savings.  

• At current Irish prices, the savings amount to about 
€300 per year - so it'll take a long time to pay back the 
extra €6,000-€7,000 (minimum) cost of the PHEV 
upgrade...

Adoption of PHEVs

Life cycle greenhouse gas emissions of CV (conventional 
vehicles),  HEV and PHEV-km

Samaras 2008

Potential Reduction of Petroleum Consumption in PHEVs

NREL, Simpson, 2006



Conclusions
• BEVs – impractical, unlikely to become mainstream.
• HEV’s currently successful but expensive.
• PHEV vehicle technology is evolving (e.g. 10 mile all-

electric range).
• Main barriers to PHEV commercialisation are battery life, 

packaging and cost.
• Battery energy management is critical to durability.
• Significant CO2 benefits can be gained from HEV / PHEV
• Benefits depend on vehicle drive cycle details.

• PHEVs are not dependent on a single fuel source.
• Typical PHEV-10 would require ~3 kWh from mains.
• 300 MWh to charge 100,000 vehicles (average ~50 MW 

over 6-hour overnight charge).
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