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Abstract

The objective of this paper is to create a method to size battery subsystems for an electric vehicle to optimize battery performance.
Optimization of performance includes minimizing corrosion by operating at a constant current density. These subsystems will allow for
easy mechanical recharging. A proper choice of battery subsystem will allow for longer battery life, greater range and performance. For
longer life, the current density and reaction rate should be nearly constant. The control method requires control of power by controlling
electrolyte flow in battery sub modules. As power is increased more sub modules come on line and more electrolyte is needed. Solenoid
valves open in a sequence to provide the required power. Corrosion is limited because there is no electrolyte in the modules not being used.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

An electric vehicle (EV) can be powered by an alu-
minum/air battery system. This research work focuses on
the Al/air battery system, which is actually a small chemical
plant, and its optimization using a novel control method.
The Al/air battery has been identified as offering high en-
ergy density and having sufficient peak power for an electric
vehicle. In addition, the Al/air system offers rapid mechan-
ical recharging, and a range that is compatible with internal
combustion engine vehicles[1–3].

The output power of an Al/air battery system should vary
with the speed of the electric vehicle. For a single Al/air bat-
tery system, the total output power is constant. To allow for
operation at or near optimum current, the Al/air battery we
designed is made up of several sub-batteries[4]. The purpose
of multi sub-batteries is to vary the output power of the bat-
tery system. The control system makes the sub-batteries op-
erate at conditions that reduce the corrosion of aluminum and
maximizes battery life. The corrosion reactions can be re-
duced when operating with the current around 200 mA/cm2

(2 kA/m2), defined asIop [1,5]. Also corrosion is limited
because there is no electrolyte in the modules not being
used.
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We chose the constant current density of 200 mA/cm2
for analysis in this paper. The value can be determined by
examining both the performance and selectivity curves. If
additives to the electrolyte are to be used these same curves
will help to choose the value of the constant current density.
In electric vehicle operation the actual value of the current
density will vary somewhat about this value.

The Al/air battery system is operated nearIop and the
change of the output power is realized by changing the total
number of working sub-batteries. We need to regulate and
control the electrolyte flow of the Al/air battery system to
match the requirement of the sub-systems. Analysis of dif-
ferent driving patterns will yield reference input flow rates
for design of the control system.

We can obtain the reference inputs of the flow rate control
system through the following:

(1) Define a driving pattern.
(2) From the vehicle speed in the driving pattern, estimate

the total power required by the electric vehicle at dif-
ferent times.

(3) Determine the size and quantity of sub-batteries needed
for the driving pattern.

(4) Calculate the electrolyte flow rate of the Al/air battery
system.

(5) Repeat this process for different driving patterns.
(6) Develop the control method for sequencing the solenoid

on/off valves.
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Nomenclature

a acceleration of the vehicle (km/(h s))
A the frontal cross-sectional area of the

vehicle (m2)
Ca dimensionless tire friction coefficient
Ct dimensionless aerodynamic coefficient
d air density (kg/m3)
g gravitational acceleration (m/s2)
Iop operating current density of the

sub-batteries (mA/cm2 or kA/m2)
KE kinetic energy (kJ)
M vehicle mass (kg)
Paccel power for acceleration (kW)
Paero power required by air drag (kW)
Paverage average power required by the vehicle

for given driving pattern (kW)
Pinertial inertial losses of rotating components (kW)
Pgrade power required for the gradient (kW)
Ptraction power required for the driving wheel (kW)
Ptyres rolling resistance power consumed by

tires (kW)
PE potential energy of the vehicle (kJ)
Range range of the vehicle (km)
t time (min or s)
T running time of the vehicle (h)
v vehicle speed (km/h)
vaverage average speed of the vehicle

(nominal) (km/h)
V volume of the battery (l)

Greek letters
θ angle of grade
ε battery to wheel efficiency

2. Modelling equations for power and energy
calculations

In order to obtain the reference input of the electrolyte
flow rate control system, it is mandatory to quantitatively
estimate the power and energy required for propelling a
modern car. Neglecting relatively minor losses due to road
camber and curvature, the power required at the drive wheel
(Ptraction) consists of five major losses. The traction equation
may be expressed as[6],

Ptraction = Pgrade+ Paccel+ Ptires + Paero+ Pinertial, (1)

wherePgradeis the power required for the gradient,Paccelthe
power required for acceleration,Ptires the rolling resistance
power consumed by the tires,Paero the power consumed by
the aerodynamic drag andPinertial includes inertial losses of
rotating components.

