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Abstract
Recent economic downturns, coupled with major changes in consumer sentiments towards climate
change and energy security, have led automakers to explore options of revitalizing their product lines
and making them more sustainable and marketable. As evidenced by demonstrations of concepts
and future products at recent auto shows, the auto industry has shifted its focus from the traditional
sheer performance to alternative, cleaner powertrains, especially electric drivetrains.
The vast majority of alternatively-fueled vehicles in the pipeline are sedans and sports cars, despite
the popularity of sport utility vehicles (SUVs) and crossover vehicles; the reason being that electric
vehicle sport utility vehicle (EV SUV) development poses major engineering and business challenges.
This report examines the key technical and financial considerations required to make an EV SUV a
feasible product for automakers. Computer simulations reveal the motor and battery package needed
to achieve performance targets—acceleration, top speed, and range—that would satisfy consumers of
internal combustion engine (ICE) SUVs. Also included in the report is a cost analysis of the
manufacturing and selling of such a vehicle. Lastly, various breakeven scenarios identify ideal
conditions to make an EV SUV technologically and financially viable for auto manufacturers.
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Introduction
State of the Automotive Industry
The auto industry is in a period of unusually rapid changes and uncertainty. First and foremost, an
increasing consumer awareness of the harmful effects of vehicle emissions and the potential longterm detriment caused by greenhouse gases (GHG) produced by internal combustion engines (ICE)
has severely impacted the industry. This is compounded by geopolitical tensions among oilproducing regions that threaten America’s energy security.
Recognizing the need to reduce both vehicle emissions and U.S. dependence on foreign oil, the U.S.
government is pursuing a wide range of new and updated environmental and energy policies. An
example of this is Corporate Average Fuel Efficiency (CAFE), which has been brought to
unprecedented levels, dictating a change from the current standard of 27.5 miles per gallon (mpg) for
passenger vehicles and 22.2 mpg for light trucks to 35 mpg by 2020;1 lowering CO2 emissions from
biofuel;2 and promoting innovation based on cleaner technologies.3
All of these changes are occurring against a backdrop of the recent economic recession that hit the
country’s motor vehicle sales especially hard, causing a fall in sales from 14 million vehicles in 2008
to a projected nine to 10 million vehicles in 20094—a fact that has brought some major U.S.
automakers to the brink of bankruptcy.5, 6 Simultaneously, the nascent auto industry in China and
India promises to challenge established players in the North American markets in the near future.

Product Pipeline
Consumers are growing more receptive to alternative fuel-powered engines versus the traditional
internal combustion engine (ICE). This is evident in the offerings at recent auto shows—sheer power
from the powertrain is no longer the only focus of car companies. Instead, increasing emphasis is
being placed on fuel efficiency, and on the development of alternatively fueled vehicles. At the 2009
Detroit Auto Show, 17 out of 48 production and concept vehicles on display contained hybrid or
alternative powertrains and are being marketed as clean vehicles. This was a considerable increase
from the seven out of 45 comparable vehicles introduced at the 2008 Detroit Auto Show.7
For the first time ever, there are multiple types of powertrains being developed that will use
alternative and sustainable energy resources. Shown in Table 1 is a short list of vehicles that are
currently available or will be available in the near future that have generated a great deal of interest
among the media and consumers.
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Table 1: Existing and Upcoming Alternatively Fueled Vehicles
Gas Electric Hybrid

Natural
Gas

Hydrogen
Fuel Cell

Pure Electric Vehicle

Brands

Toyota
Prius

GM Chevy
Volt

Honda
Civic GX

Honda
FCX

Renault
Nissan

Tesla
Model S

Mitsubishi
MiEV

Range

600 miles
(12 miles
in
EV mode)

400 miles
(40 miles in
EV mode)

200 miles

280 miles

100 miles

160-300
miles

100 miles

Class

5-door
Hatchbac
k
Mid-size
car

4-door
liftback
Compact
car

4-door
sedan
Compact
car

4-door
sedan
Mid-size
car

N/A

4-door
sedan
Midsize
car

4-door
Mini car

Availabil
ity

2009-

2010-

2005-

2008-

2010-

2011-

2010-

MSRP
(w/o tax
credit)

$22,000

$40,000

$25,190

Lease-only

$25,000

$57,400

$17,000

Gallery

Among the cleaner power sources are natural gas, hydrogen combustion or fuel cell, electric power
and hybrid drivetrains that combine an ICE with an electric power source. As observed in Table 1,
each major automaker is pursuing different strategies and technologies. Following is an overview of
each.

