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PREFACE

This sixteenth annual report informs the U.S. It was later joined by the electric utility industry as
Congress of the progress and plans of the Depart- represented by the Electric Power Research Insti-
ment of Energy Electric and Hybrid Vehicles Re- tute. The Cooperative Agreement between DOE
search and Development Program. This document and USABC is for a 50/50 cost-shared program to
complies with the reporting requirements established support research and development efforts of ad-
in section 14 of the Electric and Hybrid Vehicle Re- vanced battery developers and companies. This
search, Development, and Demonstration Act of 1976 agreement represents a major milestone in Govern-
(Public Law 94-413 as amended by Public Law 95-238 ment/industry cooperation to develop technologies
and Public Law 96-185), 15 U.S.C. §§2501 et see. In for public use in commercial products.
addition, this report is intended to serve as a commu- Research and development efforts continue to
nication link between the Department and all of the show steady progress as well in advancing technolo-
public and private interests involved in making the gies for electric vehicles, fuel cells, and propulsion
program a success, systems. Site operators are successfully demon-

During Fiscal Year 1992, significant progresswas strafing the practicability of electric vehicles and
made toward fulfilling the intent of Congress in pass- providing valuable technical feedback. The results
ing the Act. Underway are research and develop- of the ongoing activities will provide industry with
ment of advanced batteries for the near-term technology options for vehicles that will be more
introduction of electric vehicles in the U.S. transpor- economically competitive and more likely to gain
tation sector under a Cooperative Agreement between public and environmental acceptance. With the pas-
the Department of Energy (DOE) and the United sage of the Energy Policy Act of 1992 (Public Law
States Advanced Battery Consortium (USABC). The 102-486), it is expected that the DOE Electric and
USABC is a partnership formed in January 1991 by Hybrid Vehicle Program activities may be expanded.
the three major domestic automobile manufacturers.
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1.0 INTRODUCI'ION
I i

The transportation sector is the single largest The Program is managed by the Electric and
user of petroleum in the United States; not only did it Hybrid Propulsion Division within the DOE Office of
consume about 64 percent of all petroleum used last Propulsion Systems. The current program structure
year, but more significantly, it used 38 percent more and principal responsibilities of the organizational
oil than the country produced. This heavy reliance units are shown in F;.gure 1. The participants in EHV
on petroleum fuels has also made transportation a research and development, listed in Table 1, include
major contributor to air pollution. In comparison, major automotive companies, battery companies,
only 5 percent of electricity was generated from pe- component and propulsion system companies, uni-
troleum; the balance was generated using other en- versifies, and electric vehicle users from the public
ergy resources including renewables. Electric ve- and private sectors. Table 1 also provides the cost-
hicles (EV) offer a way for the transportation sector sharing commitment of the participants.
to meet a portion of its energy demand with electric- In FY 1992, the Electric and Hybrid Vehicles
ity, thereby reducing the sector's heavy dependence Program continued to emphasize battery, fuel cell,
on petroleum fuels, and propulsion systems development. The program

The Department of Energy (DOE) Electric and also supports the testing and evaluation of vehicles
Hybrid Vehicles (EHV) Program, in cooperation with and components in laboratory and fleet operations.
industry, is conducting research, development, test- The battery program concentrates on those tech-
ing, and evaluation activities to encourage the use of nologies that could satisfy the mid- and long-term
electricity as an alternative fuel for transportation, goals of the automobile manufacturers as determined
The program's goals are the development of the by the United States Advanced Battery Consortium
technology that will lead to the production and intro- (USABC).
duction of low- and zero-emission electric and hybrid This report describes the progress achieved in
vehicles into the Nation's transportation fleet and developing electric and hybrid vehicle technologies,
substitute domestic sources of energy for petroleum- beginning with highlights of recent accomplishments
based fuels, in FT 1992. Detailed descriptions are provided of

Public Law 94-413, the Electric and Hybrid Ve- program activities during FY 1992 in the areas of
hicle Research, Development, and Demonstration Act battery, fuel cell, and propulsion system development,
of 1976, authorizes the Department of Energy to, and testing and evaluation of new technology in fleet
inter alia, "encourage and support accelerated re- site operations and in laboratories. This Annual Re-
search into, and development of electric and hybrid port also contains a status report on incentives and
vehicle technologies" 15 U.S.C. §2501(b) (1). Con- use of foreign components, as well as a list of publi-
gress provided an appropriation of $43.0 million for cations resulting from the DOE program.
the EHV Program in Fiscal Year (FY) 1992.



Table 1. Major Participants in the Electric and Hybrid Vehicles Program

Automotive Companies Cost Share of Contract*

Ford Motor Company 20%
General Motors/Allison 20%

United States Advanced Battery Consortium 50%

Component and Propulsion System Companies

Delco/GM 50%
Geveral Electric 20%
H-Power 25%

Battery Companies

Beta Power, Inc. 30%
Chloride Silent Power 19%
Saft America, Inc. 20%
Westinghouse Electric Corporation 22%

Universities

Georgetown University 14%

Fleet Testing Site Operators 1/

Arizona Public Service 93%
United States Navy 100%
Southern California Edison 96%
Los Angeles Dept. of Power & Water 100%
Kansas State University 78%
Orcas Power & Light 50%
Platte River 58%
Pacific Gas & Electric 97%
Potomac Electric Power Co. 86%
Public Service Gas & Electric 87%
Texas A&M 88%
University of South Florida 84%
York Technical College 68%

1/The variance in the cost-share percentage by site operators is due to the different activities and
contractual arrangements with the site operators.

* Ali contracted efforts are with fee waiver,







2.0 Fv1992ACCOMPLISHMENTS
-- IIII II II

• The Idaho National Engineering LaboratoryThe highlights of significant FY 1992 accom-
plishments in each of the Electric and Hybrid Propul- tested several lead-acid batteries to provide Site Op-
sion Systems Program areas are as follows: erators with data on batteries available for their cur-

• The USABC announced several battery devel- rent electric vehicle fleets. Life cycle testing of two
opment subcontracts during FY 1992 (and early FY Sonnenschein sealed lead-acid batteries and two
1993). These include the Ovonic Battery Company flooded lead-acid batteries were completed. The
for development of nickel metal hydride battery; the batteries tested completed 382 charge/discharge
W.R. Grace Consortium for development of lithium cycles under simulated vehicle driving conditions
polymer battery; and SAFT America, Inc., for devel- before the battery energy degraded to the end-of-life
opment of lithium iron disulfide battery. Cooperative criteria of 80 percent of the pre-tes* measurement.
Research and Development Agreements (CRADA) Post-test analysis of the batteries included physical
were signed with two National Laboratories, National and chemical analyses in order to determine the
Renewable Energy Laboratory and Lawrence Berke- mechanisms involved which contributed to the battery
ley Laboratory. Three other CRADAs, with Argonne failure.
National Laboratory, Idaho National Engineering • A contractwas placed with Dreisbach Electro-
Laboratory, and Sandia National Laboratory have been motive, Inc., for the fabrication of zinc-air battery
announced, technology in 12 volt, 240-A.h modules, to be tested

• Chloride Silent Power Limited completed the by the USABC. Phase I of this effort, completed in
FY 1992, resulted in the development of a subsystemdesign and development of a second-generation so-
for managing several functions, such as controllingdium/sulfur battery in a DOE contract that was on-

going prior to the formation of the USABC. This the ancillary systems, necessary to operate this battery
battery will have a reduced weight compared to an system.
earlier first-generation battery and will be suitable for • The development of high-specific energy ca-
underfloor mounting in the Ford/DOE ETX-II ve- pacitors for load leveling electric vehicles continues
hicles. Although the intent of the contract was to to show significant progress. Tests performed at the
perform the evaluation in the vehicle, adequate funds Idaho National Engineering Laboratory on available
were not available to fabricate a full voltage battery, capacitors indicated that spiral-wound, carbon based
Instead, a 100-volt, 24-kW.h (90W.h/kg) battery will devices are capable of an energy density of 2 W.h/kg
be delivered to Argonne National Laboratory for and 500,000 charge/discharge cycles. A Sandia-fab-
performance and lifecharacterization. Final assembly ricated double-layer capacitor the size of a common
and commissioning are scheduled for November "D" cell exhibits a total capacitance in excess of 1000
1992. Farads (F). The carbon electrode exhibits a volu-

metric capacitance in excess of approximately 130 F/• During FY 1992, Beta Power completed an
ongoing DOE contract for the conceptual designs of cm '_,and the energy density of the laboratory device
high-performance, sodium/sulfur batteries for four is approximately 1.4W.h/kg. A contract was placed

with Maxwell Laboratories and Auburn University toU.S. electric vans. A battery using the common van
cell would have nearly 3 times the energy capacity, develop bipolar, c_rbon based ultracapacitors with
yet weigh 40 percent less. In addition, a similar cell an energy density of at least 5 W.h/kg by 1995 which
and battery design effort was completed for an ad- could be configured in a 100 kg unit to store 500 W.h

of energy.vanced passenger car application. A battery using a
cell specifically designed for the passenger car would ® H-Power Corporation completed the first year
provide 50 percent more energy in a package 2.4-feet of a three-year contract to design and build three
shorter and 50 percent lighter. If there is further fuel-cell-powered urban transit buses. At the end of
development of this technology, it will be conducted PW 1992, H-Power had completed the major sub-
through the USABC. system designs and had begun fabrication of the bus



structure and the 50-kW phosphoric acid fuel cell energy consumption (electricity and liquid fuel) of,
system. The first test bed bus will be delivered in IW and emissions fl'om, hybrid vehicles when they are
1993. driven on the Federal Urban and Highway driving

• General Motors Co, poration (Allison Gas cycles.
Turbine Division) completed the second year of a 32- • The electric vehicle computer simulation pro-
month R&D contract (20 percent cost-shared) to gram, SIMPLEV, developed by the Idaho National
develop the proton-exchange-membrane (PEM) fuel Engineering Laboratory, was distributed for use in
cell as a complete power source system for transpor- six government-sponsored programs and licensed to
tation applications. Improvements in membranes and the following 20 organizations:
electrodes were developed, state-of-the-art 5-kW PEM - Jordan College Energy Institute
fuel cell stacks were built and tested, and significant - University of California, Department of Infor-
progress was attained in the methanol fuel process- mation and Computer Science
ing and control technologies required for a complete - Cornell University, School of Mechanical and
system. Aerospace Engineering

• The Department of Energy initiated a 30-month - Seattle University, Department of Mechmfi-
contract (11.5 percent cost-shared) in May 1992with cal Engineer:ng
Arthur D. Little, Inc., to develop the capability for - Chrysler Corporation, Electric Vehicle Pro-
reforming methanol, ethanol, or natural gas into hy- gram
drogen for use in transportation fuel cell systems - Cal Poly State University, Department of Me-
and to develop advanced systems for on-board hy- chanical Engineering
drogen storage. This project will not only provide - Concordia University
fuel flexibility for fuel-cell-powered vehicles, but will - Wayne State University, Electrical and Com-
also reduce system size and cost, reduce start-up puter Engineering I)epartment
time, and increase transient response capability. - York Institute of Technology

• Catalyst development work at Argonne Na- - New York Institute of Technology
tional Laboratory has identified a highly promising - University of Alberta, Department of Me-
catalyst formulation for the partial oxidation reform- chanical Engineering
ing of methanol and another potential catalyst for- - Texas Tech University, Mechanical Engi-
mulation for the steam reforming of ethanol. Fur- neering Department
ther work to characterize the stability and perfor- - Regents of the University of California, Elec-
mance of these and other suitable catalysts is con- trical and Computer Engineering
tinuing. - Pentastar Electronics, Inc.

• The Second Generation Single-Shaft Electric - General Electric Corporate Research and De-
Propulsion (ETX-II) System test bed vehicle devel- velopment
oped under contract with Ford Motor Company and - Electrochemical Systems and Hydrogen Re-
General Electric Company was tested at the Idaho search
National Engineering Laboratory. The vehicle sys- - NEVCOR, Inc.
tem included a sodium-suLfur battery and yielded a - University of Ottawa, Electrochemical Science
range of more than 180 km at 88 km/h. and Technology Center

• The Ford Modular Electric Vehicle Program - Colorado School of Mines, Engineering De-
(MEVP) has successfully fabricated nearly a dozen partment
7ghp electric vehicle drivetrains. These systems - IMRAAmerica
are being used in various phases of the program's • The Idaho National Engineering Laboratory
engineering evaluation effort. The 75-hp drivetrain expanded its efforts in the managenmnt of the Site
will be utilized in Ford's Ecostar electric vehicle field Operator Program to establish and coordinate inter-
demonstration program. The MEVP is the final phase organizational activities and increase public aware-
of the DOE/Ford/GE cost-shared electric powertrain ness of electric vehicles. The Site ()perator Program
development program that began with the _FX-I currently includes 13participants representing awide
contract in 1984. variety of operating environments in which over 3

• The Idaho National Engineering I.aboratory million miles of electric vehicle operation have been
has developed test procedures for evaluating the accumulated.



Over the years since the beginning of the Elec- purpose of student activity to refurbish the car for
tric and Hybrid Vehicle Program, various electric training and demonstration (Figure 3). The ETV-2
vehicles have been designed and tested by DOE. (electric and flywheel)test vehicle ishoused at Wayne
Further use of these test vehicles has been the focus State University in Detroit, MI, where it will be used
of a DOE outreach program, lee E'IW-1 (electric for engineering design classes (Figure 4). The HTV-
car) and the gIX-II (electric van) have been trans- 1 (hybrid test vehicle) has been suq)lused to the
ferred as surplus to the DOE American Museum of University of Maryland in College Park, MD, where
Science and Energy at Oak Ridge, TN. These ve- students will be studying the theory and operation of
hicles are now on display and will soon be part of a the hybrid vehicle. If feasible, the vehicle would be
museum futuristic home theme (Figure 2). The E_TV- brought back to operational condition and improve-
1-2 (the second electric test cat') has been surplused ments would be made to the subsystems (Figure 5).
to the York Technical College in Rockhill, SC, for the

Figure 2. ETV-1 and ETX-II electric
vehicles at the DOE American ,:'

Museum of Science and Energy at 5" -, -.

Oak Ridge, TN. ,./
..._ .,-
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Figure 3. ETV-1-2 al the York Technical College in Rockhill, SC.
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Figure 5. HTV-1 studied at the University of Maryland.



3.0 BATI'ERY SYSTEMS R&D
I I I II II I

Since signingthe Cooperative Agreement in early • Subcontract to W.R. Grace Consortium for
FY 1992, the USABC and DOE have worked together lithium polymer battery development - an-
in selecting the advanced battery systems for R&D to nounced October 29, 1992;
meet the USABC goals. DOE Advanced Battery Sys- • Subcontract to SAFFAmerica for development
terns R&D efforts were refocused; projects supported of lithium iron disulfide batteries- announce4
prior to the formation of the USABC were gradually October 29, 1992;
phased out, and new projects were initiated under the • CRADAs with Argonne National Laboratory
cooperative agreement with the USABC. This section for development of lithium iron disulfide bat-
describes activities of the USABC and DOE explor- tery technology and testing of advanced bat-
atory technology battery development, testing of ad- teries - announced October 29, 1992;
vanced batteries as well as currently available batter- • CRADA with Idaho National Engineering
ies, and development of high specific energy Laboratory for testing of advanced batteries-
ultracapacitors, announced October 29, 1992;

• CRADA with Sandia National Laboratory for

3.1 United States Advanced development of lithium polymer battery tech-
nology and battery reclamation - announced

Battery Consortium October 29, 1992.

The USABC was formed on January 30,1991, as a The USABC continues to negotiate with other
partnership of Chrysler, Ford, and General Motors. potential developers of advanced batte_ technology
The purpose of the USABC is to work with advanced and to monitor the status of development of other
battery developers and companies that will conduct advanced technologies through purchase of prototype
research and development on advanced batteries for or commercially available cells, modules, or batteries
electric vehicles. The USABC signed a cooperative for independent test and evaluation. In order to better

agreement with the Department of Energy in early FY respond to numerous external requests for informa-
l992, for a 50/50 cost-shared program of advanced tion about its operations, the USABC published a short
battery research and development. The formation of paper describing key aspects of its program, including

the USABC and its relationship with the Government the organization's purpose, structure, and general
represent a significant milestone in Government-in- business objectives. The battery technology and sub-
dustry cooperation in the developmentoftechnologies contractor selection process were also described in
for public use in commercial products, some detail.