The first term inEq. (1) describe the rates of change
of potential energy (PE) during climbing. The second term

represents the change in kinetic energy or the acceleration
component. The power required for these actions may be
estimated from Newtonian kinematics as follows.

Pgrade= d(PE)

dt
= Mgv sinθ (2)

and

Paccel= d(KE)

dt
= d

(
(1/2) Mv2

dt

)
= Mav (3)

whereM is the mass of the car,v its velocity,a its acceler-
ation, and tanθ is the gradient of the road.

The next two terms inEq. (1)describe the power required
to overcome tire friction and aerodynamic drag that are ir-
reversibly lost, mainly as heat and noise and cannot be re-
covered. The power for these two terms may be estimated
from the following empirical relations.

Ptires = CtMgv (4)

and

Paero= 0.5dCaA(v + w)2v (5)

whereCt and Ca are dimensionless tire friction and aero-
dynamic drag coefficients, respectively,d the air density,w
the head-wind velocity,g the gravitational acceleration, and
A is the frontal cross-sectional area of the car. The last term
of Ptraction, which isPinertial, is assumed to be a constant of
1 kW in this calculation.

From the parameters associated with a typical modern
medium-size car, we haveM = 1400 kg,A = 2.2 m2, Ct =
0.01, Ca = 0.3 and d = 1.17 kg/m3 [6], and its power
requirements may be estimated fromEqs. (2) to (5). The
wind speed (w) is taken to be zero for the sake of simplicity.

Fig. 1represents our calculation of traction power (Ptraction
− Pinertial) versus car velocity for an electric vehicle at var-
ious accelerations and zero gradients.

The linearity of this variable makes the electric vehicle
relatively easy to control as speed varies under zero gradient
conditions.Figs. 2 and 3are recalculations ofFig. 1 using
gradients of 5◦ and 10◦. These curves also show linearity
and thus indicate straightforward control schemes can be
used to vary power.

The power of the battery:

P = Ptraction

ε
+ Pother, (6)

whereε is the battery to wheel efficiency, andε is taken
as 0.9.Pother is the additional power required to power ac-
cessories. In our calculations, we assume there are no ac-
cessories, andPother = 0. This can be included in an anal-
ysis later. It does not affect the driving pattern or traction
power.

For a given driving pattern, the average power will be

Paverage=
∫ T

0 P dt

T
, (7)

whereT is the duration of a given driving cycle.
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Fig. 1. Power of traction vs. car speed for an electric car at various accelerations and zero degree gradients.

The total energy required by the car is

Etotal = Paverage× T. (8)

The average speed of the car is

vaverage=
∫ T

0 v dt

T
. (9)

The range of the car for a given amount of Al fuel is

Range= vaverage× T (10)

While the nominal operating range for replacement of
aluminum is about 1600 km and the replacement of elec-
trolyte/water will be required about 400 km (four stops) the
actual range will depend upon the driving patterns. In the
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Fig. 2. Power of traction vs. car speed for an electric car at various accelerations and 5◦ gradient.

actual case sensors will warn the driver for both of these
conditions. Assuming a battery system carries 80 kg Al, the
average energy density in the operation range of interest is
about 4 kWh/kgAl [1]. The total energy is 320 kWh.

3. Aluminum/air battery system

The power system of the electric vehicle consists of four
major blocks illustrated inFig. 4. These four blocks are
Al/air battery system, power electric control system, electric
motor and vehicle wheels. This research work focuses on the
first part, i.e. Al/air battery system, actually a small chemical
plant.
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Fig. 3. Power of traction vs. car speed for an electric car at various accelerations and 10◦ gradient.

The Al/air system has been identified as offering high en-
ergy density and having sufficient peak power. In addition,
the Al/air system offers rapid mechanical rechargeability,
and a range that is compatible with internal combustion en-
gine vehicles[7–11].

