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Relative Cost Modeling for Main Component Systems of Parallel
Hybrid Electric Vehicle
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(Pill-Soo Kim * Yong Kim)

Abstract - There is a growing interest in hybrid electric vehicles due to environmental concerns. Recent efforts are
directed toward developing an improved main component systems for the hybrid electric vehicle applications. Soon
after the introduction of electric starter for internal combustion engine early this century, despite being energy efficient
and nonpolluting, electric vehicle lost the battle completly to internal combustion engine due to its limited range and
inferior performance. Hybrid Electric vehicles offer the most promising solutions to reduce the emission of vehicles.

This paper describes a method for cost reduction estimation of parallel hybrid electric vehicle. We used a cost
reduction structure that consisted of five major subsystems (three-type battery and two-type motor) for parallel hybrid
electric vehicle. Especially, we estimated the potential for cost reductions in parallel hybrid electric vehicle as a

function of time using the learning curve. Also, we estimated the potentials of cost by depreciation. -
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1. Introduction

Industrial users frequently make economic decisions
about the purchase of systems for new installations, and
about system repair, or replacement of existing systems
that have failed
important to consider the economic impact of system cost

in service. It is becoming increasing
on the business when making such decisions. In many
situations, decision is based upon the lowest initial cost.
The tools of economic analysis can help users make more
decisions regarding system purchase and
replacement{1].

On the other hand, the Internal Combustion Engine

(ICE) automobile at the present is a major source of urban

intelligent

pollution. Besides air pollution, the other main objection
regarding ICE automobiles is its extremly low efficiency
use of fossil fuel. Hence, the problem associated with ICE
automobiles are three fold, environmental, economical, as
political[2,3]. These
governments all over the world to consider alternative

well as concerns have forced

vehicle concepts. The concept of electric vehicle (EV) was

TIE® A ANK BBEH g IH
TE® R FEEK Tk BRLEH #E - IH
ESZHF ' 1998%F 8H 288
BMSET 199956 S5A 138

294

conceived in the middle of previous century. EVs offer the
most promising solutions to reduce the emission. In 1998,
the California Air Resources Board established rules that
mandate 10[%] of all vehicles sold in California in 2003
must be Zero Emission Vehicles (ZEV’s) In response to
technological needs for EV’'s, the development of power
electronics technology will take an accelerated pace in
future years[4-5]. The revival of EV’s is becoming more
and more definite. This opinion is not only found in
technical literature[6-8], but also in business magazines[9].

EVs constitute the only commonly known group of
automobiles that qualify as ZEV. These vehicles use an
electric motors for propulsion, and batteries as electrical
energy storage devices[10-15]. Hybrid Electric Vehicles
(HEV) offer the most promising solutions to reduce the
problem of limited range and inferior performance of EV.
Based on our previous work, namely, application examples
for cost estimation modelling[16-18], the purpose of this
paper is to review the main component systems of Parallel
HEV(P-HEV) and to estimate various relative cost of
main component systems in P-HEV's.

In Section 2, the concept of P-HEV is described. Cost
modelling in battery, motor and control system, engine and
transmission, body frame, and other related systems are
described in Section 3, respectively. Also, In Section 4,
today’s cost estimation results are described. The results
reduction estimation using various

of potential cost

estimation criteria in P-HEV's is briefed in Section 5.



Concretely speaking, we made costs estimates based on
today’s technology and projected how the costs might be
reduced due to increased production cost savings (ie,
learning curve effects) or increased competition, and we
estimated the potentials of cost by depreciation. Also,
today’s costs and projections at 1 ~
calculated, as discussed later[19-24].

The cost reduction guidelines presented in this paper

10 years were

are general in nature, and may be applied to any type or
size system through small transformation. Although not
included in the economic analysis, users should also be
aware that premium characteristics systems generally run
more accurate than standard systems, leading to longer

system life.

2. Outline of parallel hybrid electric vehicle

Recently in the world, many projects are developing
P-HEV because environment on earth are recognized as
the most important problem. Namely, the P-HEV offers
one of the most promising solutions for improving air
quality while reducing the reliance on fossil fuels to power
vehicles. The use of P-HEVs remains limited,
because their driving performance has been too pdor and
cost has been too high. In order for an P-HEV to be
accepted in the P-HEV design should take
advantage of attributes which could only be incorporated

however,

society,

into P-HEVs, such as lower maintenance, and quieter and

easier driving.