Natural Gas
A natural gas vehicle (NGV) is an alternative fuel vehicle that uses compressed natural gas (CNG) or,
less commonly, liquefied natural gas (LNG) as a clean alternative to other automobile fuels. There
are several advantages to using natural gas as a fuel. First, in comparison with existing gasolinepowered vehicles, NGVs produce about 20% less of the greenhouse gas emissions.8 Second, most of
the natural gas consumed in North America is produced in North America, obviously easing reliance
on foreign power for autos. In addition, natural gas is the cleanest transportation fuel available today
and is much cheaper than gasoline.9
Despite being a vehicle power source for many years, there is only one NGV that is available in retail
markets today—the Honda Civic GX. Perhaps one reason is that natural gas is still a fossil fuel; thus,
it is not as environmentally-friendly as other green powertrains. And more importantly, the NGV
refueling infrastructure is nowhere near as mature as that of gasoline.
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Hydrogen Fuel Cell
Hydrogen has garnered a significant amount of attention as a power source for vehicles. First,
hydrogen has a much higher energy density per unit mass (33,300 Wh/kg) than gasoline (12,700
Wh/kg).10, 11 Hydrogen is also flexible: it can be used to power a vehicle by combustion in engines in
fundamentally the same way as traditional ICEs, or it can be converted into electrochemical energy
in a fuel cell. And GHG emissions are non-existent as hydrogen reacts with oxygen to produce
electricity to power an electric motor, with the only “emission” being water. Lastly, vehicles powered
by hydrogen are far more efficient than NGVs and ICEs.
A hindrance to hydrogen-powered vehicles is that hydrogen requires more sensitive storage
methods. Hydrogen also has a very low volumetric energy density (530 Whr/L for compressed
hydrogen versus 8,760 Whr/L for gasoline12). Both of these factors mean that hydrogen-powered
cars will have to refuel more often or passenger space will have to be sacrificed for fuel. Furthermore,
the biggest technical hurdle is that most hydrogen on earth is already chemically bound to
something; therefore, energy is required to liberate hydrogen before it is free to be used as an energy
source.

Pure Electric
Electric power seems to hold significant promise in terms of the next generation powertrain. Either
in hybrid format or as a stand-alone power source, most major automakers have developed vehicles
that incorporate some form of electric powertrain. Electric motors are simple, mechanically
speaking, and often achieve 90% energy conversion efficiency over the full range of speeds,
significantly more than ICEs. In addition, electric motors generate peak torque from the start,
whereas in traditional engines, peak torque is not achieved until a certain engine revolution is
attained.13 Also, an electric vehicle itself releases almost no air pollutants during operation;
therefore, the environmental effects need only be controlled at the power generation level.14
There are, however, are a few major limitations to EVs. Existing battery technologies are not ready
for mass market adoption due to high costs and low efficiencies. Like natural gas and hydrogen, the
current energy supply infrastructure is not sufficient to provide the needs of EVs. However, recent
developments seem to indicate that these limitations are likely to be overcome in the near future, and
this is motivating significant development of electric vehicles and the infrastructure to support them.

EV SUV
One glance at the future clean vehicle pipeline (Table 1) reveals that the industry has been focusing
the majority of its attention on smaller sedans and sports cars. While the portfolio of alternativelyfueled vehicles is growing, most of the offerings lack the space and utility that is sought after by
current and prospective light truck owners.
One could argue that the volatility of fuel prices has caused the growth of SUV sales to remain
stagnate and decline for the long-term, and that the best business strategy is to develop smaller
vehicles. However, according to the Transportation Energy Data Book,15 light trucks—including
pickups, minivans, SUVs, and other trucks less than or equal to 10,000 lbs gross vehicle weight—
have been continuously gaining market share since the early 80s (Figure 1). By 2006, there were
approximately 246 million motor vehicles registered, 40% of which were SUVs and light trucks
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(Figure 2). In fact, sales of light trucks and SUVs continued to grow (red dotted line in Figure 1, left)
when there was a spike in gas prices back in 1982 (red dotted oval in Figure 1, right).

Figure 1: Proportion of light truck and car sales from 1980 to 2008 (left); Gas prices between 1972 and 2008.16, 17
US Motor Vehicle Registration in 2006
(Total 246 Million)

Trucks
43%

Buses
0%

Automobiles
54%

Motorcycles
3%

Figure 2: Market share of various types of motor vehicles registered in 2006.18

Despite the recession, it is projected that approximately 10 million vehicles19 will be purchased in
2009, and the industry sales environment will only improve upon economic strength returning in the
next decade. With light trucks holding approximately 40% of the U.S. market share, and with future
vehicle offerings focused mainly on smaller vehicles, there is ample opportunity for EV SUVs to fill
market needs and voids. This document contains information that can help auto manufacturers
capitalize on this opportunity.
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Part A: Technical Specifications
1. Introduction to Computer Simulations
The most important characteristics that govern the performance of an EV are the battery capacity
and the motor output. Battery capacity is directly related to vehicle range, while the power and
torque of a motor are directly related to vehicle top speed and acceleration. In order to explore how
major parameters such as power and energy affect the overall vehicle performance, the authors
constructed a set of computer simulations. Section 1 of the appendix offers technical details of these
simulations.
Drag

Rolling Resistance

Motor

Figure A-1: Forces acting on a vehicle in motion.

Briefly, the authors combined the forces that act on a vehicle (see Figure A-1)—force generated by the
motor, the drag forces acting on the tires, the aerodynamic drag acting on the frontal area of the
vehicle, and drivetrain inefficiencies—and computed the forces required during steady-state motion
and acceleration of the vehicle. By simulating steady-state motion, the authors calculated the energy
required (and thus the battery size needed), to achieve a certain vehicle range, in addition to the
motor power requirement to achieve a targeted top speed. The torque of the motor was calculated for
a given rate of acceleration using the acceleration simulation.

2. Validation of Simulations
The models were validated by comparing simulation results to published data of actual EVs. First,
the vehicle range that could be achieved by various electric vehicles using known parameters about
the batteries and these vehicles was estimated. The results are summarized in Table A-1.
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Table A-1: Comparison of Simulated Range with Actual EV Range

The results from the simulation were within 10% of published figures.
Subsequently, the simulation on the motor torque required to achieve certain acceleration was
validated.