An Al/air battery system requires the integration of a num-
ber of subunits. These include a battery stack, crystallizer
(precipitator), CO2 absorber, gas separator, cooling system
including heat exchanger and components to circulate elec-
trolyte and air and to perform various control functions.
Fig. 5 shows a basic interconnection and flow diagram of
an Al/air battery system[3]. The reactions in the battery
stack generate power. The crystallizer unit controls the elec-
trolyte composition by inducing the soluble reaction product
to precipitate on seed crystals contained within the crystal-
lizer. The precipitation process produces the final reaction
product and regenerates the electrolyte. The air flow system
supplies pressurized air to the cathode where a portion of
the oxygen in the air is consumed as one of the battery reac-
tants. The air is first filtered to remove the small amount of
CO2 present. Removing the CO2 is expected to prolong the
life of the air cathode catalyst. The electrolyte that flows out
of the battery stack will pass the gas separator for hydrogen
separation. Thermal control of the battery is accomplished
at the battery stack by the coolant recycling system.

Fig. 4. Power system of an electric vehicle.

4. Driving patterns

Reference inputs for the electrolyte flow rate control
system can be obtained from data or models represent-
ing driving patterns. Once we get data for the driving
patterns, we can use it to calculate the time dependent
power required for the electric vehicle propulsion. We can
then determine on average how many sub-batteries should
work, the size of the sub-batteries, and finally calculate the
electrolyte flow rate of the Al/air battery system and its
control.

Figs. 6–9are four different driving patterns, which rep-
resent possible highway driving, urban driving, hybrid
driving—local and highway driving, and local driving. These
were arbitrarily chosen. There are many other possibilities.

A 44-min cycle is illustrated inFig. 6. This 44-min cycle
is composed of two acceleration segments, i.e. oa and bc,
and two braking segments, i.e. de and fg. In segment oa the
average speed is 24 km/h and acceleration is 0.8 km/(h s);
in segment ab the speed is 48 km/h and no acceleration; in
segment bc the average speed is 72 km/h and acceleration
is 0.8 km/(h s); in segment cd the speed is 96 km/h and no
acceleration; in segment de, ef and fg the average speed is 72,
48 and 24 km/h, respectively. And there is no acceleration
in these three segments.
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Fig. 5. Basic flow diagram of an Al/air battery system by Gibbons et al.[3].

A 6-min cycle is illustrated inFig. 7. This 6-min cycle
is composed of six 1-min cycles, which contain three 10 s
accelerations, two 12 s accelerations, and one 15 s accelera-
tion. All braking segments are 5 s, and rests are 15 s.

In segment oa, hi and uv, the average speed is 20 km/h
and acceleration is 4 km/(h s); in segment ab, ij and vw, the
speed is 40 km/h and no acceleration; in segment bc, jk and
wx, the average speed is 20 km/h and no acceleration; in
segment cd, gh, kl, pq, tu and xy, there is a 15 s rest, which
speed is zero; in segment de, the average speed is 35 km/h
and acceleration is 5.83 km/(h s); in segment ef, the speed
is 70 km/h and no acceleration; in segment fg, the average
speed is 35 km/h and no acceleration; in segment lm, the

Fig. 6. Example driving pattern 1—highway driving—representing the
simplest pattern going to work with total duration of 44 min.Note: �t is
the duration of acceleration, which is the same inFigs. 7–9.

average speed is 45 km/h and acceleration is 6 km/(h s); in
segment mn, the speed is 90 km/h and no acceleration; in
segment np, the speed is 45 km/h and no acceleration; in
segment qr the average speed is 27.5 km/h and acceleration
is 4.58 km/(h s); in segment rs, the speed is 55 km/h and no
acceleration; In segment st, the average speed is 27.5 km/h
and no acceleration.

A 7.5-min cycle is shown inFig. 8. This 7.5-min cycle
is composed of a 5-s, three 10-s and two 15-s acceleration;
four 5-s, two 10-s and one 15-s braking. All the rests are 5 s.
These are constant speed segments ab, ef, gh, ij, kl, mn, pq,

Fig. 7. Example driving pattern 2—urban driving—representing the sim-
plified federal urban driving cycle (SFUDS) with total duration of 6 min
[7].
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Fig. 8. Example driving pattern 3—hybrid driving—local and highway
driving with total duration of 7.5 min.