Power Split Mechanism Wherl

Inverter

Transmission

Fig. 1 Main system composition of the P-HEV

The main system composition of the P-HEV is shown
Fig. 1. As main components of the P-HEV, a battery is
installed within the bottom of the body, and a motor and
control system, an engine and transmission, an automatic
speed change gear and a compressor for an air-conditioner
are installed within a bonnet. The features of the main
components of the P-HEVs are described below.
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3. Cost modeling

Economic evaluation is a useful tool to determine the
relative system proposals with different
characteristics. The results of the evaluation help the user
to choose the alternative that is most profitable for the
business.

We used cost reduction structure that consisted of five
major subsystem in case of P-HEVs[16-18].

Dbattery
2)motor and control system

merit  of

3)engine and transmission
4)body frame
5)other related system
Also, to alleviate the problem of price variation with
time, we choose to express the various cost not in dollars
or other official monetary units, but in an arbitary unit
which is the cost of one ampere-hour of nickel-metal
hydride(Ni-MH) battery.
These cost reduction structure are dealt with seperately

as follows:

3.1 Battery

In this study, the nickel-metal hydride(Ni-MH) batteries
are selected for criteria of P-HEV application. Because the
specific energy and specific power of electrochemical
batteries are generally significantly lower than those of
gasoline, a large number of batteries are required to

.assure a desired level of power performance. However,

mounting a large number of batteries on the vehicle
suffers from several disadvantages ; the reduction of
interier and luggage spaces, the decrease in vehicle
preformances. Thus, the development of battery technology
has been accelerated, in which a set of criteria including
specific power, energy efficiency,
cycle life, operating environment,
safety and recycling must be considered.
In this paper, the economic data are as follows,
- Relative cost of nickel-metal hydride(Ni-MH) battery :
65[pul
. Relative cost of lithum-ion(Li-ion) battery * 75{pul
- Relative cost of polymer battery : 95[pul
The cost of the battery

the specific energy,

charging rate, cost,

is based on the energy
capacity of battery.

Cs = E Us 1

where Cp = total cost of battery [pul
Es = energy capacity of battery [Ah]

= unit cost of battery per Ah[pu/Ahl

(ot
w
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3.2 Motor and control system

In the past decades, DC variable-speed drive systems

were commonly used for industrial drive and EV
applications. Especially, the main component systems of
P-HEV drivetrain are its electric motor and engine.
Motors generally used for driving the P-HEV are brush
DC motor, and AC induction motor and Permanent Magnet
Synchronous Motor(=PMSM) etc. The brush DC motor has
a large electromagnetic wave noise due to its composition
necessity  of
maintenance of brush due to its structure depending on
mechanical contacting, and the limits to speed. For these
drawbacks, the brush DC motor has disadvantage in
reducing the size and weight of the P-HEV driving
system.
Also, the AC induction motor and the PMSM have no
mechanically contacted parts, and therefore more suitable
for the P-HEV driving system than the brush DC motor.
In this paper, the author applied the PMSM and BLDC
motor into the P-HEV driving system.

of brushes and a commutator, the

The cost of the motor is proportional to the electric

power requirement of the motor, Pu[W],

Cm = Py Uym + Ccs (2)

where Cu = total cost of motor (pul
Pu = electric power requirement of motor[ W]
Um = unit cost of motor [puw/W1.
Ces

u

cost of controt system {pul.

1)

The motor power is estimated from

Pu = P./ ( nr / 100) 3

where P. = load [VA]

nr = motor efficiency {%].

Generally, the motor’s efficiency is about 90{%], assuming

a middle motor,

3.3 Engine and transmission

The cost of the engine and transmission are calculated
by the eq. (4).

Cer = Cen + Cim (4)

where Cgr = total cost of engine and transmission[pu]
Cen = subtotal cost of engine [pul
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Crm = subtotal cost of transmission [pu].