Table A-2: Comparison of Simulation Results of Motor Power and Torque with Actual
EV Motors

As indicated in Table A-2, the simulations provide realistic information about the torque needed to
achieve vehicle acceleration from 0 to 60 mph in the given amount of time. Based on the torque
requirements, the power output of the electric motors is estimated by the following equation:
Peak Power = Peak Torque/Conversion Factor
The conversion factor is 1.85 ms. In reality, each motor has different torque and power output
characteristics. Thus, the specifications can only be determined physically with the use of a
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dynamometer. The relationship between torque and power of an electric motor in the simulation is
empirically estimated using specifications of various electric motors that power existing cars. The
calculated power requirements are similar to the power output of electric motors, as shown in Table
A-2.

3. Motor and Battery Specifications for the Proposed EV SUV
In order to capture consumer needs, the simulation is based on one of the most popular SUVs in the
market—the Toyota Rav4.20 In its current iteration, the Toyota Rav4 proves to be very appealing to
consumers because of its price, utility and packaging, fuel economy, and performance. Performance
targets were set for the proposed EV SUV (top speed and acceleration) to be on par with the Rav4. In
terms of range, the target was set at 100 miles per charge.
The mass and dimensions of the Rav4 were taken into account. The weight of the engine and
transmission21 was subtracted from the vehicle mass, while the mass of the electric motor and
controllers were added, resulting in an overall weight reduction of ~200lbs. The net value equated to
the mass of the proposed EV SUV. The following is a summary of the relevant parameters used in the
simulations:

Table A-3: Parameters Used in the Simulations
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Using these parameters, the simulation results show that the proposed EV SUV will require a 205kg
battery with 30kWhr of energy, and a motor output of 130kW, 220Nm in order to achieve the
performance targets. These specifications serve as the base data in the cost analysis and business
viability study below.

Part B: Other Technical Considerations
1. Effects of Vehicle Weight and Size on Performance Parameters
SUVs can be placed in many different categories. This section explores how vehicle dimensions affect
the performance targets as well as motor and battery specifications, comparing a Toyota Highlander
(a midsize SUV), and a Chevrolet Tahoe (a large SUV). Also, simulations were conducted to
determine the required battery capacity needed to achieve 100 miles range.

Table B-1: Comparison of Battery Requirements among SUVs of Different Sizes
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From these comparisons, it is quite clear that the extra weight and frontal area of larger SUVs will
significantly increase the size of the battery. Thus, in order to make larger EV SUVs feasible, their
weight must be minimized and their aerodynamic inefficiencies overcome.

2. Motor and Controller
The power system of an EV consists of a battery, an electric motor and a controller. An electric motor
converts electricity into mechanical energy, which provides the driving force of an EV. There are two
classes of electric motors used in EVs: direct current (DC) motors, which are operated by direct
current from the battery, and alternating current (AC) motors, which are driven by an alternating
current from the battery via an inverter. AC motors are further differentiated by their design, which
either employs a permanent magnet or an induction system.
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Table B-2: Characteristics of Electric Motors22

Table B-2 compares various characteristics of electric motors. While many early EVs employed DC
motors due to cost reasons, the trend in the industry is that AC motors will be used as the primary
drivetrain in future EVs. There are several advantages for using an AC electric motor. First, AC
motors are generally more efficient than DC motors. They also allow the implementation of
regenerative braking23, 24—a mechanism that reduces vehicle speed by converting some of its kinetic
energy into a storable form of energy instead of dissipating it as heat as with a conventional brake,
and the captured energy is stored for future use or fed back into a power system for use by other
vehicles. Furthermore, the higher engine revolutions that can be achieved by the AC motor allows for
the use of a simpler (and therefore less expensive to build and maintain) single-speed transmission.
Thus, the authors selected AC induction motor(s) for the proposed EV SUV.25
For each of the three types of electric motors, a different kind of controller is needed. The controller
is a device that regulates the power output of the battery and the power input of the motor. It
controls the speed and acceleration of the EV much in the same way as a throttle plate in a
carburetor or throttle body controls the power output of a gas engine. As a result, the controller plays
a key role in the power management of an electric vehicle.
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Figure B-1: Schematic of AC induction motor controller system.26

Early EVs with DC motors used simple variable-resistor-type controllers. These controllers usually
have a lower efficiency, because a large percentage of energy from the battery is wasted in the
resistor.27 Modern controllers (Figure B-1) adjust speed and acceleration using an electronic process
called pulse width modulation. Switching devices such as silicone-controlled rectifiers rapidly
interrupt, i.e. turn on and turn off, the electricity flow to the motor. The shorter the intervals are, the
higher power is achieved, and vice versa. Some of the features of modern controllers include: 1) a
metal–oxide–semiconductor field-effect transistor (MOSFET) unit, which gives the EV a smooth and
efficient means to control the motor; 2) operation at higher frequencies that are well above human
hearing range, making them effectively silent; and 3) an embedded regenerative braking system
which uses the motor as a generator to recharge the batteries when the vehicle is slowing down in
order to further increase range and minimize brake wear.28 For a heavier vehicle like an SUV, the
controller needs to be able to handle the higher power transmission between the battery and the
motor.