In FY 1992, the USABC focused on selecting Asthe USABC program developed, common tech-
potential subcontractors and negotiating suitable nical needs were addressed, such as integrating the
agreements for the development of advanced batter- advanced batteries with each partner's electric ve-
ies. The USABC also negotiated a series of CRADAs hicles and assuring that the laboratory testing of pro-
with several DOE National Laboratories during this totype batteries would be realistic. Each partner was
period. The following agreements were concluded: asked to carefully define the needs of his vehicle for

one or more specific battery configurations. The• Subcontract to Ovonics Battery Company for
nickel metal hydride battery development- detailed definitions included consideration of the

,_ battery's allowable size and weight, operating voltage,
May 4, 199,.; peak power requirements, and other interfaces with• CRAI)A with National Renewable Energy
Laboratory to develop advanced insulation for vehicle systems. Sufficient details were provided so
high temperature batteries- June 10, 1992; that the battery development contractors could engi-

• CRADA with Lawrence Berkeley Laboratory neer their specific technologies for the vehicle require-
for lithium polymer battery technology devel- ments.
opment-June 15, 1992;

11



Fht' [ :SAIIC d¢'vt'h_t)iuent l)ro/ram calls for ex- ffeneration of electric vehicle drive trains.

teusivt' tt'stin,_ _f l)l_l_lX'l)t ' cell. m_dules, and batter- The tlSAIX.7 has als_ revit,wed its _wn (itweh)l)-
ies ir_)m lht' d_,vt'l_q)lllt,nl c_)ntraclors. "1"_)assure thai mont criteria for mid-term batleri_'s. I,_easst'ssmenl of

lhc l)r_t_rmll l_r Itall_,l, _testin.c_ is comprehensive and the criteria originally tlefint,d in early 1991 resulted in
uniform, flit' [:SAIW !las set Ul) a workin_ ,_roup to no significant chan_es. The I.ISAI_,(" remains con-

ild¢tress luslin_ issut,s. "i'ht' l-laltt'l_, "I'est I_r_wedures cerned aboul lhc potential for advanced batleries Io
\¥_rkin_ (;r_ul) c_nsisls _l t;SAIX." and National mt'el !he high power requiremt'nts dr'mended by the
I.ab_rat_i_' stafflnt'nlbt'rs. II has rr'viewed the existin_ aulomotiw" customer. There is also c_mcern about the

lestin,_ intqhodtflt_ies developed bv the National ability of batteries 1o rapidly recharge. These factors

l.aboral_ries, inc'ludin_ melh_ds for characlerizin_ are both reflected in the revised _oals set in Tables 2
cells, modules, and batteries, as well as methods of and 3.

subjectin_ lhen_ _.ttrelllislic drivin_ cycle dischaqces. Finally, the USABC conliIlues to consider the

The _roup has utilized the existin_testin_ methods as operational safety and reclamation of advanced bat-
a startin_ p(tint aunt l_as pr()ceeded to identify new teries of significant iml)orlanc('. I.JSAI:_C members

testin_ meth_ds t_ addr_'ss calendar life and the high pallicipate in 1)Ot': Flectric Vehicle Battery Readiness
l)(w,'er pt'aks in_t)ost'd _)n battery systems by the new Workin_ (;roups.

Table 2. I ISABC Advanced Battery Tecimology Primary. Criteria

Primary Criteria Mid-Term Goals Comments

Power Density Wll 250

Specific Power (Charge) W/kg 150"
(80°o DOD/30 sec) (*200 desired)

Specific Power (Recharge) W/kg 75
(20% DOD/10 sec)

Energy Density W.h/I 135 Eventually measure
on SFUDS

Specific Energy W.h/kg 80* Eventually measure
('100 desired) on SFUDS

Power/Energy Ratio 1.5-2.5 Eventually tailor to
OEM Vehicle

Life (Years) 5 Pack life

Cycle Life (Cycles) 600 Pack level cycles
(80% DOD) (Implies higher cycle life

................................................................................................................. !o__r ..............................
Power & Capacity Degradation 20% Defines end of cycle
(% of rated spec) or calendar life

Ultimate Price (S/kW.h) <$150 i Includes recycling and
(10,000 units @ 40 kW.h) warranty cost. Needs further

platform review

Operating Environment -30 to 65:C

Normal Recharge Time <6 hours

Fast Recharge Time 50% of capacity New market driven requirement.
in<30 minutes Will need new test procedures

................................................................... --l-

Continuous Discharge in 1 hour 75% Needs to be harmonized with fast
(No Failure) (of rated energy capacity) recharge requirement.

Impacts on thermal management.

12



Table 3. USABC Advanced Battery Technology Secondary Criteria

Secondary Criteria Mid-Term Goals

Efficiency 75%
C/3 Discharge
6 hr Charge

Self-Discharge <15% in 48 hours

Maintenance No Maintenance
Service by Qualified Personnel Only

Thermal Loss (for high temperature batteries) 3.2 W/kW.h
15% of Capacity
48 Hour Period

Abuse Resistance Tolerant

SPECIFIED BY CONTRACTOR

Recyclability - 100%
Packaging Constraints
Environmental Compliance (manufacturing process, transport, in use and recycling)
Safety
Overcharge/Overdischarge Tolerance
Vibration Tolerance

3.2 Advanced Battery R&D The frst sodium/sulfur activity involves develop-
ment of an electric vehicle battery possible with today's

During FY 1992, a transition was made in the cell technology that was developed under a comple-
advanced battery program. Projects funded by DOE mentary, DOE-supported, core-technology program.
prior to the formation of the USABC were gradually In September 1986, a cost-shared contract was placed

phased out. The FY 1992 activities for these com- by Sandia National Laboratories with CSPL to ad-
pleted projects are described in the following sections, vance the sodium/sulfur technology specific to EV

applications. This program was modified in 1987 and

Sodium/Sulfur Battery again in 1990 to specify that two sodium/sulfur bat-
teries be designed, fabricated, and qualified that are

In FY 1992, three ongoing sodium/sulfur develop- suitable for evaluation in the ETX-II experimental
ment and evaluation activities were effectively com- electric vehicle. Total DOE funding for this 5-year
pleted; namely, the final phase of design and fabrica- activity is approximately $2.7M.
tion of an electric vehicle battery possible with state- Characterization testing of the first-generation
of-the-art cell technology; the design of a common, battery was completed in February 1992 at the Idaho
high-performance sodium/sulfur cell for U.S. electric National Engineering Laboratory. The battery was
van batteries; and characterization of the effect of the originally heated in October 1989 at Ford Motor and
latest Chloride Silent Power Limited (CSPL) innova- satisfied its energy and power performance rectu,:e-
tions on PB-cells on battery performance, service life, ments. However', because of its size, it was located in
and safety, the cargo bay of the vehicle. Overall, the battery was

!3



at operating temperature for 21 months, but only limitations prevented the fabrication of a full voltage
logged approximately 60 cycles. In February, when battel"y. Instead, a 100-volt, 24-kW.h battery will be
the capacity of the batteD' had decrease(! from its delivered to Argonne for performance and life charac-
initial 300 A-h to 230A.h, testingwas temlinated. For terization. The expected initial energy and power

reference, a peer group flom the I_FX-II cell popula- densities for this batter3' are: 90 W.h/kg, 135 W.h/l,
tion was also tested continuously at Argonne National 125 W/kg, and 185W/I. Final fabrication and delivery
Laboratory. This 120-cell bank at Argonne completed of the battery to Argonne will be completed in January
about 500 Simplified Federal Urban Driving Schedule 1993.
(SFUDS)-based electrical cycles before suffering a The design of common, high-performance so-
significant loss in capacity, dium/sulfur cells and batteries for electric vans was

Development of improved mechanical and elec- also completed in I_ ' 1992. This work, performed
trical systems for the second-generation battery was under a 30 percent cost-shared contract with Beta
completed along with a detailed design. Part of the Power, Inc., defined the mid-term capabilities of the
development of a suitable Inechanical system involved sodium-sulfur technology. A task was also included to
qualifying the various cell and battery coInponents consider purpose-built, passenger vehicles. The pe-
with respect to vibration resistance. The small CSPL- riod of perforInailce for this $460K contract was 18
manufactured test battery shown in Figure 6 (contain- months.

ing 120 PB cells arranged in two 8-volt banks) was A conceptual cell design formulated in FY 1991
used to qualify the response of the I_YFX-IIsbattery exceeded original program goals with high energy
components to vibration. The actual second-genera- (250 W.h/kg and 420 W.h/1) and power (600 W/kg
tion battery will have a reduced weight compared to and 1010 W/I) densities. During t_ 1992, conceptual
the first-generation battery and will be suitable for battery designs were defined for the G-Van, TeVan,
under'floor mounting and evaluation in the Ford E"fX- and I3IX-II vehicles using this cell. The same internal
II vehicles. The battery will utilize the latest CSPL-PB battery module configuration is employed, consisting
cells that contain an improved seal material. The of 15,3-cell series strings connected in parallel. In ali

service life of the battery is expected to be at least 2 cases, the batteries satisfied the required performance
years and 500 cycles. Although the intent was to with much smaller size and weight than is possible
perform the evaluation in the actual vehicle, funding with the current sodium/sulfur technology.

Figure 6. Sodium/sulfur batter), used in vibration testing.
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The specil]catic)ns l_)r (;tqacrnl ,M¢_lc)r's llnl)aCt l)urin_ the l:Y 1992 l)hast'-out of the project, SAITITM

were selected as lhc basis l()r l)v()(lucill,t_ctlalh'ngillg fabricated and tested baseline and improved technol-
passenger car hails'rv r_'_luir_'l_l_'nls. l'w_ t)attt'ries ogy cells. SAt"T also c(mll)lele(1 lests on a thermal
were designt'd. _mt' t_six_._tl_t' vmi cell _mctille olhrr silnulator lhal was used to develop improved tempo-
using a slnall (ti_lnwtt,r crll with mtlcl_ tlight'r pt'ak nents and componellt configurations fl)r the thermal

power to entT,<y rati_ (-1:1). [qlr first bat_.el-vwith lhc' managenlent system. Baseline cells, cycle tested
van cell wouht.itlsl fit int_)III(' Itlq)act's ball(.'l'y lumlel, l|singaC/3powerp|'ofile, extlibited>2(lOW.h/lenergy
but would t)l'¢_x,ittt' ',_t-_k\\'.l_ _i t'lwr.e,y ct_Inl)ared wilh density, while a':cumulati_g >365 cycles. However,
13.7 kW.ll for the lead-aci(l 1)altt:,w. Tile battt'W tile baseline cellslacked power, especially beytmd 60-

weight would decreasr !r_)ill :;.t)6k,e. tt_ 235 kg. I'he percent depth-of-discharge (I)()I)). Significant im-
battervutilizi_gtl_es_nall-diamt'terct,lldesignedwould provements in the power density and overcharge
provide 2() kW.h, but w_)t_idrt'(luc{' th_' baltery length tolerance capability were demonstrated in the ira-
by 2.,.1fret. "lqw bal tc'rv wei,e,tlt v,_ml(1 br reduced to proved lechnolog-y cells. On SFUI)S cycles, the im-
180 kg. proved cells delivered 55 percent more usable capac-

The final FY 19,q2st_ctium/s/_lfur lasl< involved the ity than the baseline cells, due lo improved power
characterizati¢_n of the ¢'[fecl ¢)1cell size ¢_n l)erfor- capabilities at deeper DOI).
mance, service, lift,, and safety: a11d lhc lat_'sl CSPI. In its low-level R&I) project on bipolar lithium-
innovations ()n I'B-ccll service' lift'. l'l_is work is being alunfinum/iron sulfide batteries, Argonne focused its
performed un(tor a 45 t)crcenl cosl-sll;.tt-e(l c_)ntract FY 1992 efforts on scaling til) cells and multiple-cell
with CStq. thai extcn(.ls t<) .lui_t, 1993. lnll)()rtanl stacks to the 13-cre diameter size. Peripheral seal
preliminary ccmclusi_l_s i'(,_tctl(,d l_ <lalr include the design and processing refinements formed a major
following: (1) lt_,_'st:q_'ic(, lit<. ,.)ftt_, l;_l'w'r XPB cells t)art of the overall scale-uI) effort. Bipolar I.i-A1/I:eS
(3() A.h) and In()duh's is I_mrl<_,dl\' _n_)l_'vrratic and an(t I.i-AI/FeS., cells and 4-cell stacks (as illustrated in

poorer than lha_ for c_,rn'Sl){)ndi_g 1't_ cells and rood- Figure 7) were built and tested during FY 1992. Bipo-
ules (1()A.tl): (2! (tire.ct air c_,)lil_g (_fc_'tls is COml)lex lar 13-cre diameter l.i-Al/FeScells deliver 130W.h/kg

- an{tn()lsalisfact¢)ry: (:')C.<,l'I/,..n_'wi_npr_)vedc_'ran_ic al a 25 W/kg discharge rate, with a peak power
seal is yiel(lin_ iml)r_vc{t st,trice, !irl' .and fr_'_,zt,/thaw capability of 24{) W/kg at 80-percent l)()I). Bipolar
durability; ai_d (.1) a cell c_ltai_int( a sulfi_r elcctnMe I.i-A1/l:eS,, cells deliver 180 W.h/kg at a 30 W/kg
fabricaled with gra(t,,d gral)l_itr f_,lt has be'tier low- discharge rate, with a peak power capability of
te_nt)erat,_rr t)erf_rlam_.ct,,bt_t iI_ft'ri()r rrct_arg(,ability ._1()()W/kg al 8()-percenl l)()l).
al n{)ini]_al Ol)t'ra!inv ICllll_t'r,lltlr_'s, C_)lllt)al'e(t with

cells contai_ing C,<,lq.'s slan¢lar(I eleclr¢_d_' c¢)nligu- 3 3 Exploratory Technologyration. However, t_.sts ()f 1'2I'I_ ('_,lls at Sandia sht)w "
that crll life is t_l\: al)_,t_l8(i v:t,t.l<s, far sl_(_l'l_lcurrt'nt Development
t)rogran_ g_)als. Although the USABC is taking tilt:' lead in identi-

l_,ing and developing the most promising advanced

Lithium-Aluminum/Iron Sulfide Battery batle_-y technologies, given the many technical chal-
h,nges, their successful commercialization is n()t as-

In Icy l.(/.tr2,I)()l'2 pr()vi(l('(1 lilnil('¢t Stll)l)_rl for tilt' sured. Explorato_-ytechnologydevclolmwnt isneeded
phasing ()ul ()f a l)l'_)j_'cltO dt'w'l_q) l)risnutl i¢"littliuln- to maintain a base of scientific and technical expertise

aluminum/ir_, stf!fide, t)all{,rit,s by %AI:'I Alnerica, in electrochemical processes and engineering lhat
Inc., and conlinll('(t a l_w-lt,v,.l R&I) l)l'()j_'Cl ()I1 lhc [ISABC balte_-y developers Call lal) into to resolve
(lew'h)p_nenl (_I bil_(,lar till_itlI_ alt_inii_u_l/ir(_n sul- basic pr()blems and for new i(leas/al)l)r(mches.
ft(lc 1)alt¢'l'i('s at Al,l_)llI]_'. "th_' I)r(_j('cl al .";AI'I" was The I)()E exl)l()rat(wy technoh)gy (level()I)ment
initiat(,(l in Al)fit I.()!_!)t_n(l('r_t::-vr'at, S-1.'_'_illi(_n c()sl- aclivities in I:Y 1992 included research ()n electro-

shar_'d (.'()lll ra(.'l 1{)(t_,v('l(,!)f,,_ll*si×_. t(\: t)atl{'ri_,s, chemical l)hrn(_mena ll_al limit lhc l)erf()rnlance and
Arg()nn_' l)arti(.'il,ali(_ ill _l_(' t_tisIilali( ' batt_'r"v'(lrw'l- lif('time ()f recllarg('able batteries, (h,w'h)ping new
()l)Ill_'_l ,'lf_)l't i_¢-1_(t,-._i,,(.}_;_(,i_,<yi_,,_sl,,r. R&l) S_l)- materials and cell t'()llll)()ll¢'lltS, and (lisc()vering new
l)()l'l, in(l_'t)ell(t,'_tl ,,valu_tti_,!_',}l('_,lll_;u'l (I,'liv_,rabl_'s, ,'l('ctr()chrmical cells with sut)eri()r l)erf()rmance and

an(l t,,ch_ical l_;t_la<(,t_._lt ,)t lt_,. %:\l:'li)',,,j,'cl. wllil_' durabilily l(_r l)_)ssibl(' (l('v_'l()t)_nent by the IJSABC.
[)( )]'i-(.7t_it'aw_l,r(,vi_t__-,c, _!{_;i,l/i(!ii!iilist r(!li,_n, l))alt('ry t(,chi_()l()gies addressed include I.i/l'olymer,
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found to be unstable, which is likely the result of the
nickel salt being soluble in the electrolyte. Further
work needs to be done to examine the effect of minia-

............... turization on the lithium and lithium-aluminum refer-
-%- _ " ......" electrodes, as well as to examine other types of• ,[. 'r

B=polar lll]:i_:! _:_ J::iri'" ence
Plate r--'__!!filIl reference electrodes.

