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1  EXECUTIVE SUMMARY  

The objective of this project was to develop, demonstrate, and evaluate commercialization of a 
highly efficient downsized engine by electrification of the air delivery and waste heat recovery 
system and optimizing energy usage to achieve significant fuel economy improvement at a 
commercially viable cost. The system consists of an Electrically Assisted Variable speed 
Supercharger (EAVS), driven by an electric motor and the engine through a planetary gear train, 
that provides engine boost pressure and provides the mild hybrid functions of engine start/stop, 
torque assist, and brake energy recovery. In the exhaust path of the engine is the electric Waste 
Heat Recovery (eWHR) system, a roots-based expander driven by another electric motor, that 
enables exhaust gas energy recovery along with controlled back pressure on the engine. The two 
electric motors are powered by a 48V rechargeable lithium-ion battery. Further, the EAVS 
system coupled to an EGR valve enables very precise high exhaust recirculation rates to control 
the NOx emissions.  

Through two budget periods, the project team of Eaton, Isuzu, Southwest Research 
Institute and AVL designed and developed the EAVS and eWHR systems, integrated with an 
Isuzu diesel engine, and validated the target fuel economy performance and emissions by engine 
dynamometer testing and vehicle level simulations. GT Power model-based analyses results were 
used to size the EAVS and eWHR systems for the 1.9L Isuzu Spark engine. The two systems 
were built and the functional testing was carried out to verify the boosting performance of the 
superchargers. Following the baseline engine dynamometer testing, the two systems were 
integrated with the engine and the fuel economy performance and emissions were determined by 
combined steady state and transient testing over three drive cycles, namely, FTP75, NEDC and 
HWFET. The EAVS/eWHR system demonstrated 4% improvement in fuel economy for the 
NEDC cycle in engine dyno testing, correlating well with vehicle simulation results (5.3%). The 
simulation results indicated that the combination of hybrid functions and drivetrain optimization, 
fuel economy improvement of more than 20% was feasible with the system. 

The commercialization study to evaluate the cost of the system and the scalability for 
different engine/vehicle classes was planned for the final budget period but not completed as the 
project was closed at the end of budget period two. 

2 ACCOMPLISHMENTS 

 
The projects targets and the results accomplished through Budget Periods 1 and 2 are provided in 
Table 1 below. 

Table 1: Project Targets 

Type Target Description Metric Results 

Fuel economy For a mid-size diesel 
passenger vehicle with 
EAVS-WHR, show 
fuel economy over the 
same vehicle equipped 
with a downsized 
turbocharged engine: 
7% FE from additional 

>20% fuel 
economy 
improvement 
while meeting or 
exceeding EPA 
emission 
standards 

The path to achieve 20% fuel 
economy improvement was 
demonstrated by combination of 
vehicle level simulation and engine 
dynamometer testing. 
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downsizing, 4% FE 
from downspeeding, 
3% FE from start/stop 
and 6% FE from energy 
recovery. 

Cost Meet the system net 
cost per % of FE 
improvement that is 
appealing to OEMs 

<$50/% of fuel 
economy 
improvement net 
impact  

The system cost-benefit analysis was 
planned for BP3, and was not 
completed as the project was stopped 
after BP2. 

Performance Peak engine torque 
starting at low engine 
rpm 

Achieve peak 
engine torque at 
<1100rpm 

The right sized EAVS system was 
shown to achieve peak engine torque 
at ~1500rpm through simulation 
study. 

Performance Response time to peak 
torque  

300ms time to 
peak torque 

Step response of peak torque was not 
evaluated. However, transient 
response of EAVS system to boost 
pressure demand was found to have a 
lag of <300ms. 

Efficiency Most electrical energy 
generated without 
penalty in fuel 
consumption (i.e., not 
accessory load) 

>80% of required 
energy from 
regeneration 
(brake and waste 
heat) 

Engine dynamometer studies showed 
that the waste heat recovered energy 
from eWHR system could meet the 
boosting needs of the EAVS system 
over an FTP75 drive cycle. 

Commercialization Time to market after 
project completion 

<5 years Commercialization study was 
planned for BP3 and was not 
completed as the project was stopped 
after BP2. 