3. Drivetrain Configurations to Achieve 4WD
One reason SUVs are popular is because of the availability of Four Wheel Drive (4WD), where all
four wheels are actively driven by the motor. In traditional ICE SUVs, the engine resides in the front,
and a central axle along the bottom of the vehicle connects the engine to the back wheels. In an EV
SUV, this traditional configuration poses additional challenges in battery packaging.
In EVs, batteries are generally mounted in the center section of the vehicle and between the wheels
because these locations provide the best protection in case of a collision and the best weight
distribution for vehicle handling and dynamics. This configuration would prevent the use of a central
axle for 4WD. Fortunately, the packaging of the motor and controllers for EV SUVs are more flexible
than conventional ICEs.
Figure B-2 provides two potential designs of an EV SUV with 4WD. In the first configuration, the
SUV is powered by two electric motors, one for the front wheels and the other for the back wheels. In
the second configuration, the SUV contains in-wheel motors, each driving a single wheel at the four
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corners. In-wheel motors technologies are still rather nascent, but vehicles with such systems are
expected to become available in the near future.29 The flexibility in packaging afforded by in-wheel
motors has the potential to revolutionize vehicle design and packaging.

Figure B-2: Schematic of EV SUV drivetrain configurations.

4. Battery Packaging, Support Structure, and Thermal
Management
As mentioned earlier, the addition of a large battery to a vehicle makes packaging particularly
challenging. The problem becomes quite clear when comparing the size of a fuel tank to an EV
battery: the fuel tank of the Rav4 is about ~16 gallons (U.S.) or ~60 L, while a 30kWhr battery used
in the proposed EV SUV has a volume in the range of ~90 to ~120L30), about a 50 to 100% increase.
Fortunately, batteries can be installed as a single, centralized unit or a collection of smaller units
distributed around available space within the vehicle structure.

Table B-3: Comparing Centralized vs. Decentralized Battery Placement

Whether centralized or distributed battery packaging should be employed will depend on the
particular design of the vehicle. Generally, centralized battery packaging is more efficient in terms of
vehicle manufacturing at the assembly line. It also allows for easier implementation of battery
swapping methodology and management. Conversely, distributed battery packaging allows engineers
to mount batteries more strategically to minimize the adverse effects on vehicle dynamics.
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In addition to space issues, existing ICE chassis and bodies are not necessarily designed to hold a
large and heavy battery system. This poses further constraints on the battery placement. Depending
on the vehicle type and design, the addition of a battery may require additional structural support in
the vehicle body and chassis. According to a study by Carnegie Mellon University, 31 up to one
kilogram of additional structural weight is required for each kilogram of battery. Such added
structural weight can impact the performance of the car significantly.

Figure B-3: Constant velocity simulation of range vs. battery weight with different support structures.

In the case of the proposed EV SUV, comparing zero structural support (Figure B-3, dark blue curve)
with an extra support weighing 1.5X the mass of the battery (Figure B-3, light blue curve), the
simulation shows that it would require an additional 300 kg of battery in order to achieve a 300 mile
range (red line).
In addition to spatial and structural support considerations, the temperatures of the batteries within
a vehicle have to be carefully maintained. A battery thermal management system needs to keep the
battery pack at an optimum average temperature with even temperature distribution.32 Ideally, a
battery thermal management system should be compact, lightweight, inexpensive, easily packaged,
and easily accessible for maintenance. The system also needs to allow the battery pack to operate
under a wide range of climate conditions and provide proper ventilation. Moreover, the system
should be powered by low parasitic power so it does not consume much energy from the battery
pack.
There are a variety of battery thermal management systems: air cooling vs. liquid cooling; active
system vs. passive system; cooling only system vs. cooling and heating system; series vs. parallel air
distribution. There is no “best” battery thermal management system because the battery type and
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each particular application dictates the type of thermal management system required. An EV SUV
with a heavier battery may require a liquid cooling and heating system,33, 34 adding to production and
development costs.

5. Future Trends and Opportunities
Current electric vehicles have financial and technological limitations which may or may not be
addressed in the next several years. Some of the limitations specific to EV SUVs are listed below:

Aerodynamic improvements
The negative effect drag has on gas consumption is a well-known phenomenon. Aerodynamic
efficiency improvements have a direct impact on the cost of batteries and thus the overall cost of EV
SUVs. At 60 miles per hour, drag force represents almost 70% of the total resistant forces (based on
our range simulation). With a drag coefficient improvement of 10% per our EV SUV model, the
battery energy requirement (100 miles range) is reduced by 7%, saving 2.5kWh, with a potential cost
savings of approximately $1,000 to $2,000. There is a significant reduction in charge time as well, as
much as 40 minutes (assuming a seven hour charge period is needed to achieve full capacity).35

Vehicle weight reduction
Vehicle mass reduction is another key way to reduce battery capacity requirements. The vehicle mass
affects rolling resistance, which represents 30% of the total resistant forces at 60mph (based on our
simulation of vehicle range). Mass reduction also has a positive effect on motor power requirements.
Switching from steel to aluminum construction also helps by reducing the mass of the vehicle chassis
by up to 60%,36 the battery energy requirement by 10%, and the motor power and torque
requirements by 25% each, from 130kWh to 100kWh and 240Nm to 175Nm, respectively.

Battery improvement
One of the biggest potential opportunities for EVs lies in the area of battery technology. Compared
with other EV components such as electric motor and inverter, efficiency, cost, capacity, time of
charge, and longevity, battery power has been continually improving at a rapid pace. Further
improvements are necessary before these batteries become prolific in the auto industry, yet growing
demand and increasing economies of scale will further contribute to their rising performance.
Considering the importance of batteries in the EV ecosystem (such as affecting vehicle range), new
and improved battery technologies will certainly augment the growth rate of EV adoption and sales.