3.4 Body frame

The body frame of the vehicle consists of various
components. In this study, we assumed the cost of a body
frame is constant like conventional use. Therefore, the cost
of body frame is about 217.1[pu]. These costs are based
with  conventional Support

on discussions users.

components were not included in the cost estimate.

3.5 Other related system

Other related system of vehicle consists of conventional
system steering system, braking
system, lighting system, power transfer system, wheel
system, et al, and technical system for the P-HEV like
battery capacity meter, battery level meter, diagonosis
system for electric circuits, et al. "f‘herefore, we assumed
the cost of the other related system shown in eq. (5).
Especially, it assumes that the cost of a conventional
system is constant.

like air-conditioner,

Cr=Cc+Cr 5)

where Cr = total cost of other related system [pul
Cc = subtotal cost of conventional system [pul
Cr = subtotal cost of technical
P-HEV [pul.

system for

The cost of the conventional system, Cc, is estimated from
Cc=Ca +Ce2+Cce3+ Cca+ Cos + Cos (6)

where Cc; = cost of air-conditioner [pu]
Ccz = cost of steering system [pul
Ces

Cca = cost of lighting system [pu]

1)

cost of braking system [(pu]

Ccs = cost of power transfer system [pu)
Ccs = cost of wheel system [pul.

Also, the cost of the technical system, Cr, is estimated
from

Cr=Cn *+ Cr2 + Cp3 (7
where Cri = cost of battery capacity meter [pu)

Cr2 = cost of battery level meter [pul
Cr3 = cost of various diagonosis system [pu].



4. Today's cost estimation results

" The estimated cost using the basic cost assumptions
described above is given in Table 1. Labor costs for
assembly are not included. The results are referred to as
"Today’s costs”, no credit is taken for future oprice
reductions due to the benefits production,
technology improvements, or competitions. Fig. 2
been plotted from the values given in Table 1.

of mass
has

Table 1 Cost estimation of P-HEV

‘ @ Battery 8 Motor & Control System !

® Engine & Transmission i
i ®» Body Frame @ Other Related System |
{
[

Lefi Side :

PM Synchronous Motor 1

Right Side : AC Induction Motor |
14000
1200
3 1000
Z 800
Q
B 600f
«
£ 400
&
200}
Ni-MH Li-ion Polymer
Battery Type
Fig. 2 Cost estimation results for P-HEV in case

of various battery and motor

5. Potential cost reduction estimation

We estimated the potential for cost reduction in P-HEV
as a function of time. The assumptions and results are
summarized in this section.

5.1 Learning curve analysis
We assumed that the system cost is reduced by 10[%]

for each doubling in total P-HEVs produced (referred to

as a 90{%] learning curve).
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Consequently, this leads to the following generalized
relationship{25].
Co=Cip" @8)
where C, = cost of total P-HEV produced

p = total P-HEV produced

C; = cost of the first P-HEV

n=mn09/In2
therefore, Cp= C; - p ™™ 9
In order to determine the learning curve savings, we

assumed a production schedule shown in Table 2. The
learning curve analysis was applied to the battery, motor
and engine as discussed below.

Since today’s body frame is fairly mature technology
and its capability is not expected to improve greatly in the
future, these costs was not applied to a leaming curve
reduction model. It is assumed that the cost of the battery,
motor and engine, and other related system could be
reduced by technology development, mass production and
competition. the greater energy capability of battery is the
larger cost

Table 2. Assumed production schedules and learning curve
factor

0.900
30,000 42,000 0.198
50,000 92,000 0.176
75,000 167,000 0.161
100,000 267,000 0.150
150,000 417,000 0.140
220,000 637,000 0.131
300,000 937,000 0.124
400,000 1,337,000 0.117
560,000 1,897,000 0.111

reduction of Dbattery. Therefore, it assumed that

technologies of battery can be improved like Table 3. Also,
it assumed that technologies of other related system can
be improved to give 2[%] by year 1, 5[%] by year 2, 8[%]
by year 3, 12[%] by year 4, 16[%] by year 5, 20[%] by
year 6. 25[%] by year 7, 30[%] by year 8, 35[%] by year
9 and 40[%] by year 10. Lastly, we assumed that the
costs of motor and engine could be reduced by 90[%] for
the first commercial system. We assumed that this can be
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achieved for the smaller systems with P-HEV as the
market and technology develop. For years 2~10, the
learning curve factors from Table 2 are applied to the

year one cost. Fig. 3 shows the cost of a motor and

engine of P-HEV as a function of time relative to today’s
cost.
Table 3 Cost-saving of technology improvement
of battery