3 PROJECT ACTIVITIES   

The project was conducted over two (2) budget periods defined below: 

 Budget Period 1 (BP1): Model-based System Analysis and Individual Technology 
Risk Mitigation - evaluating integration of the two technologies in a model-based 
environment where the architecture and the component sizes will be optimized. 

 Budget Period 2 (BP2): Design and Engine Dynamometer Testing of System and 
Optimize Controls - designing and integrating the two technologies on a full engine 
dynamometer. 

3.1 Hypothesis & Vehicle Selection 

Hypothesis  
Downsizing and downspeeding by definition improves fuel economy but also reduces vehicle 
performance, since peak power is lost. To make up for the lost performance, OEMs are 
employing on-demand performance boosters, such as electric motors, in parallel with the engine 
or engine boosting solutions such as turbochargers. Both of those solutions exhibit significant 
drawbacks; electrification solutions that directly put torque directly to the wheels require 
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Figure 2: Selected vehicle pictures 
 
The goal of the project for this given vehicle was to match the performance of the 2.5L Turbo 
engine with the 1.9L EAVS/WHR engine while improving on the fuel economy. The difference 
in peak torque is 50Nm between the two vehicles. 

3.2 Model-Based Analysis 

Significant effort was spent in developing a model based framework in order to evaluate various 
applications of the proposed technology as well as to optimize the component sizes and control 
algorithms for the selected architecture. 

A description of the key components of the model is given below: 
 
Engine Model 
This engine model has been correlated to test data and adapted to simulate a 1.9L EAVS and 
WHR engine (Figure 3). The baseline model was provided by the OEM and is representative of 
the production engine.  
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Figure 11: Expander Speed and Exhaust Inlet temperature 

3.4 Baseline Engine Testing 

The Isuzu Spark vehicle was received at the Eaton facility in Southfield, Michigan on January 
17, 2017. The engine was subsequently removed from the vehicle and installed in the engine 
dyno test cell. Figure 12 shows the engine dyno test setup. Figure 13 shows the schematic of the 
dyno test setup with the key sensors for combustion and emission analysis. The baseline engine 
testing focused on characterizing the baseline engine power map and obtaining repeatable engine 
performance for three transient drive cycles, as shown in Table 2. Figure 14 shows the steady 
state engine power map. Figure 15 shows transient drive cycle test data for New European 
Driving Cycle (NEDC). The data was collected over 8 test runs and all the key variables 
including engine speed, torque, and fuel flow show very good repeatability. 
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Figure 13: Engine Dyno Test Setup Schematic for Baseline Engine Testing
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Figure 15: NEDC Transient Drive Cycle Test Data 

3.5 EAVS Design Study 

Eaton had previously developed an EAVS system for a gasoline engine using a V400 
supercharger. Initial results from a design of experiment indicated that the EAVS unit with 
Eaton’s V400 supercharger will likely fall short of the required Air Fuel Ratio (AFR) and EGR 
requirements of the Isuzu engine. Simulations with the Eaton’s TVS3-460 supercharger showed 
promising results. The design parameters for the high pressure ratio EAVS were finalized 
through an iterative approach using GT Power simulations; this resulted in the following design 
parameters: 3.2 pressure ratio, 460cc displacement, motor to ring gear ratio of 0.255, and EAVS 
to crank pulley ratio 1.06. A comparison of the new design parameters and the current EAVS is 
provided in Table 3, and the resulting engine torque map is shown in Figure 16. However, due to 
project timing and budget, the development of the high pressure EAVS system was not pursued, 
and the V400 design was implemented with the Isuzu engine. Figure 17 shows the EAVS unit 
using the V400 supercharger. 
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Figure 18: Preliminary WHR expander 

 
Expander Analytical Studies and Design 
Finite Element Analysis (FEA) and CFD analysis were completed to improve upon the expander 
design, for increased efficiency and durability. Firstly, steady state FEA thermal analysis was 
completed to determine component temperatures when the exhaust gas was at its operating 
temperature of 700ºC. This was input into a structural FEA to understand stress concentrations 
and deformation. Through a series of design iterations and this FEA analysis, the final housing 
design was selected. Changes from the first iteration included the addition of ribbing on the 
housing, heat sinks, and a ceramic plasma spray coating on the interior of the housing. 

