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ABSTRACT 

Obtaining a net benefit from regenerative 
braking is difficult. Various forms of regenerative 
braking systems have been proposed. They include 
electric batteries, capacitors, flywheels, and 
compressed air. Some have been implemented on a 
limited scale. The benefits of regenerative braking 
systems are easy to qualitatively describe, hut can he 
challenging to quantify. The potential benefits 
depend upon obvious things such as driving patterns 
and the often overlooked considerations such as 
additional weight and cost, the less than ideal charge- 
discharge efficiency and a strategy for energy storage 
management that requires a forecast of the future 
driving pattern, such as uphill or downhill or stopping 
or accelerating. This paper will analyze a 
hydraulically coupled compressed air storage system 
that has been proposed for heavy vehicles. It uses the 
hydraulic system for transferring energy between the 
compressed air and the vehicle. The paper will also 
consider the possibility of thermal enhancement of 
the compressed air with engine exhaust heat. With 
this enhancement the compressed air system becomes 
an Otto cycle engine. The expansion can occur at a 
higher pressure than the compression. Thus, 
thermally enhanced storage has. the potential of 
recovering more work for the vehicle with the 
discharge expansion than was put in during the 
charging compression. 

1. Introduction 

Friction versus regenerative braking analysis for 
a vehicle requires the recognition of two classes of 
energy. Energy can he classified as orderly energy 
such as work, potential and kinetic or disorderly 
energy associated with molecular motion and 
bonding in the form of internal energy and heat. 
Each time a vehicle is stopped by friction all of its 

orderly energy is lost. Most is converted to internal 
energy and then heat via the brakes, while some is 
lost to aerodynamic and rolling drag during the 
stopping process. 

It takes orderly energy in the form of a force and 
a motion in the same direction to drive a vehicle. 
Electric power is also orderly, with the voltage being 
the force that moves the current. Regenerative 
braking means to convert the orderly kinetic energy 
of the car to some form of stored orderly energy, and 
then discharging the stored energy hack to the vehicle 
when motion is resumed. 

Most existing and proposed regenerative braking 
systems for vehicles transfer energy with generators 
and nutors and use batteries and possibly capacitors 
for storage. Other proposals transfer the kinetic 
energy of the vehicle to the kinetic energy of a 
flywheel and hack. An alternative regenerative 
braking system using a hydraulic drive with 
compressed air or nitrogen was displayed for a Ford 
Tonka Truck shown in Figure 1 during the 2002 New 
York Auto Show (Reference 1). This system 
provided the motivation for the authors’ analysis and 
for this paper. 

Figure 1. Ford Tonka Truck 

The article claims this system can result in a 35% 
fuel savings during stop and go traffic, and recover 
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and reuse 80% of the braking energy. Another claim 
is that the energy recovered from regenerative 
braking from 32 mph is sufkicient to propel the truck 
from a stop back to 25 mph, which is equivalent to a 
61 W chargedischarge efficiency. Hydraulic fluid 
from the drive system is used to pressurize nitrogen 
to a pressure of 5,000 psia. The system is shown in 
Figure 2. 

Figure 2. Hydraulic Coupled Compressed Cas 
Regenerative Braking System 

The authors noted that such a system that stores 
the kinetic energy of the vehicle in the form of a 
compressed gas rather than as electricity provides the 
additional possibility of recovering more than 100% 
of the kinetic energy of the vehicle. This can be done 
by using the engine exhaust to heat the gas after 
compression and to cool after discharge. 

Thus, the storage becomes an engine cycle 
similar to the idealized Otto cycle. The adiabatic 
compression of the air happens during the stopping 
process. The constant volume heating is performed 
from the engine exhaust while the vehicle is stopped. 

The adiabatic expansion then occurs at a higher 
pressure and thus transfers more energy back when 
the vehicle is accelerated. The air is then cooled to 
ambient temperature in preparation for the next stop. 

This enhanced regeneration system option is 
possible only if the temperature of the compressed air 
after the compression process is lower than the 
temperature of the engine exhaust. 

2. Analysis 

This paper will analyze a hest case compressed 
air storage system using the 8500 Ib weight and 
maximum pressure of 5000 psia for the truck and the 
storage system described in Reference 1. The tank 
pressure at the end of discharge was not specified. 
Thus, the first step in the analysis is to determine the 
optimal initial pressure. The objective is to determine 
the discharge pressure that minimizes the total weight 
or the total volume of the regenerative braking 
system. 

A n  deal system which is defined by a 100% 
chargedischarge efficiency will be assumed for the 
initial analysis. Three cases will be analyzed under 
the constraint of a maximum pressure of 5000 psia. 
Case # I  will size the storage to equal to the kinetic 
energy of the truck at 32 mph. Case #2 will size the 
storage equal to the kinetic energy at 64 mph. Case 
#3 will size the system for 64 mph but will be used at 
32 mph for braking, and then use thermal 
enhancement from the exhaust to heat the storage at a 
constant volume to a pressure of 5,000. Thus, the 
work recovering expansion will occur at a higher 
pressure than the work absorbing compression. 