Fig. 9. Example driving pattern 4—local driving—representing shopping
driving with total duration of 3 min.

tu, vw and xy, with speeds of 50, 50, 30, 65, 50, 90, 65, 30,
65, 30 km/h, respectively. In acceleration segment oa, de, hi,
lm, st and uv, the average speed is 25, 25, 47.5, 70, 15 and
47.5 km/h, respectively. The corresponding accelerations are

Table 1
Estimated power for an electric car corresponding to driving pattern shown inFig. 6

Segment Duration Velocity Acceleration Ptires Paero Pgrade Paccel Pinertial Ptraction

oa 1 24 0.8 0.9144 0.1144 0 2.0736 1 4.1024
ab 10 48 0 1.8288 0.9152 0 0 1 3.744
bc 1 72 0.8 2.7432 3.0888 13.716 6.2208 1 26.7688
cd 20 96 0 3.6576 7.3216 0 0 1 11.9792
de 1 72 0 2.7432 3.0888 0 0 1 6.832
ef 10 48 0 1.8288 0.9152 0 0 1 3.7444
fg 1 24 0 0.9144 0.1144 0 0 1 2.0288

Units: duration, min; velocity, km/h; acceleration, km/(h s); power, kW, which is the same inTables 2–4except for duration, s.

5, 10, 3.5, 8, 6 and 3.5 km/(h s), respectively. In braking
segment bc, fg, jk, np, qr, wx and yz, the average speed is
25, 40, 57.5, 77.5, 32.5, 47.5 and 15 km/h, respectively, and
no acceleration.

A 3-min cycle is illustrated inFig. 9. This 3-min cycle is
composed of a 5-s and four 10-s acceleration; two 5-s and
one 10-s braking and one 5-s rest. These constant speed seg-
ments bc, gh, ij and kl, are 50, 70, 30 and 50 km/h, respec-
tively. The corresponding acceleration segment oa, ab, ef, fg
and jk, have average speeds of 15, 40, 25, 60 and 40 km/h,
respectively. The corresponding accelerations are 3, 2, 5, 2
and 4 km/(h s), respectively. In braking segment cd, hi, the
average speeds are 25 and 50 km/h, respectively. There is no
acceleration for these segments.

5. Power for each driving pattern

Table 1are calculations of the individual and total require-
ments making up the traction power. These are calculated
from Eqs. (2)–(5). The total power, or traction power is then
plotted inFig. 10.

The above procedure is repeated for the driving patterns
of 2, 3, and 4. Traction power calculations are then presented
in Tables 2–4, and inFigs. 11–13accordingly.

The SAE gave a dynamic capacity test on SAE J1798
issued January 1997[12]. This test is intended to measure
the capacity of a battery module under dynamic discharge
conditions similar to those which are imposed on electric
vehicles in urban driving conditions. This dynamic cycle is
scaled to a percentage of the rated or specified maximum
power for the module to be tested. We assumed the maximum
power for the module to be tested is 50 kW and we used
the modified SAE dynamic capacity test profile as one of
our power patterns because the Al/air battery system is not
charged during driving. The resulting power profile is shown
in Fig. 14.

6. Proposed battery system

The proposed battery system total output power is fixed
and determined by its structure. When driving an electric
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Fig. 10. Estimated power for an electric car corresponding to driving pattern shown inFig. 6.

car, we need to change vehicle speed to match driving con-
ditions. Thus, it is necessary to regulate the output power
of the battery system. A novel structure of the battery stack
is proposed in this research to provide the required output
power.

The purpose of sub-batteries is to regulate the output
power of the Al/air battery system and prolong the lifetime
of the whole battery system by making the sub-batteries
work in shifts. Each sub-battery is comprised of a num-
ber of cells that are responsible for a certain percent of
the whole battery power. The electrolyte flow rate in each
sub-battery and thus the current density of a single cell in a

Table 2
Estimated power for an electric car corresponding to the driving pattern shown inFig. 7