The University of Pennsylvania was funded
through the DOE Lawrence Berkeley Laboratory to

Anode -_----7-7_._i_i:'i!!::"_:.ii__£_..._i_:.') investigate polymeric electrolytes formed by radia-

lS _ tion-polymerization of various oligomers that contain
Separator _ t different compositions of plasticizer (ethylene car-

'\_,_ bonate, EC, and propylene carbonate, PC) and 1 M
LiAsF6. Polymeric electrolytes with _>50 percent

Cathode weight PC in mixtures with EC appear to exhibit

Bipolar acceptable electrochemical (reversible Li redox pro-
Plate cess) and physicochemical properties (ionic conduc-
Ceramic tivity >8 x 10 -4 at room temperature, glass-transition
Ring "\ temperature of-94°C, amorphous structure from

Ceramic.to.Metal -90 ° C to 150°C) for use in rect_argeable Li cells. SRI
Seal /,." International has developed a Li-ion conducting PEO-

Metal.to-Metal

Peripheral Weld type polymer in which oxygen is replaced by sulfur.
The best-performing polymer electrolyte, obtained
from sulfur-substituted PEO (16.7 percent S) and
tetraethylorthosilicate with a plasticizer, exhibited a

Figure 7. Exploded view of four-cell bipolar conductivity of 7.5 x 10-4 ohm -1 cm-1 in a Li/Li cell.
lithium-aluminum/iron sulfide stack. Case Western Reserve University has used tn situ

spectroscopic techniques and thermal analysis to study
the Li/organic electrolyte and Iri/poly (ethyleneoxide)

Na/S, and Li/FeSx (allofwhich are ofcurrent interest interfaces. Interactions between Liand tetrahydrofu-
to the USABC) and zinc batteries, ran, and the formation ofLi-Oand Li-CO3species, were

In FY 1992, the Argonne facility for study;.,g detected. Preliminary cyclic voltammetry studies of
micro-reference electrodes for lithium/polymer cells Au in contact with LiC104-poly(ethylene oxide) elec-
was completed, and a facility for the fabrication of trolyte at 55°C showed evidence for underpotential
polymer electrolyte and positive electrode materials deposition of Li.
is nearing completion. Reference electrodes are in- Lawrence Berkeley also funded work at Johns
valuable tools for battery R&D because they provide Hopkins University and Jackson State University to
a means for performance analysis of electrodes in investigate electrochemical phenomena in
working cells and batteries, thereby suggesting effec- nonaqueous electrolytes of interest for rechargeable
tive ways to improve the overall performance of the Licells. Hopkins observed that iron and 1018 carbon
battery system. The ultra-thin cell components of steel display an extensive and stable passive region in
advanced lithium/polymer electrolyte cells places LiAsF6/dimethoxyethane (DME). In anominallydry
stringent requirements on the dimensions of the ref- LiAsF6/DME solution (<100-ppm H20), the break-
erence electrode. Also, the special assembly configu- down potentials of iron and carbon steel are 1300 mV
rations of the lithium/polymer battery will require (vs. saturated calomel electrode, SCE) and 1050 mV,
investigation of the placement of the reference elec- respectively. The adsorption of DME and the forma-
trode to ensure that it is functioning properly for the tion of carbon-based polymer film are believed to be
electrode and cell performance evaluations. Work on responsible for passivation. Jackson State evaluated
lithium and lithium-aluminum alloy reference elec- the electrochemical properties of C6ofullerene as an
trodes was initiated and results indicate that they are electrode material that may be useful in rechargeable
very stable in this system. A nickel/nickel salt refer- Licells. The cyclic voltammograms of C60in LiC104/
ence electrode of the second kind was examined and polyethylene glycol 400dimethylether (PEG400DME)
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indicated five redox peaks which suggested the for- sulfide electrode, and more corrosion-resistant coat-
marion of C(_0-,C(;o'-'-,C(;():",C(_o4, and C(;()'_'-. These ings for Na/S cells. I_lwrence investigated the influ-
anions dissolve in PE(1400I)ME. ence of phosphorus oi1 the sulfur electrode of Na/S

I,awrence Berkeley initiated research to develop cells by equilibrium open-circuit potential measure-
Na/polymer cells that contain thin electrodes of Na ments. Mixtures with P/S molar ratios from ().143 to
and metal oxide and a polyIner membrane that is 0.60 and Na mole fractions ft'ore 0.0to 0.4 were studied

capable of conductiilg Na + ions, i.e., sodium/ at 350°C and 400°C. The Na/Px,%., cells showed sig-
poly(ethylene) oxide/metal oxide elect,'ode (Na/ nificantly higher cell voltages than Na/S cells, which
PEO/MOx). These cells are expected to operate at is a strong indication that phosi)horus may be a ben-

lower temperatures than typically used with Li/poly- eficial additive to the sulfur electrode. The plots of
mer cells. I=urthermore, the simple cell design is electromotive force vs. Na + -ion mole fraction in Fig-
expected to be easily fabricated using existing thin- ure 9 indicate that multiple crossings of phase bound-
film technology. Preliminary half-cell experiments at aries occur during cell discharge.
90 °C with Na/PEOsCF:_SO3 (PEO-NaTf) demon- Illinois Institute of Technology (IIT) is optimizing
strated several cycles at either 0.25 or 0.5 nLk/cm 2. the quality of electrodeposited MoeC coatings to ob-
Figure 8 shows the voltage transient during constant- tain long-terra endurance, and the Environmental
current discharge (with periodic excursions to open Research Institute of Michigan (ERIM) is evaluating
circuit) at 0.5 mA/cre e of a Na/PEO/Na cell. Al- TiN-coated containment materials, in Na/S cells, liT
though there was some instability in the first cycle, the observed that complete removal of moisture from the
voltage stabilized subsequently. This may be inter- electrolysis bath is necessary to obtain a reproducible,

preted to mean that Na initially reacts with PEO to high quality coating. Coatings of an even better
form a conductive and protective interface layer. This quality were obtained with a bath containing non-Li

is analogous to the behavior seen in Li cells with liquid alkali molybdates and carbonates. ERIM is extending
or polymer electrolytes, the preliminary studies at Ford Motor Company which

Several projects are underway to hnprove the indicated that sputter-coated TiN on A1 was resistant
components used in alkali/sulfur cells, such as supe- to attack in a polysulfide melt during the 72-hour test.
rior alternatives to the high-temperature sulfur-poly- A reactive-sputtering system is being assembled at
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Figure 8. Discharge of Na/PEO-NaTf/Na cell at 0.5 rnA/crn 2.
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EPdM to duplicate the quality of the coatings obtained reduce cell recharge time from 5 hours to 1 hour; and
at Ford and to evaluate the corrosion-resistant proper- significantly improve the sodium/nickel chloride cell
ties of TiN for extended periods in polysulfide melts, life by reducing the solubility of the nickel chloride

Sodium/nickel chloride batteries offer the poten- cathode material in the electrolyte.
tial for a safe battery system with excellent reliability In tW 1992, l_twrence Berkeley I_lboratory dem-
to serve as a power source for both electric vans and onstrated thai for Zn/KOH/NiOOH cells a moder-
passenger vehicles. DOE supports research at ately alkaline electrolyte is very effective for extend-
Argonne to generate the scientific and technical base ing the cycle life of tlm cells. A 1.35-A.h sealed,
required to develop advanced sodium/nickel chlo- starved-electrolyte cell containing alkaline-fluoride-
ride batteries that meet the USABC long-term objec- carbonate electrolyte (3.2 M K()H- 1.8 M KF- 1.8 M
tives (200 W.h/kg and 400 W/kg). l)uring FY 1992, K2CO:0 retained 80 percent ()fits original charge after
efforts have been focused on optimizing the perfor- approximately 400 deep-discharge cycles and reached
mance of the nickel chloride electrode through the 570 cycles before its capacity fell below 60 percent.
use of appropriate chemical additives and pore form- The cell is shown in Figure 1(.).A pressure transducer
ing materials, as well as characterizing the nickel is attached tc)the cell, and the electrodes and current-
chloride electrode under EV SFUDS or power dy- collecting tabs are visible inside the cell. Lawrence
namic operating conditions. These studies indicate Berkeley received a 1992 R&I)-100 Award for the
that the Argonne-developed chemical additives pro- development of this pronaising technology. Scale up
duce the following results: enhance the specific energy of Zn/KOH/NiO()H cells to 20 A.h (electrodes of
of the cell by 40 percent and the power by over 200 approximately 15x 15 cna) is underway, and the new
percent; permit the sodium/nickel chloride cell op- electrolytes are being evaluated in these larger cells.
eratingtemperaturetobevariedfrom160oCto370°C; I_twrence Berkeley issued an RFP to transfer the
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r'_ s..................._.,,.-.... ...... I _. t I.aboratory Aptwoximately half of the delivered

__._: ........,=,,.:, ::_:i:ii_! batteries will be of a hybrid battery configuration,
_,,,_::.:,::::_¢'-".,.... utilizing nickel-cadmium balJ.eries to increase the

_{_{!?_!=<_:':;_ ' ¢ electrical power which can be delivered by the system._. %.-._:,.

_:4'_ • , I)uring FY 1992, efforts concentrated in developing a

_:'_*_':_::'":_ia _ "" _ suitable batte_-y manager for the zinc-air cells which
:'_ / :<;! performs several functions such as scrubbing CO'e
:i ii _ ' from the air going into the battery and controlling the
;_ " ancillary battew systems. This battery manager has
_', " t : ::;;;<:#: been successfully demonstrated during Phase I of the

program. Phase II commenced in FY 1992 Io build the
...... deliverable battew modules, lt is anticipated that

_ 'I these batteries will be coml)leted and tested in FY

i .... _ 1993.

-.... t i I)epartment of Energy projects are underway at

H Case Western Reserve University and Eltech Research
'I Corporation to develop more stable oxygen electrodes

!_ 0 ' "" for rechargeable Zn/air cells. Case Western has

| _ " _ I;) .............. observed that the catalytic activity for the reduction of
.-- - (),, at cobalt tetrasulfonated phthalocyanine .... .')TsPc)

adsorbed on ordinary pyrolytic graphite t, '?G) in
Figure 10. Sealed zinc/nickel oxide cell alkaline solution is enhanced by approximately 60 mV
which has attained 575 deep-discharge cycles in the presence of alcohols. Further, the presence of
using novel alkaline-fluoride-carbonate methanol has no short-term deleterious effect on the

electrolytes, kinetics for (),)reduction on CoTsPc/OPG, which also
exhibits negligible catalytic activity for methanol

technology to an industrial battew develol)er, which oxidation. Eltech is investigating the viability of
is expected to develop Zn/Ni()()H cells using lhe new graphitized carbon blacks and metal oxides as
electrolyte and electrode formulations, electrocatalyst supports in bifunctional air electrodes

F_xploratow development of zinc/air batteries for electrically rechargeableZn/aircells. Graphitized
continued in FY 1992. A new '2'2percent cost-shared carbon blacks of Monarch 120 and Shawinigan

contract was placed with Westinghouse Electric acetylene black, and the metal oxides of NiCo204,
Corporation lo advance the, zinc/air techi_oh)gy by Co:g)4, Pb,,Ru,,()r and Pb,,Ir:eO7,have been pre-
developing a pr()totyI)e design of an EV battery and pared.
fabricating battery modules for l)roof-of-concept I.awrence Berkeley I.aboratory is investigating
evaluations. The goal is to develop the technology to various configurations of Zn/air cells and their per-
the level that the t:SABC mid-term vehicle require- formance under standardized cycling regimes. Ex-
merits are met. The period of performance is 26 periments were initiated to adapt the mechanically
months. Total I)()E funding for this contract is $1.466M rechargeable Zn/air cell invented at l_wrence Ber-
with initial I:Y 1992 funding of S4()()K. FY 1993 keley, which employed a reticulated Zn electrode

deliverables will include four state-of-lhe-arl cells and structtlre to operate under natural convection, for
one improved cell or moduh'. In t:Y 1994, subna()dules electrically rechargeable cell c(mfigurations. A laser-
and inodules will be deliw'red. Ali deliw'rabh's will be l)opt)ler velocimeter was modified to measure the
evaluated using [rSABC test pr(_cedures, electrolyte velocity and the expected signal was ob-

In concert with the [!hired States Advanced Bat- tained. An algorithm was developed to model the

ter3, Cons()rtium, a c()ntract f()r the (teveh)l)menl ()f convective diffusion of the electrolytc' in the porous
zinc-air batteries for electric vehicle l)r()pulsi(m was electrode structure. I.awrence Berkeley is evaluating
let with I)reisbach Electromoliw,, l_w., (1)EMl). l!n- commercial bifunctionai air electrodes in Zn/air cells,

der this effort, I)I:MI will dewq()p a nulnb('r of 1E-V, as well as dew'loping improved bifunclional air elec-
24()-A.h, rated battery modules l()r t('st and evaluali(_n trodes from metal oxid(' electrocatalysts. A bifunc-

at the I(tah() National t';ngi_wcring I.aboral()W Battery tional air electrode (BI"-8) from I';lectromedia, Inc.,
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Figure 11. Discharge #6 of a 1.8 A.h Zn/air cell at SFUDS repitition #40.

was cycled at constant-current rates and the SFUDS rate, peak power vs. depth-of-discharge, and capacity
in a Zn/air cell (see Figure 11) with an electrolyte of loss vs. stand-time; life testing involves repeated cy-
45 percent weight KOH and 40 g Zn2+/l. Approxi- cling with simulated driving profile discharges until
mately 25 cycles were achieved, regardless of the the capacity declines to <80 percent of its rated value.
discharge rates. These evaluations, combined with post-test examina-

tions ofthe advanced battery systems, provide insight
into those factors that limit performance and life and

3.4 Battery Testing help identify the most-promising R&D approaches for
overcoming these limitations.

Battery testing was conducted during FY 1992 on During FY 1992, tests were performed on single
avarietyofadvancedandnear-termbatteries. Argonne cells and a 120-cell module of four advanced tech-
and Sandia performed tests on advanced batteries to nologies (Na/S, Li/FeS, Ni/Metal-Hydride, and Ni/
provide a measure of progress towards the USABC Zn). Table 4 provides a summary of the Argonne
goals. The Idaho tested near-term lead acid batteries battery test results. Further discussion of these tests
to provide Site Operators with information on batter- follow.
ies avail_ble for use in their electric vehicles.

Laboratory experimental evaluations and post-
experimental examinations are conducted at the Na-
tional Laboratories to assess the suitability ofvarious
battery technologies for EV propulsion. Advanced
battery systems are evaluated with respect to both
performance and life. Performance characterization
includes the determination of capacity vs. discharge
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Table 4. Summary of FY 1992 Argonne National Laboratory Battery Testing Results

Initial Module Specific Energy" Peak Efficiencya Van
Weight Capacitya Energya Densitya Powerb

kg A.h W.h/kg W.h/L W/kg Coulombic Energy Lifec Rangef
% % cycles mi(km)

Sodium/Sulfur 29.2 292 79 123g 90 100 88 795 150(240)
CSPL PB-MK3

r ................

Lithium/Monosulfide
SAFT of America

Prismatic 2.94 203 66 133g 64 95 81 163d 93(149)

Nickel/Metal Hydride 0.081 3.6 54 186 158 92 80 333 97(155)
Ovonics C-cell

......

Nickel/Metal Hydride
Ovonics Ext.C-cell 0.093 4.5 57 209 105 90 74 108
Ovonics H-cell 0.628 28.0 55 152 175 90 80 380d 97(155)

...........

Nickel/Zinc
Electrochemica R&D

Cell 1.69 69 67 142 105 91 77 114d 108(173)

a Determined for 3-h rate CI discharges.
b Determined from driving profile discharge data at 80% DOD.
c Determined with SFUDS discharges to 100% DOD unless otherwise indicated. Ongoing life tests are indicated with the ">"

sign.
d Determined with 80% DOD discharges.
e Determined with J227aC discharges.
f Determined for the IDSEP Van with a 695 kg battery on an SFUDS driving schedule.

peak power had declined to 68 W/kg from an initial 94

Sodium/Sulfur W/kg (50-percent DOD), and capacity was approxi-

mately 79 percent of its initial 292 A.h. The module

An 8-V Na/S module from Chloride Silent Power was returned to CSPL for post-test analyses.