Part C: Cost Analysis
The other critical factor impacting the commercial viability of an EV SUV is cost. This document
makes simple assumptions to examine automakers’ costs of manufacturing EV SUVs. The
methodology is described in section 2 of the appendix, but briefly, the authors based the cost
calculations of an existing ICE SUV of comparable class and size to the Toyota Rav4. The authors
estimated the costs of parts and manufacturing as a percentage37 of the Manufacturer’s Suggested
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Retail Price (MSRP) of the ICE SUV (with options) as approximately $30,000.38 We subtracted the
costs associated with parts and labor specific to the ICE and added the costs associated with parts
and labor specific to EV components as defined by our technical simulations.
We then examined various drivetrain configurations for the EV SUV. As described in the drivetrain
section above, the EV SUV can be configured either in 2WD with a single motor, 4WD with two
motors each driving either the front wheels or the back wheels, or 4WD with four in-wheel motors.
In each case, we explored the possibility of selling the EV SUV with and without the battery included.
Our calculations yielded the following MSRP for each configuration.

Table C-1: MSRP of the Proposed EV SUV with Different Drivetrain Configurations

The analysis revealed a few key observations. First, when the battery is sold separately, the MSRP of
an EV SUV is similar to that of a comparable conventional ICE SUV. Second, the cost of the battery
represents the single most expensive item that is added to an SUV, reinforcing the connection
between the commercial viability of EVs and battery price.

1. Breakeven Scenarios
The authors built a model of EV SUV sales and cost. Variables that impact vehicle sales and
profitability were identified and values based on market and industry states (low, medium, high)
were identified. The values were derived from industry-related texts and interviews with industry
experts.39 Further research will allow for added accuracy, thereby enhancing the model. It should be
noted that the model explicitly accounts for the fact that, at least historically, margins per SUVs have
been higher than those of sedans.
We assume that current economic conditions do not afford manufacturers the ability to build a new
factory dedicated to the production of EV SUVs and vehicle sales conclude at the end of the year
2010. If retrofitting an existing factory is the lone option, auto manufacturers can expect to spend
$15,000,000 and three years completing the effort.40
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We also assume that 4WD EV SUVs will sell better than 2WD EV SUVs,41 which is important when
calculating the period of time required to break even. The 4WD EV SUVs are more costly to
manufacture, but they are likely to sell at a much greater pace than those of the 2WD drivetrain
configuration. This is important because economies of scale will grow as volume increases.
While the breakeven scenario changes quite sensitively with the underlying cost assumptions, our
model is capable of providing general conclusions of the EV SUV business. Based on a 10-year
product cycle of the EV SUV, where year three represents the first year of production, results from
our model indicate that the manufacturer must sell approximately 200,000 vehicles per year in
order to break even. Assuming auto sales grow in an S-curve fashion (see section 3 of the appendix),
the automaker needs to sell 45,000 vehicles in its first year in order to achieve breakeven by year 6 or
7. To shorten the breakeven time by one year will require doubling of sale numbers. If the sales
numbers of the EV SUV are on par with typical niche vehicles, i.e. in the range of 10,000 per year or
less, the automaker would lose approximately $2,000 per vehicle.
Based on current industry practices, one can assume that auto manufacturers will be inclined to
include the battery with the EV SUV at the point of sale to augment profit margins. Such a default
response can be countered by working with the auto manufacturers, and educating them in more
detail on the associated downsides of the classic model. These downsides in theory include:
1. Reduced sales volumes, as simple economic practices indicate that higher-priced items (such as
the EV SUV with battery included at point of sale) are likely to sell less. Such a reduction could
result in lower aggregate profits when compared to profits generated by sales of EV SUVs
without batteries.
2. Inventory control requirements associated with batteries. Assuming batteries range in cost from
$9,000 to $14,000, aggregate carrying costs could easily rise to the millions of dollars, which in
turn augments the auto manufacturers’ risk profiles. If economic conditions strengthen at a slow
pace, the risks associated with battery inventories may be intolerable.
3. Warranties tied to new battery technologies will be complex. They will require added human
resources, which translates to added costs. Auto manufacturers’ core competencies do not reside
in dealing with batteries or warranties; thus, it may be advantageous to outsource such functions.