Segment Duration Velocity Acceleration Ptires Paero Pgrade Paccel Pinertial Ptraction

oa 10 20 4 0.762 0.0662 0 8.64 1 10.468
ab 30 40 0 1.524 0.5297 0 0 1 3.054
bc 5 20 0 0.762 0.0662 0 0 1 1.828
cd 15 0 0 0 0 0 0 0 0
de 12 35 5.83 1.33 0.3548 6.6675 22.037 1 31.3893
ef 28 70 0 2.667 2.84 0 0 1 6.507
fg 5 35 0 1.33 0.3548 0 0 1 2.685
gh 15 0 0 0 0 0 0 0 0
hi 10 20 4 0.762 0.0662 0 8.64 1 10.468
ij 15 40 0 1.524 0.5297 0 0 1 3.054
jk 5 20 0 0.762 0.0662 0 0 1 1.828
kl 15 0 0 0 0 0 0 0 0
lm 15 45 6 1.71 0.754 17.145 29.16 1 41.1965
mn 30 90 0 3.43 6.03 0 0 1 10.46
np 5 45 0 1.71 0.754 0 0 1 3.464
pq 15 0 0 0 0 0 0 0 0
qr 12 27.5 4.58 1.048 0.172 0 13.6 1 15.82
rs 28 55 0 2.096 1.377 0 0 1 4.473
st 5 27.5 0 1.048 0.172 0 0 1 2.22
tu 15 0 0 0 0 0 0 0 0
uv 10 20 4 0.762 0.0662 0 8.64 1 10.468
vw 30 40 0 1.524 0.5297 0 0 1 3.054
wx 5 20 0 0.762 0.0662 0 0 1 1.828
xy 15 0 0 0 0 0 0 0 0

sub battery is kept at a constant value to reduce the effect
of polarization and corrosion. The output power of a sin-
gle sub-battery is maintained relatively constant. The out-
put power of the whole battery system is proportional to the
number of the working sub-batteries. If the power demand
of an EV is increased, e.g. in the process of acceleration,
more sub-batteries are working. The electrolyte flow rate of
the whole battery should be varied in proportion to the num-
ber of working sub-batteries. Solenoid valves provide the
electrolyte flow to the appropriate number of sub-batteries.
If the output power of the battery system increases, the elec-
trolyte flow rate of the whole system should also be increased
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Table 3
Estimated power for an electric car corresponding to the driving pattern shown inFig. 8

Segment Duration Velocity Acceleration Ptires Paero Pgrade Paccel Pinertial Ptraction

oa 10 25 5 0.9525 0.1293 0 13.5 1 15.58
ab 40 50 0 1.905 1.034 0 0 1 3.939
bc 5 25 0 0.9525 0.1293 0 0 1 2.082
cd 5 0 0 0 0 0 0 0 0
de 5 25 10 0.9525 0.1293 4.7625 27 1 33.8443
ef 30 50 0 1.905 1.034 9.525 0 1 13.465
fg 5 0 0 1.524 0.5296 0 0 1 3.05
gh 5 30 0 1.143 0.2234 0 0 1 2.366
hi 10 47.5 3.5 1.81 0.887 9.05 17.95 1 30.7
ij 50 65 0 2.476 2.273 0 0 1 5.749
jk 5 57.5 0 2.19 1.573 0 0 1 4.763
kl 5 50 0 1.905 1.034 0 0 1 3.939
lm 5 70 8 2.667 2.838 13.335 60.48 1 80.32
mn 125 90 0 3.429 6.033 0 0 1 10.462
np 10 77.5 0 2.953 3.852 0 0 1 7.805
pq 30 65 0 2.476 2.273 0 0 1 5.749
qr 15 32.5 0 1.24 0.284 0 0 1 2.524
rs 5 0 0 0 0 0 0 0 0
st 5 15 6 0.572 0.0279 0 9.72 1 11.32
tu 5 30 0 1.143 0.223 0 0 1 2.366
uv 10 47.5 3.5 1.81 0.887 0 17.95 1 21.65
vw 40 65 0 2.476 2.273 0 0 1 5.749
wx 5 47.5 0 1.81 0.887 0 0 1 3.697
xy 10 30 0 1.143 0.223 0 0 1 2.366
yz 10 15 0 0.572 0.0279 0 0 1 1.6

proportionally keeping the electrolyte flow rate within a sin-
gle cell at a constant value. Thus, the regulation of the out-
put power of the Al/air battery system turns into flow rate
control problem and control of a set of solenoid valves.
During the use of the sub-batteries the unused sub-batteries
are empty of electrolyte markedly reducing corrosion in the
system.

The concept of sub-batteries for use in an EV is a
break-through concept. It not only makes it possible for
the output power of the Al/air battery system to vary with
different demands, but optimizes use of aluminum and min-
imizes corrosion. Determining how to size the sub-batteries
is a practical problem for the whole battery system design.