Ltd. in England was under test from June 1990 to In addition, twelve Mk-3SF PB cells from CSPL

March 1992. This module contained 120cells (10-A.h have been under test since October 1990 at Sandia.

each) configured into 30 parallel-connected strings of The intent of this effort is to characterize the effect of

four series-connected cells. IJfe testing with SFUDS different cycling regimes on service life. The 12 cells

discharges to 100-percent DOD was started after were divided into 4 groups, and a different EV-related

completion of the performance tests (approximately test regime is being followed for each group. The first

120 cycles). There was a significant drop in module group of cells is being continuously life-cycled using

capacity between 450 and 550 cycles, which reflected baseline parameters, while the second group of cells

the loss of four 4-cell strings (approximately 40-A.h is evaluated using a modified driving schedule. The

loss). End-of-life (<80 percent of initial 2084-W.h third group of cells completed a proposed general test

SFUDS discharge energy) occurred at cycle 795, but plan developed by the EHP Battery Test Working

testing was continued to acquire additional statistics Task Force and is presently performing a limited

for cell failure analyses. Testing was halted "after 973 depth-of-discharge test regime. The fourth group is

cycles when the SFUDS discharge energy decreased performing an open-circuit stand test to determine if

to <75 percent of its initial level. At that time, module cell life could be related to time at temperature. The
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operating temperature of ali the cells is 350 _C. Eight tile test to l_c tcrlninat¢'d by tilt' w¢'akcst bank before

cells have been tested to failure, and four cells remain the relnainillg banks were' c¢_lllplctelv discharged.
on test. A gradual decline in capacity or failure has The CSI'I. 1)artery exhibited a calendar life, at a tc,m-
been observed oi1several cells after they have been at ptTattlr¢' above 3()()':C, of at h'ast 18 lllonths after 2-1/

temperature for more than 50 weeks. Two cells 2 freeze/thawcvclcs. Thek'SI'I.s¢_diul_l-sulftlrbattel"y
presently on test have accumulated more than 1,500 tested al the Idall¢_ Nati¢_ml I':n_inecring I_ll)oratot'y
cycles and still retain 80 percent of their capacity, was assembled in late 1989 and, lh_'reforc', represents

Idaho National Engineering l.aboratm'y also per- the state ofcell dew.'lopnlent, t)ackaging, and enclosure
formed o series of tests on the CSPL sodium-sulfur techn,_logy of that stage _)fdevvlolm_ent.
battery. (see Figure 12) consisting of constant-current

and constant-power discharges and simulated driving Lithium/Iron Sulfide
cycle discharges based on the Federal Urban Driving
Schedule (FUDS) and the SFI.IDS. A total of 38 Two 21)0-A.h I.i/l:c cc,lls built by SAF"I"America,

charge/discharge cycles were rtm on the battery over Inc., were delivere_l to Arg_n_lc Nati,,)nai Laboratory
a 6-month time period. "Ilae battery (24 8-V banks) has for baseline l)el'forma.llct, It'stillK. The first cell was

a nominal voltage of 200 V and a rated energy capacity placed ¢_ntest in May 1991. At an operatingtenlperature
of60kW.h. Thebatleryconsistsof2,880MarklIIcells of 47()"C, this cell achiew.,d a capacity of 182.5 A.h.
which were manufactured in 1989. The tests indicated The operating telnperaturc was raised in 5"C steps to

an energy density, based on the actual battew weight 485-'C to observe the effect on cell capacity. The
of 750 kg, is 55 to 60 W.h/kg and 110 to 120 W.h/kg results sh_wvd thal cell capacity (as well as internal
based on the cell weight of 337 kg. The measured resistance, IR-fl'ee voltage, and peak power) was sen-

batteI.'y A.h capacity (230 to 250 A.h) was significantly sitive to lenll)craturc, l'_vt,n thougll the cell retained
less than the nominal 300-A.h rated capacity due to the 98 l)ercenl of its ori_,;nal capacily aflcu-30 cycles, it was
inoperative 4-cell string in the 24 banks, which caused removed from lhc. tc,st l¢_conducl a post-test analysis
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for lh_, t)u_<_se <_lidentifying ',he cause of the cell's ilv (at)l)r_>xhnat¢'lv 2()()W,/kg at 50-1)ercent I)OI)).
at)normally high sensitivity to tt mperalure, t)ost-test The l)eak-t)_wer cat)ability of the H-cell is the highest
results on this and other baseline cells indicate(l the measure(t at Arg¢>nne (between 35 and 80-percent
need for a higher electrolyte content and refinements I)()I)). A high peak l)ower provides full capacity and
in the internal current collector/busbar system. The maximal vehicle range forall driving profile discharges.
second cell was l)laced on lesi iii July 1991. Because (;he I-t-cvll was removed from life test after 380 cycles
the clamping arrailgement used in the test fixture for due t_ a sudden decline in capacity (lo <70 percent of
this cell was nmdified to allow more compression on its initial 25-A.h capacity). A reduced ceil weight
the electrode face, this cell was less sensitive to lem- indicated thal the capacity decline was due to dec-
peratuw and achieved a higher capacity than the first trolylv loss. Water (1_.6 g) was added to the valve-
(465 C tests). After 158 cycles, the cell was cooled to regulated cell, and full capacity. (26.5A.h) was achieved
ambient temperature for'a .:-v_etk period in I)ecember on a subsequent discharge. Thereafter, the capacity
1991. In Jailuap,' 1992. lhc cell was heated to 465 C declined at a rate of al)proximately 0.5 A.h/cycle.
aIld testing resumed. The initial capacity (198 A.h) Testing was halted when the capacity declined to
was greater than thai exhibite(l bef_re the shtltdown, l:{.cRA.h on cycle 399. Cell weight was reduced again

but or_ subsequent cycles, lh_' cal)acily decreased. (by 6.>I_). This suggests problems with the integrity
The cell exhitzited a decline in voltage during the oithe stainless steel case and/or the pressure release

open-circuit period after discharge and was unable to vent. A rel)lacement cell (EV35)was furnished by the
reach the required constanl-v,._ltage (CV)charge level manufacttlrer in April 1{)9'2. This c,ql has a 7-hour

"" _s, '-_5(1.5 V with a 12()-percent charge return). I h_. { rating of,, A.h and will undergo penorrnance and life
factors indicate a high internal self-discharge rate. evaluation.
"I'estin_¢ was suspended at cycle 163. The second H-cell is still under life test with

Sl:tTI)S discharges to 80-percent DOI) (26.3-W.h
Nickel/Metal Hydride discharges and 23-A.h CI/CI charges). This cell has

COml)leted >{3()()cycles al,d retains approximately 100
Tesls have t)¢'en c_mducted on nickel/metal hv- l)ercenl of its initial 28-A.h capacity. The weightofthis

dri(ie(Ni/Xl!t)c_'llsmanula'-'ture(_bv()vonk'sI_latterv cell is being l)eFio(lically measured to identify the
C(_mpan>' I'l'r%'. MI) prior :_ the initiatitm ,)I lhc (_nsel oiany electrolyte losses.
l'_-'-ltler_: (tevel_pment C¢)lllract with the t'SABC. "l'hc

iuitia! C-siz,' (?_.5-A.h rating) ce!Is vxh_bite(l g_(t Nickel/Zinc
l)eff_,T'mancc ch:_raca.ristic.,,, but the cycle' life _t f(_tlr

cells (.,:,.""_.{,'"s._,'_s_,-.and .,,..,"'_'_',c<cit,s) was l_,ss than "lq_ree Ni/Zn c, lls manufactured by
expected (3(tli cycle,s). lw,, _'xlt'nded C-size cells Eh'ctr_chei_Uca were t{.'sted' from May 1991 to Feb-
(apl)r_)ximat('lv .1.3 :\.hl ,a_,r_. cvaiuat_*d in n_id-l.q_._l, ruarv l_.kq2to determine the suitability of this tech-
lt_v sD'title _,ncr_y _i th,.s¢, c,*lls was sliI4htly hi_h_'r l_¢_h_gs'l¢;r ['.'V prolpulsion. Performance character-
til}til thai (_i thf' slllaii¢'" C-ct.lls. but th_' cycle lifv was izali()n t_'stswereconductedona 17-A.h cell from May
_lill les:, than cxl:)vct_,,t. "l't_,*s_,<_rlv c,:,ll.-cxl_ibil_,d a I_ ( )cl_)btT 19.91. "lq_is cell continually exhibited un-
t_ivh scll-(tischarg_, !,_s.,, 11-1I_ ['_N-IItTC(qll lt_sS ill 2.1 :_tabh' capacity, and its capacity declined >20 percent
t_urs and .15 1(_ 7!l-l)crc(qtl ]()ss in 7 days). ()v()llics afl(.r 1711cycles (end-of-life criterion). Special manu-
stl}__<,,_'(Tltl(_lll}\ ' lll()(]il_,.'d t"_lllt),*ll{'lll lna(_'rials and r_'- facturcr--r_.co_nlnended conditioning cycles were im-
{tuc_,d ttl_, self-(tischar_e h_.-,s1_ 15 1_ ;.'lt l)_,,rc,_,qll iii 7 IX_sed l_ iml)row' cell Cal)acily, but this rejuvenation
<ta,,,,. i)r<_o'ss was unsuccessful. Testing was h'..,lted after

l w_, 25-A.h Ni/.Xllt tt-<_,lls v,_.i_-t)lac_,d _,_I_tv_t ii_ th_*c_,ll had cOn_l)h'led 187 cycles, and ils ca_;acity had
.[tln__19,_1. I'h_'s,,. c,']ls rt'l)l'_'Selll('(] al_ inl_'rl_}_'tliaI(' d_,clinc(t t(_ al)t)I't_xilnately 40 percent of its initial
sl_'l) ill fill ( )\'()lli_,'._ l),'_)_r;:illl lt} fabl-icltl(' iiI/d d_'v_'l_q) 11.(';A.I_.
lar_,_,,full-size, ]5\'cells. I)er'f<_ru:a_',ct,chal-acl_,rix,tli(m }'('I'|()I'IlI;iI1C_.' t(',,',-, w(,re then condt'cted on two

l('s',,,, v<_'l'¢' c_)lllI)lcl_'(], all't life ('vahlali(_ll Stal-tt.d iii larg(,rc(,lls ((;()-A'h I'atillj..{). "Iestint¢(_fthe first cell was
N,.,v¢'I_I}_¢'F1.9!)I. I.if,"l,:'sls HI't" t)(']ll_ C()ll(]llCt('(] Wilb. hall,,d afl_,r 1L|()CVt'I(*Ndue I() excessive heating dur-

.'-;t:l"I)> disct_;uI4_"_t_ S()-Ix'rc_"" I)()I). Ali _)tl]it, Ni/" inr lh(' inilial t'(lllSlallt-k'tlrleIlt (CI) charge period.
Xltt _,'1t--'_'>l_.tt al Ar-_()I_II,.h;_ix'(,('xhibit,.(t a v_,rv l_xv lt_is (it'Ctlllt'(t ltflt'l'lll(' cell t_ad ina(lve_lently received
I'("qist}tllk'(" ;iii(! (,xc_,l_ti_mall,' }_i!.,d_Ix'ak t)_xv_'; c_llKtc- _t'_'It_-l){'r('('n! l'('Itl!'II wilh CI/CVchargingduringa 5(b
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percent I)()I) partial discharge test. Various condi- Near-Term Battery Tests
tioning cycles were tried to improve the charge ac-
ceptance of this cell but were not successful. Idaho National Engineering I,aboratory conducted

During perfornlance testing of the second 60.A.h laboratory expecinmntal evaluations and post-test ex-
cell, the initial capacity of 52.3 A.h (110.6 W.h) in- aminationsofcurrentlyavailablelead-acidbatteriesof

creased with cycling to 70 A.h. Excellent specific sealed and flooded designs to assess their suitability
energy (66.7 W.h/kg at 3-h rate) and peak power (185 fl)r electric vehicle propulsion. This information will
W/kg at 5()-percent I)OI)) were achieved. Life testing be of use to DOE's Site Operators in selecting batter-
with 80-percent I)()[) SFUI)S discharges and 110- ies fortheirelectricvehicle fleets. Battery performance
percent return CI/CV charges was started after 95 and life evaluations were performed under unit)rra
cycles. The cell completed only 20 SFUDS cycles, test conditions that simulate driving cycle load pro-
when the 100-percent I)()I) termination condition flies as well as conditions standard to the battery
(maximum power capacity <50 W/kg) was reached industry. Post test analysis of cycle life tests included
before the 80-percent I)OI) energy could be removed physical and chemical analyses ft'ore which the deg-
(end-of-life). At that time, the capacity was <50 A.h, radation and failure mechanisms are determined, thus
and a thermal runaway condition was starting during identifying areas requiring further research and de-
the CV portion of the CI/CV charges. Ali three Ni/Zn velopment. A summary of the near term battery test
cells were returned to Electrochemica. results is given in Table 5.

Table 5. Summary of Idaho National Engineering Laboratory Near-Term Battery Test Results

Japan Storage Sonnenschein East Penn

GS E75A GS E150H DF6V160 8D8G
Module Wt. (kg) 25 47 33 74

Module Capacity (A.h)
@ C/3 rate 69 130 139 155
@ C/2 rate 63 115 130 141
@ (3/1 rate 53 93 115 122

Ragone Characteristics (W.h/kg)
@ 7 W/kg 38.6 36.7 27.0 26.8
@ 21 W/kg 26.3 23.4 20.5 19.4
@ 42 W/kg 20.6 17.6 N/A 15.8
@ 60 W/kg 18.2 15.2 N/A 14.2

Volumetric Energy Density (W-h/I)
@ 7 W/kg 89.2 84.4 77,5 59.9
@ 21 W/kg 60.7 53.8 58.8 43.4
@ 42 W/kg 47.7 40,5 N/A 35.4
@ 60 W/kg 42.1 35.0 N/A 31.8

Specific Energy
@ C/3 rate (W.h/kg) 24.9 32.2 25.0 29.9

Battery Coulombic Efficiency
@ C/3 rate 80% 79% 93% 97%

Battery Energy Efficiency
@ C/3 rate 67% 64°'0 81% 8611,

!DSEP Van SFUDS Range (km) 34 83 132 119
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I.ifecvcletestingoflwc_ .%mnenschein I)F6\:lfSt) Auburn, AI., to (lcvelc)l)I)il)_lar, cavl)_n-t)as_'d
seah'd lead-acid l)altci_ m_)clules was conducled us- ullracat)acitc)rs having an _'n_'rgy d_'nsily _)I at lt'asi

. .)._.), whictl ctmhl bc c_nfigurcd in aing the' SI:tTI)S battcw discharge profile which simu- 5 W.h/kg bv 1Lt =
laled the duty cych' e×pected of the hypotl_etical 1()()kg unit lo sh)rc 5()() \V.ll of tqltq/y. Very hi_¢l_
II)SEP mini-van on tile' IctlI)S. The end oithe battery surface-area electrodes can be,achit'ved with carb_n
life was reached afleT "'")c,cs_discharge cycles when the for significant stored ellOl'_ry density. Materials mid

two modules could not deliver 80 percent of the their electrode research at several I)()E Natit,nal l.ab_ra-
original enerk,3' c_nthe cych'. Subsequent tests on the tortes and at private corot)antes doing rest,arch for the
weakest moduh, revealed Iiml it had deteriorated to I)eparlmenl ofI)efensehasindicaled tlmt dt'velol)ment

lc.'ss"than 72 percent oithe rated aral)ere-hour capacity, of ultracapacitors with an energy density _I 1() to
due to failure of the negative hall:cell. At the comple- 15 W.h/kg may be, l)ossible in the future.
}ion of life cycle' testing, the weakest batteI'y was High-energy, density capacitors eft)rained lr¢m_
subjecledtoanin-del)thteardownanalysislodetermine both domestic and foreign c¢_ml)anies are be'thio
th • "_"s," s't 171tc1. e tau. c of failure. The resultsofthis analysis evalualed in the Idaho l'latlery "I'e'st I.aboralol.'y. Tests
will be*reported when il is comt)leted, of the' st)iral-wound, cart)on-bas_'d cit,viet* shown in

Characterization tests were l)erformed on three F'igure 13 have indicated an energy density of
East Penn 8I)8(; 12 volt batteries. The electrodes '2W'h/kgandacyclelifeof5(l',_,,(t(l()charge/discharge
usedinthisbaltervaremanufacturedbvSonncn.cht.m cycles over a period of 7 months {71c{mlinuous test-
and are )t lieved to be the same electrodes used in the ing. A contract was placed in Sel)lcmber 199'_ with

I)F6V 16() battery described above. Characterization
test results are ctirrently being analyzed. F'reliminary. --_'_'.. _Q_
indications are that the i_erforlnance of the East Penn -" ......
electrodes are indeed similar to the Sonnenschein
I) F6V 16() electrode's.

Two flooded lead-acid balte_3, designs manufac-

tured by Jal)an Sl()l'a._e Battel.'y Company were tested
. le. t l.abora-and c]]arac'lerizlcff] in Ibe Idaho Ballerv"" ,s

t_W. These batteries are manufactured in Japan by
the Japan Storage Ballew Co., l.td., and imported into
the [;hired States bv (;."; Battet.-y ([J.S.A.), Inc. The
(;S I'ISI)H modt'l is generally considered the })test i:,..

head-acid battery in Jat)an for use in electric vehicles.
Perf_)rm,mce (_l these batteries in fairly poor ct)m-
l)ared Io t)lher h'ad acid batteries.

3.5 Ultracapacitors .

High energy density ultracat)acilors can be used
t_ load lcvel th(' tracti_)n batlery in electric w_q_icles or
the engine in a series hybrid eh'eerie vehicle. In the -=.....
case of electric vehicles, use ()f ullracapacitt)rs would
re(tucc the peak pe)wet required from the batte_'y by a
lact()r ()I lhrce ()r more, resulting in a longer batteW

lift'. The batler'v c'()uld also be optimized for energn,.,
density. In lh(, case (_flhc series hybrid vehicle, the
tlllracal)acit(_rs w()uld bc ust,d to SUl)ply the l)eak
t)_wcr _)ftht, t'lcctric ¢trivc sx'sl('_ an(l l)ermi! a smaller
batt(*rv svstvm t_)l_andlc a h'v¢'l h,ad.