It is important to note that further steps can be taken to refine the breakeven model, the associated
analysis and the auto manufacturers’ risk profiles. Such information would be of great use, as it
would allow companies providing EV services, and its partners to focus their attentions and limited
resources on that which will have the greatest impact and upside.
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Conclusions
There is an immense opportunity for auto manufacturers to capitalize on today’s automotive climate.
Auto manufacturers are recognizing that alternatively-fueled drivetrains (particularly electric
vehicles) are growing in demand, and are adjusting their product pipelines accordingly. However,
not one company has addressed a specific model that will surely be requested by customers: the EV
SUV.
Through various research, interviews and simulations, this report examined the primary technical
and financial considerations for successfully building and selling EV SUVs, and revealed breakeven
scenarios. Following is an overview of the observations:
• Pure electric power appears to have an edge over alternative forms of power for alternativelyfueled SUVs.
• An EV SUV will require a 205kg battery with 30kWhr of energy, and a motor output of 130kW,
220Nm in order to achieve comparable ICE performance targets.
• The extra weight and frontal area of larger SUVs will significantly increase the size of the battery.
• AC motors will be used as the primary drivetrain in future EVs, as they are generally more efficient
than DC motors, allow for regenerative braking, and yield higher engine resolutions, which allows
the use of a more simple and cost-effective single-speed transmission.
• Batteries can be installed as a single, centralized unit or a collection of smaller units distributed
around available space within the vehicle structure, offering a critical flexibility in terms of
development. However, depending on the vehicle type and design, the addition of a battery may
require additional structural support in the vehicle body and chassis. According to a study by
Carnegie Mellon University,42 up to one kilogram of additional structural weight is required for
each kilogram of battery.
• A compact, lightweight, affordable and easily packaged and accessible battery thermal
management system must maintain an optimal temperature of the battery.
• Aerodynamic and battery improvements as well as reductions in vehicle weight will alleviate EV
SUV battery requirements.
• When a battery is sold separately from an EV SUV, the MSRP of an EV SUV is similar to that of a
comparable conventional ICE SUV.
• The cost of the EV SUV battery represents the single most expensive item that is added to an SUV.
• Auto manufacturers and retailers should not sell EV SUV batteries. As selling and managing
batteries are beyond these entities’ core competencies, they would increase risk through inventory
issues and would reduce sales volumes by making the EV SUVs high cost items.
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Appendix
1. Computer Simulations on Vehicle Range, Top Speed, and
Acceleration
Battery capacity is directly related to vehicle range, while the power and torque of a motor are
directly related to vehicle top speed and acceleration, respectively. To determine the battery and
motor specifications needed to achieve the performance targets set forth for the proposed EV SUV,
we created three simulations using actual parameters from a Toyota Rav4. In the simulation of
vehicle range, the battery energy required to achieve a vehicle range of 100 miles per charge was
determined by computing the energy consumed by the motor of an SUV traveling at a constant
velocity of 60 mph. In the acceleration model, the motor torque required to achieve acceleration
from 0 to 60 mph in eight sec was determined. In the top speed model, the motor power required to
achieve a constant speed of 100 mph was computed.

1.1. Mechanical Forces
The Rolling Resistance Frr
• Formula: Frr=Crr*m*g
• Parameters:
• Crr = 0.015 for concrete (rolling resistance coefficient, 0.03 on asphalt)43
• m = the total mass of the vehicle
• g = the gravitational potential
• Accuracy and assumptions:
• Crr varies significantly from concrete to asphalt. However, the rolling resistance represents but
a small fraction (5% at 60 mph) of the air resistance force. Using these values in our
simulation, we were able to recapitulate the vehicle range achieved by actual EVs (Table A-1).

Drag or Air Resistance
The expression of the drag force depends on the velocity at which the air flows around the vehicle,
characterized by the Reynolds number (Re). For Re < 1000, drag force is linearly proportional to
speed velocity, while the relationship is quadratic at Re > 1000. For our simulations in which the
vehicle’s velocity is between 40 mph to 70 mph, the quadratic drag expression is used.
• Formula: Fd=-0.5*ρ*υ2*Af*Cd
• Parameters:
• ρ = 1 (air), the density of the fluid
• υ the velocity of the vehicle
• Af*Cd =1, with A the frontal area and Cd the drag coefficient
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Motor Propulsive Force Fm
The propulsive force produced by the motor counters the two resistant forces—air drag and rolling
resistance—and allows the vehicle to move forward. The propulsive force was used as an input in our
models to determine the battery energy and motor power requirements.

Summation of Forces
Second Newton principle applied to the car allowed us to relate mass, acceleration and forces:
m*a= Fm – Fd - Frr
where m and a are the mass and acceleration of the vehicle, Fd is the force due to drag, and Frr the
force due to rolling resistance.

Range Model
To determine the relationship between the range and battery capacity, we chose to simulate constant
speed movement instead of the standard EPA highway cycle, which involves many acceleration and
deceleration cycles that would require a more computationally complex algorithm to simulate. We
found that our simulation results agree reasonably well with EPA measurements of actual EVs (Table
A-1). The constant speed assumption allowed us to simplify the equation as follows:
Fm = Fd - Frr

Iterative Method
Since the mass of the battery increases the mass of the vehicle directly, and in turn the force required
by the motor to propel the vehicle, thus solving for the mass of the battery cannot be achieved
directly. Rather, an iterative method was developed to find a solution. For each value of the battery
weight from 0 to 500kg, the resistant forces as well as the energy within the battery were
recalculated. Once determined, the battery energy was divided by the motor force and multiplied by
the mechanical ‘wheel-to-motor’ and the electrical ‘motor-to-battery’ efficiencies. The range for a
given battery weight was solved by the equation:
R = Eb* λm*λe / (Fd - Frr)
where Eb is the energy of the battery; R is the range; λm is the mechanical efficiency; and λe is the
electrical efficiency.

Acceleration Model
In an AC motor like the one in the Tesla Roadster, peak torque is available from stop and remains
constant until approximately 6,500 rpm. At 60 mph, the rotational speed of the motor is about
6,000. Thus, we assumed that the torque is constant during the acceleration from 0 to 60 mph.
Furthermore, we assumed the acceleration was constant. From the summation of forces, the
computed resistant forces were computed. Note that the drag force varies with speed, which varies
continually from 0 to 60 mph. In order to keep the computation simple without scarifying accuracy,
the drag force corresponding to the highest speed (60 mph) was selected. Using this assumption, the
simulated torque results do not differ by more than 5%.
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Once the required propulsive force was determined, the torque on the tires was calculated. Dividing
by the gear ratio and the transmission efficiency, the required maximum motor torque was
determined:
Tmax=Fp*rwheel/(Gr* λm)
where Tmax is the max constant motor torque; r is the radius of the wheel; λm is the mechanical
transmission efficiency; and Gr is the gear ratio.
The torque and the power of a motor are related by the equation:
Pm=δ*Tm*ωm
where Pm is the motor power; δ is a coefficient; Tm is the motor torque; and ωm is the rotational
motor velocity. However, maximum power output and maximum torque do not take place at the
same rotational speed. The exact relationship is unique to the particular design characteristics.
Consequently, an empirical method was used to determine the power output from torque. Based on
motors currently used in the Tesla Roadster and Model S, the Toyota Rav4 EV, and the AC
Propulsion eBox, we arrived at a final ratio Tm/Pm=1.85 ms for our simulations.