 

 
Figure 19: Sample results from thermal FEA 

 
Once the final design was selected, a thermal tolerance stack was completed. This was to ensure 
the expander components would have the required dimensions while operating in the exhaust 
stream. The operating temperature of each component, thermal expansion coefficient of each 
material, and desired clearances/interferences were taken into consideration. This was necessary 
such that press fits would stay in place and rotors would not bind during repeated thermal cycling 
from room temperature to operating temperature (700  exhaust). The final expander hardware is 
shown below (Figure 20). 



DE-EE00
Integrated

 
 

 
Exhaust 
The exha
therefore
exhaust m
chosen b
the optim
manufact
to the op
were inp
expander
efficiency
highest e
Figure 22

 

06844 - Final
d Boosting an

Manifold O
aust manifol
e impacting t
manifold flo

based on the
mized manif
turing standp
timized expa

put into the 
r speed, torq
y, isentropic

efficiencies w
2. 

l Technical R
nd Hybridizati

Figure 20:

Optimizatio
ld design im
the perform

ow paths des
 manifold th
fold flow pa
point were d
ander from b
CFD softwa
que, and pr
c efficiency
was chosen f

Report 
ion for Extrem

 Waste heat r

n 
mpacts how m

ance of the 
signs were c
hat resulted 
ath, several 

developed. T
budget perio
are (Figure 
essure ratio

y, and mech
for fabricatio

me Fuel Econ

 

ecovery expan

much of the 
WHR expan

compared us
in the highe
designs tha

These 3D mo
od 1. Engine
21). Output
. These out

hanical effic
on and testin

nomy and Dow

 

nder final har

 exhaust pul
nder. During
sing CFD an
est expander
at were fea
odels were u
e pulse maps
ts were flow
tputs were u
ciency. The 
ng. The final

        E
wnsizing  

 
rdware 

lse energy c
g budget per
nalysis. The
r output sha
sible from 

used in CFD 
s determined
w rate throu
used to calc
manifold th

l manifold de

Eaton Corpora

Page 18 of

can be recov
riod 1 a seri

e best design
aft torque.  U
a packaging
analysis cou

d using GT P
gh the expa
culate volum
hat provided
esign is show

 

ation 

f 33 

vered, 
ies of 
n was 
Using 
g and 
upled 

Power 
ander, 
metric 
d the 
wn in 



DE-EE00
Integrated

 
 

 
 

 

 
Generato
A genera
the exhau
prelimina

06844 - Final
d Boosting an

Figure 22

or Specificat
ator was des
ust energy t
ary test re

l Technical R
nd Hybridizati

Figure 21:

2: BP 1 optim

tion 
signed to be 
to charge a b
esults from 

Report 
ion for Extrem

: Sample of en

mized design (le

coupled to 
battery. The

budget pe

me Fuel Econ

 

ngine pulse dat

eft) and final 

the WHR e
e specificatio
eriod 1 an

nomy and Dow

 

ta for each cy

exhaust mani

expander via
ons for the m
nd projectio

        E
wnsizing  

ylinder 

fold design (ri

a direct drive
motor were 
ons of imp

Eaton Corpora

Page 19 of

 

 

ight) 

e, in order t
chosen base

proved expa

ation 

f 33 

o use 
ed on 
ander 



DE-EE00
Integrated

 
 

performa
shown b
expander
12k RPM
specifica
 

 

 
Bench T
Testing w
efficiency
Then the
generated
at speeds
 

06844 - Final
d Boosting an

ance/efficien
below (Figur
r. Based on 

M, max torqu
ation is show

Figure 23: BP

Testing 
was comple
y maps. Firs

e dyno was s
d energy wa
s up to 12000

l Technical R
nd Hybridizati

ncy. A map o
re 23) alon
this informa

ue of 4.5Nm
wn below in F

P1 expander o

Figure 24: C

eted on the 
st the genera
set to 1000R
as stored and
0RPM. Gene

Report 
ion for Extrem

of expander 
g with the 
ation the ge

m and 4kW p
Figure 24. 

operating data

Custom WHR 

WHR expa
ator was tes

RPM and the
d measured u
erator efficie

me Fuel Econ

 

power, spee
expected o
nerator was 

peak power. 

a and projecte

motor built to

ander and g
sted by coup
e generator w
using a batt
ency is show

nomy and Dow

 

ed, and torqu
operating ran
 specified to
The custom

ed operating r

o Eaton’s spec

generator to 
pling its inpu
was swept t
tery emulato
wn below (Fi

        E
wnsizing  

ue from preli
nge of the 
o have a ma

m motor that

range of BP2 e

 
cification 

determine p
ut shaft to th
through its to
or. This proc
igure 25). 