A c(_ntract was l)laccd in Junv 1992 with Maxwell Figure 13. A spiral-wound, carl)on-
I.al)_)lal_ri_'s, ,%anI)i_'g_, (_'A,and Aut)urn [ :niversity, based capacilt_r (3 V, 6()() F).
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General Electric, Schenectady, NY, to study the in- carbon electrodes (dark color) that make up the stack
tefface electronics needed to utilize the ultracapacitors are also shown. A metric scale is included in Figure 14
in an advanced AC driveline, such as that developed for reference purposes.
for I)OE on the MF.VP program. In August of FY 1992, I)()E initiated a project at

Electrochemists at Sandia National Laboratory Los Alamos National Laboratory. to develop conduct-
conceived the idea of utilizing for double-layer capaci- ing polymers as the active charge storage material in

tor (I)I.C) applications, carbon materials that they electrochemical capacitors for electric vehicle appli-
have developed over the years. Since the 1980s, cations. Conducting polymers have an imlmrtant
Sandia has been responsible for an approximately combination of properties which make them an at-
S80M carbon materials development program (in- tractive target for development as active materials in

volving a wide segment of the DOE complex of ultracapacitors.Theyexhibitveryhighintrinsiccharge
National I.aboratories and Integrated Contractors) capacity while being less costly than other candidate

that led to novel preparation techniques, processes, materials. During the first months of this project, a
and materials, new material system consisting of a novel conducting

AprooI:of-conceptprogramwasinitiatedatSandia, polymer and a new non-aqueous electrolyte was
with funding provided by DOE Defense Programs, demonstrated to have an energy-density over
and demonstrated that some of these carbon materi- 40 W.h/kg of active material. This provides ample
als could be used as electrodes in DLCs. On the basis margin for support materials and packaging to exceed
of the successful outcome of this program, the DOE the initial DOE goal of 5 W.h/kg for capacitors in
Office of Propulsion Systems funded a $50K program electric vehicle applications. Higher energy capacitors
at Sandia in FY 1992 to continue materials develop- potentially will be desirable for advanced applications.
ment and evaluation in the hope of identifying supe-
rior carbon materials and to fabricate a device using
some of these materials in order to determine if these

materials could be utilized in a device. The primary
emphasis of this program was development of a car-
bon material exhibiting >50 Farads/cm 3 in a device.

This program has led to the development of carbon _'_ ¢_ i_

materials that exhibit _>130 Farads/cm 3 in a device _ _" _! _[i_having dimensions similar in size to a standard "D"

size battery, Ze., approximately 1-5/16" O.D. by 2-7/ _ a,- "
16" long. The device fabricated has a capacitance in
excess of 1,000 Farads and an energy density of ¢_ c-
approximately 1.4 W-h/kg. Figure 14 shows the
assembled electrode stack that is present inside of the _ ¢_ •

double-layer capacitor laboratory prototype developed o -
and fabricated at Sandia. The two diametrically op-
posite main electrical leads for the device are outside

of, and extending above, the stack. The alternating
layers of electrode separators (light color) and i

o
.

Figure 14. Sandia National
Laboratory prototype double-
layer capacitor.
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4.0 FUEL CELL SYSTEMS R&D
lr

Fuel cells, operating on non-petroletun fuels, can cies, regulatory bodies, and alternative fuels propo-
potentially provide an alternative transportation pro- nents.

pulsion system with nearly twice the fuel economy

and greatly reduced emissions/noise compared to 4.1 Phosphoric Acid Fuel Cell
the internal combustion engine. A fuel cell is an Bus Projectelectrochemical device that combines hydrogen with

oxygen and converts their chemical energy into The objective of this program is to develop and
electricity. The waste product from the process is demonstrate a fuel cell propulsion system in an urban
water; fuel cells emit essentially no carbon monoxide, transit bus. An urban transit bus was selected as the

nitrogen oxides, or particulates, initial test vehicle because its larger size can readily
The objective of the DOE Fuel Cells for Trans- accommodate the packaging ofafirst-generation fuel-

portation program is to advance fuel cell technologies cell-powered propulsion system, and because the ac-
flom the R&I) phase, through optimization and scale- quisition cost of present-day fuel cell systems can be
up, to deinonstration in cars, vans, and buses, in amortized over a longer service life in a bus than in
order to provide energy savings, fuel flexibility, and passenger cars. Methanol fuel was selected because
air quality improvements. Near-term eflorts are di- it can be derived from nonpetroleum sources (e.g.,
rected at phosphoric acid fuel cells (PAFC) lechnol- coal, natural gas, biomass), it can be easily stored
ogy, which is the only one suitably developed for onboard to provide an acceptable driving range, and
transportation at this time. The result will be a it can be reformed into hydrogen for fuel cell use at
methanol-fueled, fuel-cell-powered bus system with relatively low temperatures.
performance equivalent to diesel buses, but with a The phosphoric acid fuel cell was selected be-
reduction iii exhaust emissions of more than 99 per- cause of its near-mature state of development and
cent. For tile longer-term, the t)l()gl'arll is directed at because its operation oil reformed methanol has been
the introduction of proton exchange membrane demonstrated. The use of a batlew in parallel with
(PEM) fuel cells into cars and vans. PFM fuel cells the fuel cell miniinizes the size of fllel cell required;

can achieve lhc power density required for cars and the fuel cell provides the average power required,
vans, but additional R&I) is required to reduce costs, and the battery., which is recharged by the fuel cell
optimize performance, and otherwise extend the during bus idle periods, provides tile SUl)plemental
technology'. Adwmced reformer technology and jill- power needed during vehicle acceleration. For
proved hydrogen storage systems are being (level- maximum energ3, efficiency, the energ,3, released
oped to improve the coml)etitiveness of t'AFC and during vehicle braking can also be used to charge
PEM fuel-cell-powered vehicles by reducing system the baltel-y.
size and cost, reducing start-up times, and increasing This program is co-sponsored by the I)el)artment
transient response capability. Fuel flexibility can be of'l'ransportation/FederalTransit Administration and
attained with the capability of reforming methanol, by California's South Coast Air Quality Management
ethanol, or natural gas int(_ hydrogen for use iii fuel- I)istrict. Argonne National I.aboratory and

cell-powered vehicles. (;eorgetown l.Jniversity provide technical manage-
I)uring FY 1992, I)()E initiated the devel(q)ment ment for this program.

of a National Program I'lan for Fuel C(qls in Trans- In I'hase I of this project, two industrial c(mlrac-
porlation. This l()-year l)lan is being dewqol)ed from tors clenlonstraled the feasibility of the C(JllCelll by
a consensus for the development and colnm(,rcializa- building and testing a laboratory brassb()ard power
tion of fuel cell w'hicles formed at til(, tw() meetings system one-half the size needed for the bus. The
of an ad hoc technical panel cc_nsisting of m(_r(' than team ()f Bo(_z-Allen & ttamilt(m, Chrysler l'entastar
50 represenlaliv('s from the t|-ansl)()|-tati(m in(luslrS', I'.'lectronics, and Fuji Eh'clric built and lesle(1 an in-
universities, national lal)(_r;!t.(_rics,gt)vernin(,nl agen- It,grated (S8-k\,Vl)_)wt'r source c(msisling of zt 2S-kW
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fuelcelland 43-k\%'l_,:icl-_wi<ll::_It<,r\,l,i_,F._vI,_,- I"Y I!_!_'_'_)t__,v_,F:_ll_,ad-;wiclalld nickel/cadn_iunl

search Corpc_rati_n built :libel 1_._I_,_1_i ii'.' k\V l)_'r t_tI_'Fi_'s _'l_'cl_'cI _ls 1)_lcllli_ll candi<iates for the fuel

source consislin_ _l _l i_2-k\V Iu<'] t'_.ll :_l_l ',IItk\V c_'ll l_s _it_l)lic_lii_l_. (;_,_rv,_,i_wn [lniw'rsity also

nickel/cadmiulll })illlt,l\. Iii })t_l]l ._\._It,IllS. l}lt, It,sl _-_II(tll¢'i¢,tl siu(li(,s in Stil)l)(lil ()f Illc Fuel Cell Bus
results veril]cd lilt' I)t'l'l(ll'lil_lllt'_<' _til(l t'_illl]llll¢'(] iii(' lii'(ti_'cl <ltiriil,l_ I:Y 1._)92undt'r ii cost-shared conlracl

feasibility of illc luc] c_,ll I)tl._ c<>llC'clll. \villi I)( )E. (ie_ii'c_ct<twil d_'vch_l)Cd ii bus perfornlarice
Through _1 c_>llll)ctiiiv_' i)l_ctil_,lil_'ill lli_Jc'cs_, siilltilali_il iiill(l¢,l _uid iiscd lhis in(idel lo analyze bus

Ii(iF. awardt, d ii ;l/)-lll_lllli, 7,->i)t,ic'_,iil c'_sl-sil:li¢,(1 rt'(itlii_'i/l_'nis f_)r _iclual ll'ansil i-oules. (ieorgetown
contracl iii 1991 i_ I l-I>_v_,r t_'_lll)_i_il.i<_l__1 ll<,ll_,vill_,, _ils_ C_llli_'(1 tit.ii _ibus in(lustl-v nlai'kei sludy to suppoil
NJ, for Phase II _I il_is t._i(,jt,c'i, wllic'ti ill<'lll_l<,s tll_, itri, (lt,v(,liil)il_t,iil llla fucl cell bus commercialization

fabrication alld dcllvcr\' (>1llilk,,, L_{!-II, '_!_-i-t);i,:,_'ll_t.i slilili'Ky. "l'll(' I>AI:C b;:litel-y-l)(iwtTed test bed bus
urban buses iiil(I lilt' dr'si ctii I<_i'_i Itll]-'_ii¢' 1!)II tll])_lll c'llllt't'l)l is SIlOWll in I"il4tll't' 15.
bus. H-Power will ;.lss('illl)l<, _ill(t I_,,,I Itl,. l tl<'i <'_'11/

baltei.'y systems in its N<,\v.l<,l-s<,\+l<lt+¢}i;it<>i,.s 1)t,l<ir(, 4 2 Proton Exchange Membranethey are installed ¢)I1ltir' i)tis_'s, l'{t'\ slli)t'_illtl'_lt'l()ts

on the H-l)¢l\,,er lt'aili _ilt' ll;.iil_,tl,_it_tli¢,il Xl<lillll_it'- Fuel Cell Research

turing Corp. (tile, lltr__,sl I.._. 1_:_ lll_llltll;lc'lill¢,l), 1t_¢ ' l)el)arlnl¢'nt of Ener,k_' is sponsoring both
Bus Manufacitli'iIL_ I "S:\ lilt., I_>_)/-:\11¢,I_,%.t l:_llilt_l,

ftlu¢l_lln¢,nlal and ill)plied research on PCM fuel cells
Fuji Electric, and %¢ll_,qt_'<_rl>_ii_lli<,ll.1t1¢, iil\¢>lv_,lll_,i_l l<>r lransl)<._i'lati_lll apl)lications. The PEM fuel cell,
of major bus lllanufacltli<.rs iill(I itl_ ,i1 _villilll.,i_'_ I_ wil_ql frill\' dc,veil>peal, will offer signil]carit advantages
share in lhc' (tt'w;,](lt)lll('i_l <'_,sls ;li'_' _'\'i(it'llC't' ()I iil- (_vcr ill(, l)h<tsl)h<wic acid fli('l cell. These advantages
dustrv support l(tr this l)l_lji,c-l. :\1 til<, <,l_i <>II:Y l{JitE, iliclutlt, l('duc_;,(I size and w('i_hi, faster start-up, and
H-Power had c<llnl)lct_'(t ltir, lll;.ij_>i ,q!t)_,\ _.it,lli (t_,,,i_ils l)¢)tenliallv hlwer ct)st. When the PEM fuel <.'ellhas
and had bed\ill l_ibric'_ili_il _I/li<, li/l-, stftic'tilli, :lil_t 1)(,\,ii d(,w'ltll)(,(1 iill() {iii inte_raled system, it will
the 50-kW ph<_sl)tl<iric" _lc'i(t fll_,l <,.11>\',l,'!li. li_iv(' llil' l)<ll('nlia] lllr illcctiil_ the size and weight

in Stlpl)(llt _ltll_. l"ll_,l t,.tl i;ti,. I'__i,,,t..'\IL',,III!,' i<'_ltiil't'iilC'llls f<)r list' ii1 atit()lllOl)iies, vails, and light
carried oul t'\'_ilti_lti_il ;iii(t t'Ti(]tll_ilit'< i -lili.t.', <l_il'ilik {l'tlc'l_.S.
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(;eneral N,I()t()rs L'(Wl)(,'atioll (,'\llis()ll (;as Tuv- a xnininmm 1)atrial l)ressurc ()f .ii)()millimelers of
bim' I)ivision) c()ml)leied lhr' sec()IId .v<w ()I a :_'_- mt,rcury to l)revent dehydrati()n ()1 ttle polymer
month, 2()percent c_)st-shared R&I) c()ntracl I()r de- lnembrane and a catastr(q)hic increas(' in electrical

velopment of the lq']M fuel cell as a c()nH)h'te trmIs- resistance. To mainlain a(tequaie hydration of the
portation power s()urcc system. As the l)rilm' con- nl_,ml)rane, the systenl must be pressurized and sur-
tractor for l'hasc I, Allison is rest)()nsibh' for overall plus water must be constantly SUpl)lied al the anode.

system inte,_rati()n. SUpl)(H't subcontract()rs are l.()s lq)r best performance, I'I';M fuel c_'lls require an
Alamos National l.ab()ral()Fy for l't'l()l'nltT (leveh)lY oxidizer unit belween tilt' ref()nner and til(, fuel cell
rnei1t and fuel cell tesling, I)ow C'hemical Ct)ml)any t() remc)ve Ct), a lurb()c()ml)ress()r to pressurize lhc
for merilbralle labricati()n and lesli|l_, Ballard P()wer system, _lll(l;.-tW;IItT lll_lIl;t,t.{elllt'll[ system lt) maintain

Systems ft)) fuel cell stack labricali()i1, (;M Research hydrati()n of the membrane and removal of the l)rod-
l.aboratories f()r electrode and catalyst studies, and uci water. The l)rt'fe|'enlial ()xidizer reduces the
(;M Advanced Engineering Slalf l()r vehich' system c()nceiltrati()n of Ct) in the fuel strealn ct)ruing from
engineering, l)urin._ FY 199'2, membranes and elec- the ref()rmer from one percent It) a few t)arls per
trodes were ilnl)r()vcd, slate-of-the-art 5-kVv'p1cM fuel million. The tt|rb()co|nl)ress()r raises lilt, air I)_t. sth t
cell stacks were buill and tesled, _t_)(l signil_canl al the cathodt' t()ab()ul '3 atm()Sl)heres (().3 MPa). A

progress was attained in metllar_ol fuel pl'()CeSSillg r, watel" l'enloval syslt'nl is r(.'quire(l becat|se Ill()l'e wa-

and control technoh)gies needed t()bring this t() a ter lhan is |lee(led f()r rt, lo|min_ must be injected

COlnpletc, system. The Phase I efforl will culminate inlo the fuel stream I() _naintain l_ydrali()n of tile
in I:Y IOC)'>,,,,, with |he inle_ralion and lesli_l_ ()f a ct)m- nlembra.ne. A humidificati()n secli()n is included in

ph'tc l()-kW I'I';M lu('l cell systen_, whicll is expeclt,d lhc (h'si_n ()f tilt' ct'li stn(.'k It) SUpl)ly water lt) the
to provide a (leill()nslrati(m ()f the feasibility ()f I)EM membrane.
fuel cells f()r tlaltSl)()rtati()n, l])_'reby layin,e, til(' ()_IgoiIlg SUl)l)()rting t'xl)lorat()ry arid ct)re tech-

groundw()rk f()r a l)(>t(.,ntial future engineering st.'ali,- n()l()g,b.'deveh)l)|nent activities art' discussed in section
up and inte_rati()n ()f a I'I'M ftl('] cell l))'()l)ulsi()l_ 4.4. The results ()f lhese research elforls will be
systenl int()a vehicle, integrated into the PEM systenl devel()l)menl pro-

The lq'.'M fuel cell uses a f]tt()rocarb()n l)()lymer _ram.
menlbrane as lhc elect|'olvle. Because thf' membrane

C(.)IltaillS tet'tlaillal stllftll'iC acid _I'()LII)S, il acts as an

acidic electrolyte and does not al)s()rl) carb()n dic)xide 4.'_ Multifuel Reformers and
and thus can be used with ref()|'nled hytlr()carbon Hydrogen Storage for Fuel
fuels. An advanlage of a st)lid polymer electr()lyte is Flexibility
that an immobilized eh'ctrolyh' simplifies sealing in
the l)r()ducti()n procc,ss, reduces corrosion, and may Fuel cells operate by eh'ctroche_nically combin-

pr()vide for a l()ng cell life. The cell operates at al)out ing hydrogen and oxygen t() produce t,h,ctricity and
8(1:C, and uselul electric l)()wer Call be' (Ii'awn fr()!ll watel'. For transportation aPl)licali()ns ()I fuel cells,
tilt' cell at r()()m t(')nl)('rature. The h)wer operati)_g ()xygen can be obtained front tilt, air, and hydroI_en

teml)eratt|re all()ws much faster and easier start-ula can either be car;'i('d (m-ht)aral the vehich' ()r derived
than thr PAFC svstc,m which ()perales al about 2.()(VC. from hydr()carb()n fuels by means ()fa fuel ref()rmer.