Top Speed Model
Achieving a given vehicle top speed requires a specific motor torque at a specific rotational velocity of
the motor. One great feature with AC motors is their extremely high maximum rotational speed (up
to 15,000 rpm) compared to a gasoline engine (up to 10,000 rpm). As a consequence, a single fixed
gear ratio is sufficient to achieve top speed and acceleration targets.

Gear Ratio Optimization and Motor Selection
An important consideration for choosing a gear ratio is the tradeoff between acceleration and top
speed. As the gear ratio increases, the available torque and thus the acceleration increase. However,
the top speed decreases with increasing gear ratio. Therefore, the appropriate gear ratio needed to be
determined for each vehicle design.
The torque required to achieve a certain acceleration and the power required to achieve a certain top
speed will independently yield two different sets of motor specifications. However, from our
simulations we found that achieving the acceleration target was much more demanding on the motor
specification than the top speed target—130kW to achieve the acceleration target versus 65kW for
the top speed target. When the cost (8$/kW) and weight (80 lbs for a 130kW motor) of the motor are
considered, increasing the motor power output represents a very affordable performance gain. For
example, increasing the motor power output from 110kW to 130kW dropped the 0 to 60 mph time
from 10 sec to eight sec, and it only added an additional 20 lbs to the weight and approximately $160
to the cost of the motor.

Summary of the Values and Assumptions Used in the Models
i. Assumptions
• Range model: concrete surface, flat, constant speed of 60 mph
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• Acceleration model: constant max torque available from 0 to 60 mph

ii. Values
• EV specs:
• g=9.81 (gravitational force)
• m_car=3500 lb (new ‘curb weight’ of the converted car, 200 lbs reduction from ICE curb
weight)
m_load=200lb (mass of the payload)
• CdxAf=1 (Cd ~ 0.35 drag coefficient, Af ~ 3m^2 frontal area)
• Rho=1 (density of air)
• Crr=0.015 (rolling resistance of SUV tires on concrete)
• gear Ratio=9.4 ( compared to 8 for the Tesla Roadster)
• r_wheel=0.31 (radius of the wheel in cm)

• Battery Technology: Li-ion
• E_kg=150 mass energy density in Wh/kg, based on 8,000 cells in Model S
W_kg=3,000 mass power density of battery in W/Kg
• E_litr=250 volume energy density of the battery Wh/l

• Motor Specs
• redline=13,000 rpm (max rotational speed)
• max torque/max power = 1.85 ms

1.2. Simulation Codes
Code Common to All Three Models
clear all;
g=9.81; (gravitational force)
m_car=3500/(2.2*4); (mass of the converted EV in kg, 200kg below curb weight)
m_load=200/2.2; (payload, converted to Kg)
• Drag and Rolling on Asphalt

CDxAf=1; (Cd ~ 0.35, Af ~ 3m^2)
Rho=1; (density of air)
Crr=0.015; (rolling resistance of SUV tires on concrete)
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E_kg=150; % Wh/kg, based on 8,000 cells in Model S vs. 6,000 in Roaster
W_kg=3000; % Mass of battery in Kg
E_litr=250; % Wh/l
• Efficiencies

efficiency = 0.92; % based on Tesla motors specs
(efficiency=lambda_motor*lambda_transmission*lamdba_controller*lambda_battery)

Code for Range Model
• Critical Average Speed

target range = 100; (target range in miles)
for i=1:1000
m_bat(i)=i;
• 4 different Speeds (in m/s)

v_hw1=40*1.6/3.6;
v_hw2=50*1.6/3.6;
v_hw3=60*1.6/3.6;
v_hw4=70*1.6/3.6;
(for each speed, we get the required battery mass to achieve 100 miles)
• Forces Equations
• Drag Resistance

Fd1=0.5*Rho*v_hw1^2*CDxAf;
Fd2=0.5*Rho*v_hw2^2*CDxAf;
Fd3=0.5*Rho*v_hw3^2*CDxAf;
Fd4=0.5*Rho*v_hw4^2*CDxAf;
• Rolling Resistance

m_tot=m_bat(i)+ m_car+ m_load; (total mass of the ev)
Ff=Crr*g*m_tot;
• Total resistant forces

F_resist1=Fd1+Ff;
F_resist2=Fd2+Ff;
F_resist3=Fd3+Ff;
F_resist4=Fd4+Ff;
• Required mechanical force

Fm1=F_resist1/(efficiency);
Fm2=F_resist2/(efficiency);
Fm3=F_resist3/(efficiency);
Fm4=F_resist4/(efficiency);
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• Range

range1(i)=E_kg*m_bat(i)*3.6/(Fm1*1.61);
range2(i)=E_kg*m_bat(i)*3.6/(Fm2*1.61);
range3(i)=E_kg*m_bat(i)*3.6/(Fm3*1.61);
range4(i)=E_kg*m_bat(i)*3.6/(Fm4*1.61);