Eaton Corpora

Page 20 of

iminary testi
budget peri

aximum spe
t was built to

expander 

performance
he dynamom
orque range

cess was rep

ation 

f 33 

ing is 
iod 2 
ed of 
o this 

 

e and 
meter. 
. The 

peated 



DE-EE00
Integrated

 
 

 
The expa
connecte
the super
the expan
speeds, w
torque sw
order to c
expander
efficiency

 

06844 - Final
d Boosting an

ander was th
d to the exp
rcharger, sim
nder rotor sh
which in tur
weeps were 
calculate the
r inlet and 
y map is sho

F

l Technical R
nd Hybridizati

F

hen bench te
pander inlet.
mulating the
haft. The test
rn set the ai
completed f

e expander e
outlet temp

own in Figur

Figure 26: Test

Report 
ion for Extrem

Figure 25: Ge

sted. A supe
 The spinnin

e exhaust str
t setup is sho
ir mass flow
for each flow
efficiency: ai
perature, sp
re 27. 

t setup for WH

me Fuel Econ

 

enerator efficie

ercharger wa
ng supercha
ream. The ge
own below i
w rate. With
w rate. The 
ir mass flow

peed, torque

HR expander 

nomy and Dow

 

ency map 

as coupled to
arger was us
enerator wa
in Figure 26
h the genera
following p

w rate, expan
e, and gene

characterizat

        E
wnsizing  

 

o the dyno a
sed to force 
as coupled v
. The dyno w
ator in torqu
parameters w
nder inlet an
rated power

tion testing 

Eaton Corpora

Page 21 of

and its outle
fresh air thr

via direct dri
was set at va
ue control m
were measur
d outlet pres
r. The expa

 

ation 

f 33 

t was 
rough 
ive to 
arious 
mode, 
red in 
ssure, 
ander 



DE-EE00
Integrated

 
 

3.7 Ste

The EAV
turbochar
the eWH
 

 

06844 - Final
d Boosting an

eady State En

VS and eWH
rger. The EA

HR system se

l Technical R
nd Hybridizati

Fi

ngine Calibr

HR systems 
AVS and EG
etup along w

Figure 28: Dy

Report 
ion for Extrem

igure 27: Expa

ration with E

were integr
GR setup in t

with DOC and

yno setup with

me Fuel Econ

 

ander Perform

EAVS EGR 

rated with th
the engine in
d DPF in the

h EAVS and E

nomy and Dow

 

mance Map 

and eWHR 

he baseline 
ntake path a
e exhaust pat

EGR valve ins

        E
wnsizing  

Systems 

engine after
are shown in
th are shown

 
stallation 

Eaton Corpora

Page 22 of

 

r unmountin
 Figure 28, w
n in Figure 2

ation 

f 33 

ng the 
while 
29. 



DE-EE00
Integrated

 
 

 
Measure
The engi
to achiev
dynamom
system. A
key instr
monitorin
calibratio
emission
condition
mass air
expensiv
onsite su
measurem
should ag
facilitate 
 

06844 - Final
d Boosting an

Figure 2

ement Setup 
ine dynamom
ve the projec
meter lab, an
A schematic
ruments imp
ng cylinder 
on and EC
ns, AVL415S
ning and me
r flow. Instr
ve and comp
upport from 
ment system
gree on instr
timelier inst

l Technical R
nd Hybridizati

29: Engine dyn

meter system
ct objectives
nd then integ
c of the engi
plemented i
pressure an

U data log
S Smoke Me
etering, and 
rument syst

plex, and the
A&D and 

ms procurem
rumentation
trument proc

Report 
ion for Extrem

no test setup w

m includes se
s. These ins
grated with t
ine dynamom
include the 
nd combusti
gging, Horib
eter for meas
a Meriam L

tems such a
e implement
the instrum

ment and im
 requiremen
curement an

me Fuel Econ

 

with eWHR sy

everal key m
struments we
the A&D iTe
meter setup 
A&D Pho

ion characte
ba MEXA7
suring partic
Laminar Flo
as the A&D
tation and in
ent supplier

mplementatio
nts and respo
nd better proj

nomy and Dow

 

ystem installed

measurement
ere acquired
est dynamom
can be seen

enix Combu
eristics, ETA
720 NOx S
culate emissi
ow Element 
D Phoenix 
ntegration r
rs. One of t
on process 
onsibility as 
ject cost fore