Table 4
Estimated power for an electric car corresponding to the driving pattern shown inFig. 9

Segment Duration Velocity Acceleration Ptires Paero Pgrade Paccel Pinertial Ptraction

oa 10 15 3 0.5715 0.0279 0 4.86 1 6.4594
ab 10 40 2 1.524 0.5296 0 8.64 1 11.6936
bc 30 50 0 1.905 1.034 9.525 0 1 13.464
cd 5 25 0 0.9525 0.1293 0 0 1 2.0818
de 5 0 0 0 0 0 0 0 0
ef 10 25 5 0.9525 0.1293 0 13.5 1 15.5818
fg 10 60 2 2.286 1.787 11.43 12.96 1 29.463
gh 50 70 0 2.667 2.838 0 0 1 6.505
hi 10 50 0 1.905 1.034 0 0 1 3.939
ij 5 30 0 1.143 0.223 0 0 1 2.336
jk 5 40 4 1.524 0.5296 0 17.28 1 20.3336
kl 25 50 0 1.905 1.034 0 0 1 3.939
lm 5 25 0 0.9525 0.1293 0 0 1 2.0818

Driving patterns give the basis for sizing these sub-batteries.
Different driving patterns including modified SAE dynamic
capacity test profiles[12] are considered in this sub-battery
sizing problem.

As shown inFig. 15, the proposed battery structure for
the electric vehicle consists of several sub-batteries that are
in parallel to form the whole battery.

The improvement of sub-battery sizing and optimal oper-
ation and implementation of this Al/air battery system with
hardware requires additional research and design work. It
may be possible that the size of all sub-systems are the same.
The advantage of this concept includes standardization and
easy mechanical recharging.
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Fig. 11. Estimated power for an electric car corresponding to the driving pattern shown inFig. 7.

Fig. 12. Estimated power for an electric car corresponding to the driving
pattern shown inFig. 8.

Fig. 13. Estimated power for an electric car corresponding to the driving
pattern shown inFig. 9.

7. Sizing the modules

As we have discussed in detail before, the whole Al/air
battery system is composed of several sub-batteries that will
work in shifts. Before obtaining the reference input of the

Fig. 14. Modified SAE dynamic capacity test profile[12].

Fig. 15. Electrolyte flow system with on/off valves and battery sub-systems
[4].

flow rate control system, we need to size the sub-batteries,
i.e. determine the output power of each sub-battery. The
process to determine the output power of each sub-battery
is called battery sizing.

An example structure of an electrolyte flow system for
an Al/air battery is shown inFig. 16. The electrolyte flow
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Fig. 16. The electrolyte flow system with sized sub-batteries in kW.
Solenoid on/off valves are also indicated.

system of this Al/air battery is comprised of five primary
parts, which includes seven sub-batteries, seven solenoid
on/off valves, a controllable valve that can be modeled as a
first-order system with a small amount of time delay, and an
electrolyte tank and a pump. These parts are connected by
pipes with a diameter of 4 cm. Each sub-battery is made up
of several cells with fixed output voltage. The number of the
total cells in a sub-battery is determined by the output power
of this sub-battery. All of the cells in the sub-batteries are op-
erated at a constant current, which isIop. The solenoid on/off
valves determine the state of the sub-batteries. Since there
are only two states of on/off valves, i.e. on or off, the state of
the sub-batteries is either working or rest. When the solenoid
valve is on, the cells in the corresponding sub-battery are
working. When the solenoid valve turns off, there is no elec-
trochemical reaction in the cells. The electrolyte drains into
the electrolyte tank.