"l'w() arras (>f_.'<)ncc,n_f()r the I'I-.'M fuel cell are With existing stale-()fthe-arl techn()h)gy, hydro-

Cal'b()ll lll()ll()Xi(lc' ((.'()) l)()iS()Ilillg ()f lhc _ell C_lll be sl()re(l eilher as a COl lll)l'esse(t gas ii1

electr()calal\'s1 and t]_c,need lor hun-_ktificati()i_ ()f the h(,avy tanks ;,lt high l)l'essul'(', as a metal hydride, as

fu('l strvam. I"tl¢'l cells, stlch as tl_(' PI'lM, which an adsorbed gas ()n activated carb()n, or as liquid

()p(,rate al l()w Ivl_l)C,|att_Fc's use platinum t() catalvz(: hy(h'()I_en _it extremely low leml)t'rattlres. These
reactions al ht)lh tt_v ant)tie and cath()(l('. The ad- storage mechanisms ;til have a iartte weight a)_dvol-

s()rl)ti()ll ()f Ct), which is inverst'ly related t_) i('111- tlI11e per u)_it of hydrog, en stored. As a result, the

l)(_?l-alure,bl()cks acct,ss ()fhvdr()_('n Io lhc SIIII'f_-R,(' ()f aIllottnl ()f [iv(:Iro,l_erll]lat can ])(' caI-I'it'(l ()n bOal'(l a
the catalyst. At th_, _() C"()l)('ralin_ I_'I11])CTalUI'(' ()f vel_ich' is restricted, and lhc' drivin_ range for the
thr I'EM fu(,l c<,ll, thr all()wabh' C()llC(.,nll'ali(.)n()f C() v(.'hich' is lintit('d.

in th(' fuel is ()Ill\' a f('w l.)aI'Is I)('I" n_illi()n. \Valc'r Ft)el I'c'f()I'III(.TS,as ;ill ;tlt('n_aliv(' t() hydr()gt, n
corll('llt ill thr' ft)('] sll'('all_ tllusl als()])(' II1;liIllaill(.'d at St()Fa_c' t.'all _,'Xll'aCl hv(lr()_(,n fr<)m lll()l'e I)lenliful
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carbon-based fuels such as methanol, ethanol, and formers for hvdrocarbon fu_,ls. .'<,1<un r_'fc,rnlilLq,
natural gas that have a high hydrogen content. For partial oxidation, ¢_rcombinati_1_s _I these l_r_c_'sscs
transportation applications, methanol has been the are being investigated. "l'he _mlc_n_' of the lqlasc I
fuel of choice to date since ii till1 be derived from Feasibility Study will be SlX'cificalic)lis f_l'lhc rel{_rmer

nc_nt)etroleu_n sources, is easy to transport, and can and hydrogen storage s.vsle_l_s t_ 1)_' d_'veh_l)Cd in
b_.'conw.'rlcd Io tlydrogen al relatively low lenlpera- Phase II, where a 10-kW relc_rln_'r allcl a 1-1,:g]lydro-
turcs. \Vith t'ef{>t'tners, liquid fuels for fuel cells can gell storage l)l'oofof--ctmcC,l)l syslt'tlls will bc built
be stored in a manner similar to _asoline in internal and tested. The pt+o.iecl is eXl)t'cte{1 tc>ht' cOlnl)leted
combustiot_ engine vehicles, by Novernber 1994.

Steam reforming methanol to produce hydrogen Research has been initiat('(I al Ar,e,onne National

iuvolw.,s a reaction ttf gaseous methanol and steam I2tboratory to identify and (levelol) suitable t.'alalysts
C_ll cit.lalysls according to tile following reaction: for the steam reformin,r¢ c_lethaiIc_l, l(thanol is an

attractive fuel for fuel cell prC_l)Ulsion since it has
Ct t ()H + H,() _>. C(), + 3tt, aboul a 30 percenl higher energy ¢'c)nl_.'iIltllan an

equivalent amount of melhanc_l. I"urll_('r, f(Trfuel cell
The reaction t)r()ceeds in two steps: the first be- use, the water remaining in ethanol alIcr lilt' fel'-

ing decomp<_sition of methanol to hydrogen and car- mentation process does n¢_t }_av_' I¢_ be removed,

bon mcmoxide and the second a "shift reaction" of eliminating the expensive dislillaticm l)r_ccss required
carbon monoxide and water to carbon dioxide and for ethanol use in internal co_nbusticm en_cines. Re-
hydrogen. The ow.'rall net reaction is endothernfic, search c'{mdu_tc"'d at ArI(cmnc in FY ltir)',',, ,. identified a

and the required energy can be supplied from waste family of catalysts Ileal can l)Olt'ntially be used to
heat generatvd by other components of tile fuel cell reform ethanol. Although these catalysts ca_ produce
system. Most reformers developed to date have acceptably high concei_trali{_ns _I llydro_en in the
been designed for stati(_naW applications: they are prodtlct gas, these catalysts are not ve_y selectiw,
large, heavy, and lack the fast start-up and dynamic and the hydrogen yield is not as/real its is desirable.
rvsponse capabilities necessaw for use with fuel cell Work is continuin,_ to deveh_p catalysts tirol haw'
power systems in automotive al)plications, good activity and high selectivity lc_r the production

I)evelot)ment of advanced reformer and hydro- of hydrogen by the stea_ relc_rming _I ethanol.

gen storage technologies will not only provide fuel The reforming c)falcc)l_c_lsan(l c_th('r fu('ls t(_by-
flexibility for fuel-cell-l)owered vehicles, but will also drogen by partial oxidation has bet'n identified as a
reducc' svstenl size and cost, reduce start-up time, potentially attractive alternative lc_ll_t' slt';llll l'('f()l'lll-

and increase transient response capability. I)()E ing of the fuel for use in lut'l ccll l)r_l)ulsic_n systen_s.
initiatt,d research on advanced "¢ " 'rt:l )Irnt_ and hydro- The partial oxidatic_n l)rc_c_'ss ca_ vi_qd relc_rmers

yen storage technol_ics to improve the competi- thal are colnpacl, li/htweie,ht, and ()llc,r ral)id Slal'l-tl l)

tiw'ness ()f fucl cell vvhicles. To this end, I)()E and fast respc)nst, t()varyin/ lc)a(ls ()I) t]_(' syst(q)_.
awarded a 3(l-ln()nth cost-shared R&I) contract in Experimental investi,qati{msw{,r_,il_ilial_,¢l al A)'vc)nn('
May lqq '_ tc_ Arlht_r I). l.itlle, Inc., c_fCambridge, in FY 195)2 to dev_'lol) catalysts ai_{I l)l'c_cc'ss_,s l{_r
MA. (Jnc, objvctive of the project is to devch_p ad- partial oxidation olmethan¢_l, ctl_an_l, ;_nd _th_,r fuels.
vanccd fuel l)r_)ccssin_ systems tc) ref()rm nl_'than()l, Ix(..s('a|ch tllUS far }laS i(l_'nlil]_'cI sc)_lc' hi_l_lv l)r()_n-
_'than_l, natural Wts, and c_ther hy(trc)carb(_ns inr() isin_ catalyst lc_rmulatic)_s, l)r¢'l)arc'ct _I ,,\l'_c_l_I_('an(I

hv(lr_)_('n lc_ruse, i_ tranSl)()rlati()n fuel cell sysl('lns; available c()_m(:'rciallv, l]l_tl ]_p,,_.rc,r\' g(_{1 aclivily
a s_,c'_l_¢l(_b.jectiv_, is to d{,vcl()p b{'tter svstenls for and selcctivily lc)r lhc, l)_'c_(It_.'ti_)l__)1I_v(ll'(_vc,n lrc)i_
_>t:nmrd hydrogen slc_rage. "l'h_' wc_rk is divided methanol. Additi_llal w_)rk is c_ntiIltliI_.: I_ _'slal)li_h
int_, twc)phase,s: thr first phase consists of a feasibility the thermal, clt_'mical, a_{l ,ll_'cl_:_ic_] st_tbilitv _I

study, and the s_,c'c_ndl;hasv will includv fabrication these catalysis. (,at;,I, lvsls 1_ II_,' l);tl'ti:l] _xi{lati_)n
all(l tesl of l)l'{)_)fc_f-t'_llC_.'pl r_'for_m,r and hydrc)I4en relonnin/c)I ethnl_c_l ar_, _lls_ 1)_'i_l<_t_'v_'l_,l_'cI.
st()I_tV(' svst{'lllS. "l'h_' Iqlasc I I"_'asibility Ntu(Iv is
(liI-_,c't_,(lat _'Xal_iI_iilV th_' system tra(l_,_)fIs (i._*.,r_'-
l_il_'r si;,._,, wc'iVtlt, _'fl_cienc\', (lt_a]itv c_l r_'l_rlnat,
]il_',c{_sl, Ii'a_sient Ic,sl)c_ns{,Cal)at)ilily, slitl'l-tl]) lime)
izl th_, (tvsiwi _)1hydro_{,n SI_)F;.t.J_I' SVSIi'IIIS all(l I'('-



4.4 Exploratory Technology electrocatalx'sis, theoretical studies, fuel-ct,li testing,

Development fu('l processing, and naembrane characterizati(;n. I.os
Alatn()s has ft)und that processing membrane-cleo-

Exploratory Techn()h)g3' l)evelolmaent in F'Y 1992 tr()(te assemblies (IVII';A)with membranes that con-
included cross-cutting research at I.awrence l?;erke- rain the Na' f()rrn rather than the t-t+form permits the
ley Laboratoiw to provide a techiloh)gy base and a use ofhigherl)rocessingh:mH)eratures, 185vs. 1, 5°C,
core technology program at l_()s Almnos tc) supp()rt and the MEA are more robust, have a lower imped-
the development of fuel cells for transportation apl)li- ance, and are more t()lerant to advet.','s'e humidification
cations, conditions in fuel cells, lx)s Alamos has characterized

Cross-cutting ret;earch at l.awrence Berkeley .mnr .s "()f the H.,()-management properties of Nation
provides a critical scientific an(1 electrochemical en- 117, membrane C, and an experimental I)ow mem-
gineering base to support the development of fuel brahe. The I)ow membrane at)pears to show the

cells for transportation applications. The projects at highest H.20 uptake and smallest water drag. These
Lawrence Berkeley include spectroscopic and in situ prot)erties are l_eneficial for obtaining high perfof
studies of electrochemical reactions at electrode mance in fuel c,,lls with the Dow membrane. A large
S 7" • 1,. urlaces, studies of electrocatalysts using advanced 50-Clll 2 cell was operated al I,os Alamos which at-
surface techniques, electrocatalysts studies, and tained an initial perfl)rnmnce of 2 A/cre :_on ():_ (5 atm)

modeling of electrochemical and transp()rt l)henom- without experiencing transport losses at the O2 elec-
ena. l_twrence Berkeley has developed mathematical trode. The initial performance on air (5 atm) showed
models to understand transport and kinetic phe_lom- only marginal h_)s_es up to 1 A/cre e. Brookhaven is
ena occurring in electrochemical systems, utilizing X-rav absorption spectroscol)y to investigate

Imt)rovernents to the model of a solid-l)olymer- the -) , ",spt c p( rtlt, of Pt/C and several of its alloys with
electrolyte fuel cell were made to include the effects Cr, Co, and Ni. The results indicate that alloying
of electrode kinetics, mass transfer to the membrane- with Ni has a large effect on the character of Pt,
electrode interface, and thermal effects, l._werence wh(:'reas Cr has little effect. Nickel forms a solid

Berkeley is using sophisticated surface-sensitive solution with t)t, with the Ni atoms substituting at Pt
• * _'Stechmqu(, and photothermal deflection spectroscol)y siles.

(lH)S) to study the electro()xidation of C H:_()H ()n I't- Ix)s Alam()s is conducting basic and applied re-

based electrocatalvsts. The lq)S study indicates that scat'cb necessaIT to bring PEM fuel cell technology
the rate-lirniting step al)l)ears t() be the trailsfer of to the l)erforrnance an(l cost level.'s required for
oxygen from water to the l>t catalyst where it can widesl)read use in transl)ortation. The specific goals
_,-(,actwith CI-t:_()H to forlll C(),2. The surface c()n_p()- art' It) r('duce the intrinsic costs, to increase the power

sition t)f Pt (MI)t::) alloys for methan()l density, t() ()l)timize the system for ot)eration on re-
electro()xidati()ll was found to be slr()ngly del)en(tent f()rlned organic fuels and air, and to achieve stable,
on the strength ()f the intermetallic I)I-M bon(t. In efficient lollg-lcrn/ol)eration. Major areas of activity
Cot>t::. f()r examl)le, where' the intermetallic l)()ntl is in I"Y .1()c)'>....,..are: ()ptimizing platinum/carbon c'lectrode"
relatively, weak, the lower surface, ('nergy ()f l>l l)ro- stvuclur('" iml)rovint4 l)evformance on l()w-l)r(..'ssure'
duced pure [)l plalles ()n be)lh thf 11111 and II()()l air: evahlalillg lt)nK-tel'ni endurance and tnaterials
()rientati()n. Invt'stigati()ns ()f (lisl)(.rs(,d I't-Ru stability; stu(lics (m catalysis apd catalyst utilization;
electrocatalysts she)wed they hay(, a nluch hi_her characterizing conductivity arm water transl)ort in

. . (...... di-catah, tic activity for the electr()()xi(lation ()f Val)()rizt'(1 I)()lvrll(T eh'ctr()lvte lll('n-lbrfiilt,s; and r: st al ch on
methan()l than Pl ah)n(, in 72 1)ercent w('igllt Cs:_,C():,, rcct mettlan()l ()xidation.

at 12() C. Furtherm()re, a cell with 72 l)('rccnt weight "l'tle ()l)tinlizati(m of PI/C electr()des for PEM fuel
Cs.,C():, exhibited much l();vt,r l)()t('ntial l()sses than a cells has 1)(,ell a focus of effort at I,()s Alamos since

c(_ml)arabh' ct,li opt'rated \villa c()nccntralc(t tt::l)()t 1984. ()vcr th(' I)ast 2 years, a thin-film electrode
under sinfilar c()n(titi(ms (St) C). t(,chn()l()gy thai uses carb()n-SUl)l)()rt('d l)lali)lttm in a

Much ()f the furl cell ('×t)l()rut()r\ t(,ctln()l()_y dt .... l- t() 5-mnvtllick layer applied directly to lhc mem-
veloplnent ui_d(,rw'ftv at I.().,,A1;tnl()s ;.tnt]I'r()()l<l_av(qa brall(' was d('v('l_)l)('d. This eh'ctr()de structure l)r()-
Nati()nal I.at)()rat()rv is dir(,cte(t al i1111)r(,ving tl_(' (ttl(_'esl)()w('r densities vI'eatev than 1 W/cre 2 on lte
l)erf()rmallC(', Iii(', an(1c()sts ()llh(.' l)()h'lll('r-('l(,ctr()l.vt('- and ;fir, with a l)latintlIll h)a(1;_ng()f().12 rag/cre'. This
lllellll)lallt' f()r ttt(I' I'EM fur.1 ('(,11; thf, l()cus is ()n techIl()h)_y, f()r an 8()kW l)("ak-l)()w"(l ])assellger (.'fir,
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would require less than $50() for plalinum. The tinal data have been accumulated for Nation 117, Mem-
goal of lhis task is t()produce membrane/electrode brane C, and the Dow experimental membrane at
assemblies, with platinunl loading smaller than 0.25 both 30°C and 80°C. These data have been incorpo-
g/kW, that can be manufactured al a low cost in large rated into a detailed microscopic model of water
areas and thal exhibit stabh' performance over 2,000 transport that can predict net water transport, water
to 3,000 hours of driw,-cycle operation on methanol profiles, and membrane resistance as a function of
reformate and air. tll developing thin-fihn electrodes, operating conditions.

significant impr()vemellts in the low-pressure air Fuel cells which could use methanol directly
performance have been achiew,d. Current densities would greatly simplify the vehicle propulsion system
greater than 8()() mA/cre", at a cell voltage of 0.5 V, by eliminating tim need for a reformer. Unfortunately,
have been achieved using ambient pressure hydrogen methanol tends to poison the catalysts and the per-
and air, To determine degradation mechanisms, formance is poor. To overcome these problems,
single cells, with very low l)latinum loading, were research is being conducted on direct methanol oxi-
tested for up to 4,()00 hours. The cells continue to dation (DMO). During 1_( 1992, the work focused
operate well for tll('se h)ng periods; however, there is on accurately characterizing the effects of methanol
a slow loss in perf()rmance. The "posl mortems" of on operating PEM fuel cells. Electrodes using
these cells indicale that the platinum catalyst particles methanol-tolerant, Pt:Ru-alloy catalysts were fabri-
agglomerate, sl()wly reducing the active catalyst sur- cated using the thin-film-electrode technology devel-
face area. Preliminary experiments indicate that oped at Los Alamos. Key parameters of the cell were
starting with larger platinum particles may alleviate evaluated during operation with a methanol/water
this problem, vapor mixture at the anode and air at the cathode.