        E
wnsizing  

d in exhaust p

t instrument 
d and install
meter contro
n in Figure 
ustion Anal

AS INCA sy
Sensor for 
ions, Re-Sol
for measuri
and ETAS 

required sign
the lessons l
is that the 
early as po

ecasting. 

Eaton Corpora

Page 23 of

 
path 

systems req
led in the en
ol and acquis
30 below. T

lysis System
ystem for en
measuring 

l fuel cart fo
ing engine in

INCA are 
nificant time
learned from
project par

ssible in ord

ation 

f 33 

quired 
ngine 
sition 
These 
m for 
ngine 
NOx 
r fuel 
ntake 
very 

e and 
m the 
rtners 
der to 



DE-EE0006844 - Final Technical Report          Eaton Corporation 
Integrated Boosting and Hybridization for Extreme Fuel Economy and Downsizing  

 
  Page 24 of 33 

 

 

 

 
Figure 30: Schematic of the engine dynamometer setup for EAVS/eWHR System Testing
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Figure 39: Engine Speed and Accelerator pedal signal for FTP 75 test 

 

 
Figure 40: EAVS system response details. 
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Figure 41: eWHR system response details 
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Figure 42: Electrical power and energy consumed by EAVS and recovered by eWHR system for FTP75 drive 

cycle 
 
The fuel economy of the engine with EAVS and eWHR systems was compared with the baseline 
turbocharged engine and results are shown in Table 5.  
 

Table 5: Fuel economy of the engine with EAVS and eWHR systems 

Drive Cycle 
Fuel Economy [kWh/kg] 

Baseline EAVS + eWHR EAVS + eWHR w/ SS 

FTP75 3.837 3.749 -2.3% 3.786 -1.3% 

HWFET 2.923 2.877 -1.6% 2.980 2.0% 

NEDC 3.344 3.303 -1.2% 3.479 4.0% 

US06 4.049 - - - - 
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The fuel economy predicted from simulation study are shown in Table 6.  
 

Table 6: Fuel economy from simulation  

Architectures – NEDC km/lt % 

VGT – Baseline (17.5km/lt measured) 17.88 0.00% 

EAVS/eWHR - Boost+No TA 17.58 -1.68% 

EAVS/eWHR - Boost+TA 18.88 5.59% 

EAVS/eWHR - Boost+TA+S/S 19.82 10.85% 

EAVS/eWHR - Boost+S/S 18.52 5.35% 

 
The vehicle level simulation of the Isuzu engine with EAVS and eWHR systems predicted a 
change in fuel economy when the system is not performing any hybrid functions of -1.68%. The 
engine dyno testing with boosting function only showed fuel economy change of -1.2% over 
baseline. Further, when engine start/stop (anti-idling) feature was enabled, the fuel economy 
change was +5.35% in simulation study and +4.0% over baseline in the engine dyno testing. The 
good correlation between the engine dyno testing and simulation study indicates that it is 
possible to achieve the target fuel economy improvement of +20% over baseline using 
EAVS/eWHR system in full performance + hybrid mode.  

4 TECHNOLOGY TRANSFER 

No products were developed under the award. 

The project was presented at the 2016 and 2017 DOE Vehicle Technologies Office Annual Merit 
Review and Peer Evaluation Meetings. 

1. Integrated Boosting and Hybridization for Extreme Fuel Economy and Downsizing, 
Project ID: ACS112, 2017 DOE Vehicle Technologies Office Annual Merit Review and 
Peer Evaluation Meetings, PI Chinmaya Patil, June 9, 2017.  

2. Integrated Boosting and Hybridization for Extreme Fuel Economy and Downsizing, 
Project ID: VSS162, 2017 DOE Vehicle Technologies Office Annual Merit Review and 
Peer Evaluation Meetings, PI Vasilios Tsourapas, June 9, 2016.  

 

5 COMPUTER MODELING 

No computer models were developed through the award. 

 