The simplest way to size the sub-batteries is to make
the number of sub-batteries equal to the number of seg-
ments on the driving pattern and make the output power of
sub-batteries equal to the requiredPtraction in different seg-
ments on driving pattern. Here, we use the driving pattern
shown in Fig. 6 as an example of this sizing method. In
Fig. 6, there are seven segments, so we choose the number
of sub-batteries as seven. The output power of each of these
seven sub-batteries is equal to thePtraction in the different
segments, which means the requiredPtraction in segment oa
is 4.1024 kW and thus we set the first sub-battery output
power to 5 kW. For the second sub-battery we set its output
power to 4 kW due to thePtraction in segment ab is 3.744 kW.
With the same approach, the output powers of sub-battery
3–7 are set to 27, 12, 7, 4 and 3 kW, respectively. However,
sizing the sub-batteries with this method may lead to redun-
dant sub-batteries. In this case, there are two sub-batteries
whose output power are exactly the same, which is 4 kW.
In the mean time, it is clear that sub-batteries with the out-
put power of 7 and 12 kW are also redundant because we
can use the sub-batteries with the output power of 3 and
4 kW as a substitution of the one with power of 7 kW, and
the combination of the sub-batteries with power of 3, 4 and
5 kW as the sub-battery with power of 12 kW. Hence, an-

Fig. 17. Structure of sized sub-batteries corresponding to driving pattern
shown inFig. 8.

other sizing method is necessary to reduce the redundancy
of the sub-batteries.

A more complicated driving pattern is shown inFig. 8,
there are total 25 segments in this driving pattern. In this
case, choosing the number of the sub-batteries as the to-
tal number of segments in driving pattern is not a practical
method. If the number of sub-batteries exceeds more than
ten, it will bring some other problems such as increase of
complication of the control system, more solenoid valves
needed. Generally, the number of sub-batteries is around 7.
How to determine the output power of each sub-battery is a
critical problem in design. The demanding output power of
each segment on driving pattern.Fig. 8 is shown in the col-
umn of Ptraction in Table 3. There are three big numbers in
Ptraction, which are 33.8443, 30.7 and 80.32. We can size a
part of the sub-batteries with these big numbers inPtraction.
In this case, the output power of one sub-battery can be set
to 81 kW, which can provide thePtractionof 80.32 kW in seg-
ment lm. We use another five sub-batteries in designing this
Al/air battery. The output powers of these five sub-batteries
are sized at 2, 3, 4, 8 and 16 kW, respectively. These five
sub-batteries and combination of some or all of them can
provide the demandedPtraction in any segment shown in
Fig. 8. The structure of these sized sub-batteries is illustrated
in Fig. 17.

With the same method we can size the sub-batteries cor-
responding to other driving patterns inFig. 7. Fig. 18gives
the sizing result corresponding to driving patterns inFig. 7.

In the mean time we size the sub-batteries correspond-
ing to the SAE dynamic capacity test profile illustrated in
Fig. 14, which is demonstrated inFig. 19.

Fig. 18. Structure of sized sub-batteries corresponding to driving pattern
shown inFig. 7.

Fig. 19. Structure of sized sub-batteries corresponding to modified SAE
dynamic capacity test profile inFig. 14.
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Table 5
Example of an operation sequence of the sub-batteries for driving pattern
1

Segments Power (kW) Sub-batteries

oa 5 1
ab 4 2
bc 27 1–3
cd 12 4
de 7 2 and 7
ef 4 6
fg 3 7

8. Battery sub-system operation optimization

The use of sub-batteries in designing the Al/air battery
system is to change the output power of the whole battery
system and also make it operate in optimum condition to
maximize the battery life. When the sub-battery is work-
ing, the corresponding solenoid valve is on, the electrolyte
flows into the sub-battery. Some corrosion reactions in that
sub-battery will take place concurrently with the desired
electrochemical reactions. These corrosion reactions will re-
duce the lifetime of the sub-batteries. Hence, the control
system we propose for the Al/air battery system makes the
sub-batteries work in shifts to prolong the battery life.

Consider an example of the sub-batteries shown inFig. 17.
We have seven sub-batteries with the output power of 2, 3,
4, 8, 16 and 80 kW, respectively. These seven sub-batteries
are numbered from 1 to 6 as shown inFig. 15. In segment
oa, the demanded output power (Ptraction) of Al/air battery is
16 kW, during this time, only sub-battery 5 is working while
all the others are in the rest. In segment ab, thePtraction is
4 kW, sub-battery 3 is now in a working state and the others
rest. In segment ef the power is 23 kW, while no sub-battery
has a output power of 23 kW. To achieve 23 kW we use three
sub-batteries numbered as 2, 3 and 5 work together.

An operation sequence of the sub-batteries shown in
Fig. 16(driving pattern 1 inFig. 6) is shown inTable 5.