In a PEM fuel cell, tlle water content and water These experiments showed that the rate of DMO
distribution in the polymt,r membrane have a domi- could be significantly increased by increasing the
nant effect ()n l)eI'f()I'malIce. "['() characterize these methanol vapor pressure at a well-designed anode
inenlbrailes, watc,r s()rpti()n, water diffusion, and wa- catalyst layer. Losses due to methaiml penetration
ter drag c()efficiel_is were measured under experi- through the membrane were also quantified and
mental c()nditi()_ls that mimic the conditions in an possible solutions have been identified.
operating fuel cell as cl_)selv as possible. Substantial
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5.0 VEHICLE SYSTEMS R&D
IIII II II III

5.1 Hybrid Propulsion Systems svst(,ms that are feasible for mass production.
Though mininmnl technical perfornlance standards

In August lqW),..... I)()E i_}itiait,d l)lanni_lk f¢)r a 5- will bc set, wide discretion will be given as to the
year tlybrid Prolmlsi()n %\'.,;te1/_l)t'v('lt)l)ll_enl l'r()- cl_(fice ()lener_,w storage and conversion components,
gram. The l)rogran_ will ()lficiallv br'gill in I"Y 1ou''.,,,,,, as ,a'('ll ;ts system, configuration.
The objective oitile l)rt)Kran_ is t()St|l)l)()rl industry iii "l'hc Idaho National Engineering l.aboratory per-
developing altol'nalivt' fuel I_vbrid l)r(oulsi()n svsl('tlls lt)rlned a study lo develop test procedures for evalu-
for passenger vehicles and accelerate the cuznlnt'r- atin.e, tile energy consumption (electricity and liquid
cialization of hybrid vehich,s. "l'hr¢m_h(mt lhc plan- fuel) and emissions from hybrid vehicles when they
ning process, industry was c()nsult(,(1 through nu- are driven on the I:ederal Urban and Highway cycles.
merous individual lln,ctings as well as a l)l{)gram "l'tw sludy indicated that, when testing hybrid vehicles
planning workshot) tllat WaS held in I)earb()rn, MI, in the hybrid operating mode, the test should be

on September '_')._and ,.,,,'y-' 1992. l-beinvc)lvi_lg industr\' started and stOl)l)ed with til{, battery in th(' same
as well as the F.nvironlncntal l'rc)tecti()n Agency m_d stat{'-(ff-charge rather than at fixed distances (at the
the Department of "l'ransl)()rtation in tilt, l)lanni_g end of the Federal cycles)as is customary with con-
process, the hybrid svstt'ms t()be (leveloped will b(' w_,nlional engine-powered vehicles. This procedure
compatible with ii_dustrv's i_mlkclil_ and l)l-()dtlcti()l_ 1)ermits the determination of the fuel economy and
plans as well ;ts tl_t, rcgtllal()r\' (,nvir()_('_t _t_(1 (,missi(_ns ()I tlw hybrid vehicle in the hybrid operat-
transportation infrastrucluvt,, in/_n()(h' and the calculation of the average annual

A draft pro,_rm_ l)laI_was ()ullint,d tlsii_/lai_vtm._(' (,missi(ms of i1_('hybrid wq_.icle if the all-electric range
V _. ,from the FY 1991; al)pl(q)riali()l_s bill. ll_e al)lW()acll a_l(I use-l)atl(q'n of tilt' w.'hicle are known. A {:rage

taken calls for COml)¢'lil_gindustvv tcan_.,, tC)dt,v_,l(_p cmissi(ms of a hybrid/electric minivan as a function
and demonstral¢,, within 5 years, hybrid l)r()ptllsi(m of the all-electric range of the vehicle are shown in

l:i_urc Iii for 12,(1()0km of urban travel.
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l'hasc II {}Ithe Range l']xtcndtT llvbrid Vehich., l)ropulsion svstenl devcl{}Imlenl thal began with
"V ,, ,)NOs.(RE) study that was inithflcd in FY IC}_}lwas com- El'X-) it) the ))lid It '

pMed in FY 1992. The ncar-lcrln al)proach ulilized T{, lhc {,xtenI l){}ssibh', c{}inl}{}ncnts and technol-
in l'hasv I (FY I.{}91) wus based upon ofl:lht'-shelf o_7 dcv{'lop_'d in the l:irsl and N,cond {h'nel'atiol_
COlnl)Oncnts and existing vclliclc platforms. A per- .'-;in_le-Shafl l';h'ctric l'r{}Inllsi{}n :-:,yslvln l'rogl'ams
lormaiR'c rcquirt'lll{,nt {}I 95 mph {qx'ratiOll under haw' been ell._l}h}yed in developin_ a falnily of com-
generator-only l){BVt,l )lh,wed tlSC {}I snmll (6 lo l{t l)onenls lhat wt}til{1 satisfy sin)li lmSSel_gervehicles,
k\'V,,) ,_t'llt'l'al{}r st'Is. The lqlaSV II II:Y 1,, _) analysis {.'Ollll)aCt vans, and lull-sizc vans in I}{}ih lr{}nl-wheel
ev;lluated hi_her t}erfol'nlalWe REV c{}nCel}lual de- and rear-whet.i drive al}t)licaii{}ns. Thre{, tal'_els for
signs. National I lighwayTraffic %afetyAdminislration COlnp{menI designs were ch{}s{,n" a 5(}-hl)two-pas-
standards l{wt,h,clric vvhich,s ;ts well as {leveh}l)n-wnt senger c{}nln_uter-tyl}e vehich, or micro-vala, ii 75-hl)
requircnlents for tilt, I:{}l'{1I"TX-II and Nl{}dular Eh'c- small van (mini-van), and a l{}{)-hp full-size van.
tric Vt.hiclt, t'l'{}grams werv ust'd t{}provide the ]);isis I}rt'liminary ,S,/StCln Studit,s (l'has{, I) completed

l{}l"colnt}al'is{}ll. "I'hesc included accehTati{}n, Sl}CCd in I:Y 1991 concluded Ill;lt a inodular l}owertrain is a
fit gra{l{,, and mininltlln top Sl)fed rv{luirt'mt'nls, vial)le cuncel}t ay_{l l)rt}vi{led a well-documented,
Analysis indicalvd that si_nil]cantly lar}4er generator quantitative definition of lilt' electric vehich' sub-

st,ts w{}tlld I)c n'quirt,d, l}{}intin_ l{}use {}1lh{wt, ad- systems thai have determined the sut),,-;ysterr_designs
vanct'den,_ilwtvchn{}h},_ies.A number of Cllgine forthewh{}h,project.,S ,"" • .• l}t:_,lilt objectives which were
lyt}cs and siz{,s W{'l't, cxalnin{,d fi}r al)l)licalion t{}til(, achieved include: evaluati{m of fun{lalnental concepts;
Rf{\', including advanc{,d fi}ur-str{}kt', lw{}-sll'{}kt,,ffas lact{}rin_ of naulli-l)ower capability into the c{}nlponenl
turbint., r{}lar>', Nirlin_, and c{}nll)l'{'ssi{}n i_nilit}n designs:delerminationofl}erformallcespecificatior_s

vnvinvs. Tilt, t,ngillcs s{'lcctvd l{}r analysis rallied for each of the tat'gel vehich.,s; and trade-off analyses
from 2,1 k\V,, t{}n{'al'lv t5'3k\V_,. {)v{,rall, tilt, lqlasc II which were used in formulatin_ the designs of the
analysis (l{,n]{}iiStl-itl{,dthat hi,t,"lltT-l)tTfOl'llianc{' Rt'2\;s cornl}On{'nts and subsystel-nS. I'relirninalw Sl)celtic)-
could b{, d{,v{,hq)t,d, usin,e, !l_Ol'e advanced heat {'n- lions fl}r ali conlt}tHlt, ilts a,nd subsystems were com-
_i,,_{,l'g{,n{,ralor c{}nl]_tlrali{}ns. This hivh{'r l)erfi}r- t}]t'it'{l {lurin_ this Iq_ase.
Inanc-e ,,hould at)l){,al lt} a broadt,r ran_v {}I l){}tt.nlial The Phase II, COlni}tment I}esign, I-_uild, Integra-
users (c{}nlparvd t{}the I'has{, I dc'sign), inc'r{,asin_ lion, and Test, is currently in progress and focuses

tilt' RI']V's l){}t{'ntiallnark{,1 penetratio_l, on detailed designs _f ali COl/lpoll{,llts that make tip
thr, conli)lete deliverable electric vehicle. Final

5.2 Modular Electric Vehicle sl}ecifications haw,, been written and component de-

Program signs for the 75-ht)pt}wertrain have been implemented
in lmr{lw'arv and bench tested. "l'tw fully developed

Tilt' objective {}I lilt:, Modular l'2h,cll'ic \'ehich, COlnl}{}n{'nts havt, been int{,glaled into ab{ml 1()test

t}r{}gram {MEVP) is It) brin_ t'lt'clrit" w'hiclc 1}r{}l}UI- bed vehicles R}r t{'stil!V as the i)rogriUll progresses.
"l'h{' V{'hiclv Contr{}l Sul)gyslen) ta,,-'l<c{mct,ntratedsi{}n sx'sten] l{'cllil{}h}Kycit}ser lt} c'{}mmercializati{m

{)II th{' {t{'buggillg and fini'-tuninR {}fthe c{}ntr{}lsvs-bv {l{'vvl{}l)inv stlbsys.:,It'l]l C{}llll){}n{'nls {}f ii C{}llll]l{}n

{l{'sign lhat iii'{'al)l)licabh' t{}a wi{t{'rang{' {}fv{'hi{:h,s, ten] {lurinv intt'grali{}n ill lh{' t}I{}l{}tyl}{'l{'sl b{'{l v{'-
i.t'., lt) m(){lula)'izv lhc c{)inl)(}nt.nts. This c()nCt'l}l hich.. I_as{,{l ()n lilt' inlegriiti(}n {,fl(}rts, rnaj()r revi-
would all{}w {'arlv lnarkt't illlr{){lucli{}n (}f {'h,clric v(,- si{}ns l(} thf V{'tlich, S.vst{'nl C{}ntr()lh,r Sl){'cificali(}n

hiclt,s bt'caus{' Ill{' {,con{}nli{,s {}I mass l}r{}{lucti{}n wvrv ma{h', l){'v{'h}l)mvnt {,fl{}rls als{} c{}nct'nlral{,{1
c(}uld t){, rt,aliz{,{t acr{}ss a vari{'lv {}f in{}{lt.ls an{l {}n Iii{., I}iagnostic I}ata I.x}g,t{tTM{}{It_h' {I}I}I.M},

sizvs. M{}{lularizati{}nw{}ul{tr{,{luc{,{l{,si_n ail{1capital inclu{ling har{lwar{, and s{}llwal'{, {l{,sign and i{l{'nlil]-
il]v{'stln{,i]t c{}sls an{1/{}r sh{}rl{,n ltl{, liIll{' r{'(tuir{'{l cati{}n {}f ;l Stll}t)li{'r for ttl{' n]{}{luh,. In a{l{liti{}n,
I.{}rcaliz{ a r{,lurl] {}l_lh{, inv{'sIl]l{'nl, all{l c{}l]s{,- t'{}n_nm_licati{}n t)elwt,{.n lt]{' {)ff-l',{}ar{I 1}iag_l{}slic

qu{'ntlv, r{'{It_c{' c{}nsui_]{,r {.'{}sl. "l"h{.t{,{.']]ni{.'al {'ff{}rt ._vsl{'lll and lhr' I}I}I.M was l{,st{,{t and succ{'ssfully
is c{}nlracl{,{I by I}{}E t{}I:{}r{IM{}t{}r{.'{}nil}an>'v,'ilh {lt,ln{}nslralt,d.

"l'h{' I'21{,{.'ll-ic.<,ut)svsl{,n] lask c{}I]{.'{,I]Iral{,{I{}n(,{,n{.ral I'2h,clric {_'{}Inl}aIl>'as a i]laj{_r subc{}i]lracl{}r
1{'slilU4inv{Tl{}rs and {.'{}i]lr{}l.'-;wilh r{'{l{'si,_l{'{lt'{}nlr{,l-for lh{. {l{.v{'l{}l}lll{.nl{_flh{. {.h.{-tri{-.'-;tll)s\'sl{'l_l. ")'his

is thf' thir{1 and til)al g{.n{'rali{}i] {}ilh{. itc ,;i_lgl{.shall l}riIll{'{I wiriii}4 [}(}itr{IsaIl{I lra_sl{.rrin._ 1II{' {l{'sign
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from engineering to manufacturing for pilot pre)due- • 75-hp l)rototyl)c hardwart, bc'ing tc'si¢,d in about
(ion. A chassis dynamonleter facility at (;F-I)rive 1() prototype test bed vellich's;
Systems ((;EI)S) was completed and is being used • I)iagnostic moduh' ol)erati<>nal rc'quircments
for evaluating M EVP propulsion sys! ems t)el'fOl'lll[il]Ct' Sl)¢'cificarlo n dra fted;

tests in vehicles. The first engineering l)rototype tesi • Eurol)ean Escort Van chost,n as 7,%hp deliver-
bed vehicle for the MEVP program to be tested at able test bed vehicle;

this test facility was shipped to (;EI)S during IcY • I-}attel'ycontrols deveh)pnlent und(,rway
1992. Initial tests which were performed evalt|ated - I)C power subsystenl configured;
the interaction between the electric drive and the - l]aitel'y control functions and algorithms in
vehicle's mechanical systems. I)rocess;

The Battel-y Subsystem task included discussions - Sodiunl-sulfur batt(,ry cooling system
with soditlm-sulfur bat(el3, supl)liers in anticipation specified;
of delivery of prototype units for testing in the proto- - Specifications writlt, n for ,5()-,7,%, and 10()-
type test bed vehicle. A prototype AI'}I_ so(lium- hl) l)owertrains;

sulfur battery was received and was used fl)r pre- - tligh voltage selected for ali l)ower low:Is.
liminary batte1"y controller work and testing in this

vehicle. The battery controller software for sodium- Phase II efforts will continue during FY 1993,
sulfur batteries was tested using this vehicle con- with delivew of the 7f-hp tesi bed vehicle (see Fig-
nected via an unlbilical cord to the sodium-sulfur ure 17). Component design studies will continut, for

battery. The battery controller specification was up- the 50-hp system, as well as packaging studies for the
dated using data accumulated through this testing test bed vehicle.
and subsequent discussions between the vehicle
system controller engineers and the battery control-

ler engineers. 5 3 Site Operator ProgramThe "I'ransaxle task concentrated on speed sensor

and electrical connector develolmlent and lubrication I)uring FY 1992, interest ill EVs and tile' Site
and cooling issues, including build of a special rig to ()l)erator Program increased because of several fac-

determine how the oil for lubrication and cooling is tors, including concerns with urban air qualily, lhc
distributed among the gears, bearings and motor. California Air Rescmrces Board regulations requiring
Extensive transaxle develol)ment testing began dur- that a percentage of California new vehicle sales be
ing FY 1992. zer'{)emission vehicles be/inning in 1998, alld a con-

The Test Vehicles task c¢)ncentrated ou in(egta- tinuing interest ill reducing oil imports. The Silt'

tion of the electrical system and l)OWerlrain c()nll)()- ()l)erator I)rograln currently includes 13 participants,
nents ill ill(' prototype test bed vehicle. Ride and representing a wide diversity of operating environ-

drive demonstrations ¢)fthis vehicle were provided to ments thai ipclud('s weather conditions, geography,
several members of I:ord Motor Coml)any's Senior the urban, st|burban, and semi-rural naltll'C' of tilt'

Management and Board of I)irectors. organizatit)n's location and program elnphasis. The
The status of I'hast' II at Iii(' end of FY 1992 is as Ih'ogram hi|s fill aclivt' pl'estqlce ill 1()of the 25 largest

follows: Mc'trol)olilan ,qtatistical Areas in the' counlry, includ-

• Initial efforts concenlrating on 7,_ hl) desit,*n; ing 5 of th_' 1(I largest cities. The I'rogram provides

• Sp('cificati_lls issued for ali major collll)on('nls g()o(1 financial h'veragc for I)()E funds, with the Sit('
and (lt'signs c()ml)l('l('; ()l)erators providing about $2.50 fr()m their {_wnand

• Electrical/electronic system Sl)_'cilicati_n other sources, not inclti(ting large "in l<ill(l" contribu-
drafted: lions, for each 81 of I)()E sul)porl. Collectively, the

• Motor/transaxh' ass(,mbly dt,sigm,d and pro.. participants rel)l'('s('nI owq-a million miles of EV
t{)tyl)c' }larclwar_, built; _l)('ralions and ovc,r a hun(lr(,d l)ersoll-yt'ars of IgY

• Invc:,rtor (it,signed and l)rOlt_tyl)c' llal'dwar(, operating t'Xl)('rit'nce. These slit's and Ill(, I)()l'; arc.,
built; the interfacc, b(;tw(,c,n lh(' markc'll)lacc, and _ltll()

• l_rassboar(l invt'I'l(_l'/lll()I()l" C()IIII'()Is built; nlailulactul'ers. Tabh, (5sh()ws lh(' l)arlicil)anls ill tilt'
• Vehich' systc,nl contr<_lh,r ¢lc,signed _tllcll)rt)lo- l>r<>gramits of lhc' 1)c'ginllintz {_1I"Y 1!)._)?.

tyl)(' har(lwart, built;
-v,
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Figure 17. MEVP 75-hp test bed vehicle - Concept vehicle - Ecostar.