The first step for Case #I was to determine the 
best pressure of the compressed air or nitrogen in the 
initial condition. Accordingly, a reference case was 
developed by hand calculation for an initial pressure 
of 15 psia. The computations were then programmed 
for a parametric analysis with initial pressures 
ranging from I5 up to 4500 psia. The results are 
presented in Table I. 
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Table I 
Case # I  Analysis for 32 mph as a Function of Initial Pressure 

The first observation is that the initial pressure of 
15 psia would require an unacceptably high volume 
of 12.52 cubic feet and combined fluid and gas mass 
of 627 Ib. Further review of Table I shows the best 
initial pressure would be 2000 psia. This would result 
in an acceptable combined tank volume of two cubic 
feet and a combined fluid and gas mass of 47 pounds. 

Figures 3 and 4 help explain why the optimal 
pressure initial pressure is a surprisingly high 
pressure of 2000 psia. Figure 3 shows that for a very 
low initial pressure a large displacement volume 
resulu in a high mass of hydraulic fluid. At a very 
high initial pressure like 4500 psia a large mass of 

nitrogen is needed. Thus the total mass which is the 
sum of the fluid and the gas is minimal at about 
2000psia initial pressure. 

Figure 4 shows that the required fluid volume 
decreases with initial pressure while the nitrogen tank 
volume first decreases and then increases again at 
very high initial pressures. The volume minimizing 
initial pressure is again found to be 2000 psia. Thus, 
an initial pressure of 2000 psia will store the kinetic 
energy of the vehicle while minimizing both the total 
volume and total mass of the regenerative braking 
system. 
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Figure 4. Volume versus Initial Pressure 
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The analysis is repeated for Case #2 and is 
presented in Table 11. This system stores the kinetic 
energy of the truck at 64 mph rather than 32 mph as 
in Case # I ,  Doubling the speed increases the kinetic 
energy by a factor of four and thus the energy storage 
requirement in terms of volume and mass also 
increases by a factor of four. The optimal initial 
pressure remains 2000 psia for a maximum charged 
pressure of 5000 psia. 

Finally, Case #3 is presented along with Case #I 
and #2 on a pressure versus gas volume diagram in 
Figure 5 .  Case #3 which sizes the system for 64 mph 
but operates from 32 mph can be idealized as a four 
process cycle corresponding to the classical Otto 
cycle. Process I to 2 is reversible adiabatic 
compression while the vehicle is stopping. Process 2 
to 3 is heating at constant volume by the engine 
exhaust while the vehicle is stopped. Process 3 to 4 
is discharge of energy from storage to the vehicle 
during acceleration. Process 4 to 1 is cooling to the 
ambient temperature while the vehicle is running. 

Table 11. Case #2 Analysis for 64 mph as a Function 
of the Initial Pressure 

PIUSSUIB VI). Volume for Three Cases 

I 2 3 4 '  5 

(try) 

Figute 5. Pressure versus Volume Analysis for the Three Cases 
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Table III presents the corresponding properties at 
each point and the heat. change of intemal energy 
and work for each process in this enhanced storage 
Ono cycle. 

Table I11 
Property and Process Table for Enhanced Storage 
Otto Cycle 

The amount of stored energy for the enhanced 
storage nominally doubles from 376 Btu to 730 Btu. 
This means that the enhanced regenerative cycle can 
ideally result in accelerating the vehicle to 44.6 mph 
rather than 32 mph without the thermal enhancement 
as shown in Table IV. 

Table IV 
Pre Stop Speeds and Ideal Recovered Speeds 

A remaining question is the amount of time 
required to heat the gas by 5,089 Btu from the 
exhaust during the stopped condition. Assuming an 
idle fuel consumption of 1 gallon per hour or 120,000 
Btu per hour it would take about three minutes for the 
constant volume heating from 77 F to 583 F. This is 
longer than the typical stopping time which normally 
will not exceed one minute. 

3. Results, Conclusions and Discussion 

The hydraulic coupled and compressed gas 
regenerative braking system described in this paper 
seems to have advantages relative to often proposed 
electric or flywheel systems for heavy vehicles such 
as garbage trucks that typically already have a 
hydraulic system for loading and compacting and 
also have a highly stop and go driving pattern. 

The thermally enhanced regenerative system can 
virtually double the amount of stored energy. Its 
evaluation and design also provide an interesting 
academic exercise. However, the time required for 
heating the gas from the exhaust is considerably 
longer than the typical time that such a vehicle would 
be stopped. 

The initial pressure was found to be optimal at 
2000 psia for Cases #I and #2 without thermal 
enhancement. A different optimal initial pressure 
may exist for Case #3 with the thermally enhanced 
storage. A lower initial pressure would yield a higher 
compression ratio and thus a higher efficiency of the 
Otto cycle. A higher initial pressure would require 
less heat from the exhaust and thus the thermal 
enhancement process while the vehicle is stopped 
could be performed in less time. 

While any type of storage is challenging, the 
systems analyzed in this paper should be competitive 
and in some situations preferable to electric or 
mechanical flywheel storage. 
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