9. Electrolyte flow rates

A typical flow rate pattern, illustrated inFig. 20, is ob-
tained from the driving pattern 3 shown inFig. 8and is used
as the reference input of the flow rate control system. Vari-
ous control methods and simulations can now be considered
to optimize control of the EV.

10. Example of a 100 horsepower electric vehicles
system

For a 100 horsepower (75 kW) electric vehicle, we cal-
culated the battery mass and volume. We also calculate the
driving range and running time of the vehicle for a given
amount of aluminum fuel of 80 kg.

Fig. 20. Example flow rate pattern of aluminum/air battery system corre-
sponding to the driving pattern 3 shown inFig. 8.

The nominal power is determined by driving patterns sum-
marized inTable 6. The calculation methods for battery
mass and volume are the same as in our previous paper[1].
Sample calculations for range and running time are given in
Section 10.1. A summary of these results is listed inTable 7.

10.1. Sample driving pattern 1: highway driving

• Battery design characteristics.
• Battery peak power= 75 kW, average battery power=

8.9 kW.
• Peak current density= 5 kA/m2; peak power density

= 6 kW/m2.
• Sub-battery operating current density= 2 kA/m2; operat-

ing power density= 2.9 kW/m2.
• Battery weight= 489 kg.
• Battery volume= 679 l.
• Average speed= 70 km/h.
• Anode mass= 80 kg aluminum.
• Anode energy density= 4 kWh/kg Al.
• Aluminum change: run timeT (h)= (anode mass× anode

energy density)/ nominal power= (80 × 4)/8.9= 36.
• Range= average speed× T = 70× 36 h= 2520 km.
• Electrolyte/water change: four stops, every 9 h, and

630 km to add water.

Table 6
Power requirements and average velocities for different driving patterns

Driving
patterns

Peak
power
(kW)

Average
traction power
(kW)

Nominal
(average)
battery power

Average
velocity
(km/h)

1 75 8 8.9 70
2 75 7 7.8 35
3 75 9 10 61
4 75 9 10 49

Modified SAE test 75 11 12.2
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Table 7
Estimated running time and ranges of the vehicle for different driving patterns

Driving patterns Peak power (kW) Normal power (kW) Average velocity (km/h) Running time (h) Range (km)

1 75 8.9 70 36 2520
2 75 7.8 35 41 1435
3 75 10 61 32 1952
4 75 10 49 32 1568

Modified SAE test 75 12.2 –

Notes: (1) Battery mass 489 kg, anode mass= 80 kg; (2) one stop for change of sub-batteries for the given range; (3) four stops for change of electrolyte
for the given range.

The calculation procedures are the same for other driving
patterns. The results are shown inTable 7. The results clearly
show that the range and running time of the vehicle depends
on different driving patterns.

11. Conclusions

This research work focuses on the Al/air battery sys-
tem and its optimization using a novel control method. The
Al/air system also offers rapid mechanical recharging, and
a range that is compatible with internal combustion engine
vehicles To allow for operation at or near optimum current,
the Al/air battery system we propose is made up of several
sub-batteries. The purpose of multi sub-batteries is to vary
the output power of the battery system. The control sys-
tem makes the sub-batteries operate at conditions that re-
duce the corrosion of aluminum and maximize the battery
life. Analysis of different driving patterns will yield refer-
ence input flow rates for the design of the control system.
The linearity of traction power makes the electric vehicle
relatively easy to control as speed varies. Reference inputs
of the electrolyte flow rate control system are obtained from
the data representing driving patterns. Calculations of the
individual and total power requirements are included. One
or several sub-batteries will work in shifts. Sub-batteries not
being used will be void of the electrolyte. After the power
of each sub-battery is determined the required flow rates
are calculated. Flow rates are used to determine the control
system. The use of sub-batteries is a break-through that not
only makes the output power of the Al/air battery system
vary with demand, but gives a possible way for optimal use
of aluminum and minimal corrosion.

For a 100 horsepower (75 kW) electric vehicle, we calcu-
lated a battery mass of 489 kg and battery volume of 679 l.
The driving range and running time for this example is about
1600 km and the replacement of the electrolyte will be re-
quired after about 400 km (four stops). The actual range will
depend upon the driving patterns.

The improvement of sub-battery sizing and optimal oper-
ation and implementation of this Al/air battery system with
hardware will require additional research and design work.
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