08

0.6

04

Relative Cost

0.2

[
Today 1 2 3 4 5 6 7 8 9 10

Fig. 3 Relative cost vs. time for a motor and engine of
P-HEV

52 Estimation of cost by depreciation

A dollar available today is worth more than the same
dollar available tomorrow, or next year, or ten years from

Table 4 Cost estimation by depreciation
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now. If a cost of 100[$}/year for the next ten years is

discounted at 2[%], it will have a present value of 898.2[$]

as seen below(table 4):

The cost for the first year is 100[$]. This amount is

multiplied by the discount

factor of 0.980 to yield a present value of 98.0[%].

The discount factor is calculated by eq. (10):
Discount Factor =1/ (1 + ( D /100 )" (10}

where D = discount rate in [%]
n

I

number of years.

The discount factor is calculated for the remaining years
in the above example, and the discounted values are
totaled to obtain a net present value of 898.2[$] for the
sequence of cost during the ten years.

In case of considering cost depreciation in this study,
the total cost of system were more reduced by

depreciation. We assumed that discount rate of cost is
2[%). :

5.3 Summary of cost reduction

Table 5 summarized the estimation method using the
basic assumption described above.
Also, Fig. 4 shows the cost comparisons of three-type
battery graphically. In case of Ni-MH battery and PM

Table 5 Summary of
components

assumptions for P-HEV

Learning Curve Analysis

Learning Curve Analysis

Technology Constant

Technology Improvements ; 2, 5,
8, 12, 16, 20, 25, 30, 35, 40{%] by
year 1~10 respectively

synchronous motor, the estimated cost, without and
with cost by depreciation, is given in Table 6. Fig. 5
shows the cost comparisons of two-type motor with cost
by depreciation graphically and Fig. 6 have been plotted
from the values given in Table 6. For our assumptions,
the overall cost is reduced by 51.6[%] by year 3, 46[%] by
year 5 and 32.9[%] by year 10. There are a significant
reduction in the driving motor and inverter between 3 and
10 due to technical improvements in the design.
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Fig. 4 Cost comparisons

of three-type battery with cost by
depreciation :

Table 6 Estimated cost for P-HEV in case of Ni-MH
battery and PM synchronous motor, without
and with cost by depreciation

1300.00 1300.00

Year 1 1224.39 1199.91
Year 2 740.81 71191
Year 3 712.22 670.91
Year 4 685.8 633.69
Year 5 660.69 598.58
ear 6 635.57 564.39
Year 7 606.13 52792
Year 8 57798 493.02
Year 9 549.19 459.67
Year 10 521.04 427.25

e PM Synchronous Motor = AC Induction Moto?J
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Fig. 5 Cost comparisons of two-type motor with cost by
depreciation
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® Battery  ® Motor & Control System
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Fig. 6 Estimated cost for P-HEV in case of Ni-MH battery
and PM synchronous motor without and with cost by
depreciation

6. Conclusion

This paper has received the main component systems
(five parts ; battery,
and transmission, body frame and other related system) of

motor and control system, engine

P-HEV and evaluated various relative cost of the main
components systems by proposed criteria. Today's
P-HEV system is dominated by the cost of engine and
transmission, with a second major cost component being
the other related system. Technology improvements and
productions  and
competition are expected over the next ten years. We

cost reductions caused by mass
project that a reduction to one-quarter of today’s cost
could be possible with aggressive market and technology
development. The cost model of this paper was applied to
an actual P-HEV to demonstrate its benefits. Clearly the
detailed cost model of P-HEV is more complicated than in
our cost model examples. Also, cost reduction methods
have been applied to common system decisions faced in
industry. Investment guidelines justify the purchase of
optimum systems for new installations. The guidelines are
general in nature, and may be applied to any type or size
system. The economic tools are also applicable for

commercial applications.
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