Code for Acceleration Model
Target acceleration = 8 (target acceleration in s from 0 to 60 mph)
A=0
for i=1:12
time(i)=i;
v1=30*1.6/3.6;
v2=60*1.6/3.6;
(for each speed we find the required power to achieve 0-60^mph in 8 sec)
acc(i)=v2/i; % m/s2
Fd1=0.5*Rho*v1^2*CDxAf;
Fd2=0.5*Rho*v2^2*CDxAf;
Ff=Crr*g*m_tot;
F_resist1=Fd1+Ff;
F_resist2=Fd2+Ff;
• Steady State

Fm1=F_resist1+m_tot*acc(i);
Fm2=F_resist2+m_tot*acc(i);
gearRatio=9.4;
d_wheel=0.31 (in cm, equivalent to a 17 inch rim)
Tm1=Fm1*d_wheel;
Tm2=Fm2*d_wheel;
Torque1(i)=Tm1/(gearRatio*lambda_transmission) (in Nm)
Torque2(i)=Tm2/(gearRatio*lambda_transmission) (in Nm)
plot(time(i),Torque2(i));
end

Code for Top Speed Model
Target speed = 100 (target acceleration in mph)
B=0
for i=1:140
v_hwm(i)=i; (in mph)
v_hw=v_hwm(i)*1.6/3.6; (translated in m/s)
Fd=0.5*Rho*v_hw^2*CDxAf;
m_tot=(m_bat+ m_car+ m_load);
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Ff=Crr*g*m_tot;
F_resist=Fd+Ff;
• % Steady State

Fm=F_resist;
bat_power=W_kg*m_bat/1000 (in KW, it is used to verify the power delivery of the battery, making
sure it is not a bottleneck)
gearRatio=9.5;
r_wheel=0.31; %25” diameter
Tm=r_wheel*Fm;
red_limit_mot=14,000 (rpm)
Torque=Tm/(gearRatio*lambda_transmission) (in Nm)
hp(i)=(Torque*v_hw/r_wheel*gearRatio)/1000; (in Kwh!!)
plot( hp(i),v_hwm(i))
end
req_rpm_mot=60*1.6/3.6*60/(2*3.1415*r_wheel)*gearRatio;
‘The rmp required for our motor in order to achieve the target speed (100 mph) is’,req_rpm_mot

2. Cost Analysis
Base Cost of an SUV
To estimate the costs associated with manufacturing the proposed EV SUV, we used an existing ICE
SUV, the Toyota Rav4, to analyze the cost structures. First, we assumed that the MSRP of a Rav4
with options is ~ $30,000. We further assumed that the cost of labor is 10% of MSRP or $3,000,
while the parts and other manufacturing costs are equal to 57.5% of MSRP or $17,250.

Subtracting the Costs of ICE Components
We then subtracted the costs of ICE components to be swapped out of the ICE SUV as indicated in
the table below:
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Table X-1: ICE Part Cost Estimates

We estimated the low and high range of costs for each component and allowed for $1,000 to account
for other miscellaneous items.

Cost of EV Motors
To add EV components to the SUV, we examined the different drivetrain configurations: 2WD with
one motor, 4WD with two motors, and 4WD with four in-wheel motors. We estimated the cost of a
motor to be between $8.1/kW on the low range and $15/kW on the high range. For the proposed EV
SUV, a motor with 130kW power is required; therefore, the cost of the motor ranges from $1,053 and
$1,950. For the 4WD two-motor configuration, the two motors would each have half the power and
half the cost, such that the total costs of the two motors equal that of the one motor in the 2WD
configuration. For the 4WD four-in-wheel option, we multiplied the motor cost by a factor of 1.5 to
account for the premium associated with nascent technology. The resulting cost of the motors ranges
from $1,580 to $2,925.

Cost of Controllers
We assumed the cost of controllers scale linearly with power of the motor at a cost of ~ $12/kW to
$15/kW. For the 2WD configuration, the controller costs range from $1,607 to $1,964. For the 4WD
configurations, we added a premium (factor of 1.5) for the two-motor configuration and a premium
(factor of 1.75) for the four in-wheel motor configuration to adjust for extra harness and components
needed for the increased number of motors.

Labor Costs for EV SUVs
Due to the simpler construction of an electric motor (the omission of the transmission, and fuel and
emission systems) it is believed that the manufacturing of an EV SUV would be less complex than
that of an ICE SUV. For each drivetrain configuration, we applied a 10% to 35% discount to the labor
cost of manufacturing an ICE SUV.
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Table X-2: Manufacturing Costs without a Battery

Table X-3: Manufacturing Costs with a Battery
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Table X-4: Cost Structures of the Proposed EV SUV

Cost of Battery
The cost of the EV SUV battery is based on $280/kWh to $400/kWh.44 The battery used in the
proposed EV SUV has an energy capacity of 31kWh and costs between $9,000 and $14,000.

Manufacturing Costs of EV SUVs
By replacing the costs of ICE components and labor with EV components and labor, we obtained
lower and upper estimates of the manufacturing costs for the EV SUV for each of the drivetrain
configurations.

MSRP of the EV SUV
We compared the EV SUV being sold with and without the battery. We arrived at the MSRP for the
proposed EV SUV based on the same percentage premium placed over the manufacturing cost as
seen with ICE SUVs.

3. Breakeven Analysis
The following identify all of the variables of the model and the respective values in varying states:
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Table X-5: Breakeven Model Variables and Respective Values per State

The following illustrates the differences in the growth rates in sales volume over a ten year period per
the S-Curve and the Linear Curve:

Table X-6: Breakeven Model Growth Rates per Different Curves
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