Table 6. Electric and Hybrid Vehicle Program Site Operators

Continuing Site Operators

Arizona Public Service Company*

Kansas State University in cooperation with KEURP

Los Angeles Department of Water & Power

Orcas Power and Light Company
Pacific Gas and Electric

Platte River Power Authority

Public Service Gas & Electric Company
Southern California Edison*

Texas A&M University in cooperation with South Central Utility Consortium

University of South Florida in cooperation with the City of Tampa and Florida Power

York Technical College* in cooperation with the City of Rock Hill and Duke Power

U.S. Navy

New Site Operators

Potomac Electric Power Company

* Participants under prior program
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Idaht_ National l-n/_ineerin_ I_tbtli'atolw coniin- (;-.Van is lht' firsl tlm.'_._-i_r_dtlc_'tl I'IV iii tllt, ctnlnll-5'
tied ils r_;ie t)f l)l-OlzI-alll ,Manavement and exl)anded and III(.' first I".Vl(_1)t,ccl-lil]_'tt _l_,IIIt't'liI/K lilt' l"t'(h'ral
efforts h) establish alld ct_(irdinale inler-or_anizatitlnal Motor \.'ehich' Saft'Iv Sl;lll(I;utl_ cl_lsli lc'sl trill,ria.
activities thrtmKh l)ailiCil)atiml in conferences, wt)rk- "l'ht' (;-\'ml has 1)r(_vt'll t_ t)(, a rt,li;ll)l_, w_lkll(;rst' l(_r
shops, task forces, an._ c(mlrnitiees. Efforts have lhc t)arliCil)alin/4 t_r_allizali_ills ;tlltl Ills l)rtivi(lt'd
increased the cooperalitin belween lhc Site ()peralor l)raclical F]\' tq_,,ialin_ _,Xl)t'rit'llct'. l'i;_rlv id_,nlifica-
ProI4ram, thf Eleclric Pt)w'er Research Insiilult' iit)n and rt".4t)ltlli_)n ()f l)r(_l)h'llls iii _)l)t'ralinK lllest'
(IcPRI), the I-leciric Vehicle Association til the vehicles will rr'suit iii I)_.,llt'i Iml)lic lt'ct'l)litili _)IEVs.

Americas (EV:_), and lilt' American auioinobile When s_m_t' t;fih_, (;-\.'al_s t'Xl)t'ri('iic('tl ;t r¢,tlucti()n in
manufacturers. Infornutlion t)n the program and the ran_e I)er char_t' lrolu Ii() t(_ I_,ss tlla_l 1() tilth's, ad-
EV industD' has been provided ioa larve number of justmeI_Is were ma(lc. Mc;sl (_Ill_t' w,l_iclt,s diii ('Xl)e-
interested individualsandt)r.ffanizaiionsii_cludin_lhe rienct' an inc'rcast, in l;tllgt', but ()iii\' l(_r a slit;rl
Swedish ()ffice of F,cience and Technolok,3.' and the period of lilllt'. Ct;IlC't'l)l()l', _tlt_ng with I'_I'RI, has
Northern Stales Power Company. Ali Silt, ()peratt)rs ellgajzed in _t full-scah' illvt'sli_aii(_n l(_ idt,nlily Iii!,
art' seeking I(_improve public awareness and inieresi so,lrce of lhc l)r(_bh'l_l. "l'llis t'xainl;It' sllt_ws Iii!'
in EVs throu_tl var,,,as aclivities includinl4 public valte t;ffield lesliI/,I4 i)t'rftnnled bv tilt, Silt, ()l)eraior

displays, p_resenlalioils aIld "ride and drive" events. I_ro',n'am. A StlIlll/lal_' ()f ]'_Vi)(,i-l_)rlllallCt, (lala col-
Audiences include the general public, organizations, letted by tilt.' Silt' ()I)elalt)l'S I)l't)Klalll is Mivt'il ill

companies, and 14t_vernmenl officials. Table 7. As sliown, itic I']Vs al)l)t'ar it) 1)t,chi'al,ct Io
Approximately half t)f lilt' vehicles in the Site operate than c(m/l)arat)h' size iillt'l'llal coml)uslitnl

Operaior Fleets are (;-Vans (see FiKure 18). The enI4ine vehicles.

l-igure 18. Photograph of a (;-Van used in thr _,ite Operator l_rograln.
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Table 7. SummaD" of Site ()perator EV l'erformance

Cost/Mile

Vehicle Miles kW.h kW.h/ ................ [ ......................................
Driven Used mile EV t ICE*

I

G-Van 104,683 ! 121,888 1.16 $0.44 i $0.55
.............................................................. L .......................... _..............................................

EVcort 15,454 i 7,282 !! 0.47 $0.28 { $0.35

t

Solectria ,, 4,655 2,197 "; 0.47 : $0.19 $0.35
, ! , i I

* cost for comparable size Internal Combustion Engine vehicle

Participants in tile Site ()perator Ih'ogram belong llience. These loans have resulted in a strong and
to stveral consortia and organizations thal represent sustained interest within the agencies and s.(v(',ral"
mosl afthe major EV research irl lhc c()ulltl"y. These l)urchased ]:\:s for theh" fleets.
include tile South Central Electric Vehich, Ctins(ir- Kansas State Ilniversity fllnding fr(ml I)()E
tium, Carolinas Col]sortium for Eh,ctric Vehicle SUl)l)()iled the l)urchase of(me (;-van and one I"Vcort.
Systems, the Horida EV Cons()ilium, Kansas Ct)n- I)()l- funding also SUpl)orted the ot)eration and
sortium, Mid-Atlantic I:'lectl'ic Transt)()lqation C_)ali- lnaintenance (_flhc vehicles as they were used within
tion, Calstart, "I'ex-Sta_l, NI'SCAt:M, I(PRI, I'VAA, til(' Kansas Still(' flet't, by ()utsi(le organizations, and
and the [;SABC. Numerous pr()jects inv(_Ive testillg, for (tem()nstrati()ll. This sit(.' has been involved in EV
demonstrations, and infrastrtlCttlre d_'w'lol)nlent, d_'monstrati()ns for groul)s including Federal and lo-
Several Site ()l)erators are colnnlilted It) devcl(q)ing cal _()vt'rlllllellt rel)rcsentatives, senior corporate
the technologies and organization necessary, lo sup- t'xeculives, and slu(]t'nl..s ()rganizations are given
t)ort the anticit)ated large numbers of EVs to be the ()l)l)()ilunitv to c x,umn, the latest EV l)rototyI)es
operated by the public. The Sit(' ()p(`Tators' acliviti('t4 under actual oi)crating conditions. Kansas State has
are described below, purchased a (;-Van built by Concel)tor Industries,

Arizona Public Service established its Electric "l'_)ronto, Canada, procured all order t¢) t)urchase two
Vehicle I)rogram in 1967 and has been a 1)arl of the I:(_rd EVcoll stalion wagons built by Soleq Corpora-
Site ()perator Program since 197{t. "!qle Arizona site |ion (ffChicago, Illinois, and presently owns a Renault

has a total of 1'3electric vehicles (_f which eight are "Mars II" EV used by lilt, Kansas State carol)US police.
new demonstration vehicles (three EVcorts, one The (;-Van has logged an average of 18 m/day while
Solectria, and four (,-Vans). "ltle Solectria "l=orce" is mail uaining a full schedule of public relation tours;
a converted (;e<) Metro powered by. wid el_.,available this sit(:,has been contacted by companies in Nebraska
lead acid batteries. Financial SUl)l)()rt is provided by and Iowa requesting inforrnation and involvement in
I)()E to partly finance the l)urc]lasc (;-vails and llewt,r the 1)rct{ram. Also, Kansas State will provide design
battery.' types, Stlch as s(,ah,d lead-acid, improved SUl)l)ort and testing for a consorlium thai includes
flooded lead-acid, ai](] zinc-air. I)uring 1992, Arizona McKec Corl)oration, (;rununan Aircraft, and others
Public Service and Motoi-t_la allllOtli1Ce(! a j()illt n'- to (lt'sign a slatt,-of-lhe-al'l electric vehicle for lh(_'
search l)roject on zinc-air batttq'it's iii (.'on.itlllcli(_ll ['.S. I)(_stal Seiwice.
with I)reisbach Electronl()tivc,, Inc., wh_s(, zinc.-air I.os Angeles Department of Water & Power
powered Honda CRX had lravch,d 251 n_ih,s {_n a l)articil)al('d in lh(, I)()E Sit(, ()l)erat()l'S Progran] in
single charge. As a c()rl)orale si)(JllS()l fi)r ill(' %(_]ar ]:Y 1.q92al n_ ('c)st t() I)()I':. "['he Electric "l'ransl)or-
& Electric __()()l'itc(,s ill th(' Iq_.nix lnt_'rllati(_llal lali()n Ph)gram ('stal)lish('d t)y lhc I:_s Angeles sit_'
Raceway, Arizona Public S_'r,,,ic(,(,nl_.n,(t lr,'() zi_c- w'(_rks wilh h)cal, ,'-qat(,,and lq,deral avencies, along
airl)ower_'dvehich, sii_th('t-:\'rac('. l'l_i_,sil(,_q)_,ral(_r wilh li_c l)rivah' scct_r, I(_ fu_ll_,r lh(, City of l:)s
also loans t:,\:corls t_ l(_cal W:,,('i'_i_('nl aV,..llci(.s t_ Ang_.h,,: l(),a' _'l_lissi_)n g(_als. "I'1_' firsl Clean Air
dein¢_nstrat_' eh,c!ric vehicl_ r_.liabilil\ an¢t c_nvt' "Iian_l_,ll I.,%'_lll v_.hicl_., a f_ur-I)a_s_'nger Imi'alh'l
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]lybrid ch'ctric/iIltt'rll_ll c_lmbustion cnI4ine (ICl';) enerkw, storage, station or neichb_rh_n_d vchich,s,
scdall Ilas already bct'n rccciw'd, bul iu classified as a adwmced char_ers and advancc,d haiti, W lcchnol_-
l)l'_)l_lyl)c and _.'_lllll_)t ht' t)pt'rated cm public roads so gies, and flywheel encr_,-y sloragc.

is linlilcd i_ lll¢' l.t_s Anveh's site ¢w.'ralor facilities. Platte River Power Authority's c,valualcs lilt
"I'hc ICI( driv_'s _)llt' skit, c_flhc transmission and the year-round performance, operali_mal costs, reliability,
electric lll{)t¢_rIll(' _lllcr side. Initial impressions are and liD-cycle costs of EVs in the fronl ranff¢, rt',lz,ion ()f
that lht' vchich' is wt,li cl,.,sign¢,dand built and provides northern Colorado. They also evaluate an I'.'Vusability
ver)., salisfact¢)W l)t'rl¢_rlnancc and comfort. Increased and acceptability, and lesl EV componc'ilI design ira-
public awart'ncss regarding electric transportation provements and/or technological impr(_vcmenls.
issues is cc)ntinuinv lhr{)uvh media advisories and With DOE supl)orl, the Plalle River site iu purchasing

press confc'rt'ncc,s. "l'hc I.¢)sAnveles l)epartment of two EVcorts, which it will operate and mainlain and
Watt,r & l_t)wt,r at'ts aS lhc CAISI'ART Infrastructure from which it will collect perfornmnce data. lqatle

t'ro_ranl ManaVcr, and, under this program, a public River Power will als() operate and maintain, al lie C()sl

awareness l)lan is being struchlred lo advise and to I)()E, a I)OE-owned 1984 (;riffon van for a 12-
cducalc file lmblic lhal t'arly supporting F.V infra- month period. Idaho National Engineerin,f4 I._d)c)ra-
structure' will 1)t, availabh', tory personnel have visited this sile t¢)l)rovidc in-

()rcas Power and Light Company in a rural structions on the vehicle use.
electric COOl_in _l()rlhwcst Washington Slat(, setwing Potomac Electric Power Company's objective
,9,()()() cusl()nlcrs <)n lilt 2()San Juan islands. I)()E iu to showcase and demonstrate emerI4ing electric

funding was used to purchase lwo EVs (one (;-Van vehicle lechnology to the greater Washington, I)C,
and c)ne St)h'ctria (;I'()) for mail and bank runs, community. Washington, I)C, has been (h.'siI4nated
errands, and cllKim't'l-inK field work, lo install charg- by the EPA as a serious non-altainnwnt area for ez(me
inr facilitic,s at four h)cations in file anticipated driving and carbon monoxide. Preliminary analysis indicates
area, an(t t()r _l)crali()n, mainlcnance, and data col- that the I)C area will see an improvement in air
lecli()n (m lhc vt,hich's. In addition to lestill_ and quality if si/4nificanl numbers oi'ICl'; aulom()bilcs are
evaluati(m <)flhc, fw() vt,hich,s, ()teas l)ower seeks lo replaced with EVs. I)()E funding has been l)rc_vided
(qlC_)UI':I_(' l{V list' }Illl()lll._ 5}111Jtlall C()UlllV residents to SUl)l)ori. this site iii Ol)eralinI4, mainlaininI4, and

Ihr()ugh lmblh" t'Xl)()sur('. "l'h(' v('hicles arc taken lo making available for I)()E ust' in lhr' I)C area llic
imblic l)r_,st,utati_l_s a_d clcmonstralions and are be- I)()E-owned (;-Van.
inr i_ct_rl)t_rat{'d il_It)ll_t, I{)calscho{)l ener_,-y l)rt_g'ram. Public Service Electric & (;as Company t)l)-

Pacific (;as and Electric Companyaclivitiesar(' crates a fleet of eight (;-Vans in an area extendinv
c_)nct'ntl-alt.d il_ lw() l)ri_arv areas; namely, lestinv from Iq_iladell)hia lo New York City. I)()l'." fun(linI4
and cvahlati_l_l)r(,-c(_l_n('rcial and limil(,d-l)roduction was used for operation, maintenance, and data t'(_l-
C_ll_llt'r¢'ial!v av:tilal)l_, E\:s;t_.l advancc'd EV com- lection, and (;-Vans were l)urchast'd with Kilt' C)l)era-

l)(mt'Ills an(l (]t,x.'(,l()lml(,lll and (,valuati_)n of lllecha- tor funds. I )uring cold weather lasl winltT, USe ()f lhc

l_isll_s I(_ sa!_']\' an(I t,lficit'nllv SUl)l)lY('l('clricily for vehicles was limited duc lo a severe r(,(luclic)n in
EVs wl_ih, _}ini_ _izi_ lhr'inel)act cmthetransmission range. The problem was i_vesligal('d and Ol)l)OMunily
al_d (lisllil)tlli_ svst(,n_. I)()E fundinI4 durin_ the charI_ing was implemented to res()lvc some of the
first \:_'ar t)ll)ar!i¢'il)ali(_ll ill tilt' Sil(' ()l)cra.lor l)l'oj_ralll low-mileage range. This site Ol)(Tator in workinK

was ust'(1 I_) St_l)l)_)I'lcslablishin_ lilt' l)ro_4ram, Ol)- with the manufacturer and Elq_,l lo find a l(_nK-t('rm
crali()n at_(! _i_ail'_l_'naI_c_,_1 lh(' l'acific (;as l'V fleet, solution and is assessing the l)Ossibilily (_I usin_ a

al_(I c_)lh,cli(,ll _1 (l_il,_i()n ltl(' l'iVs. "l'hc l_acific (;as nickel-cadmium battery in one (;-Van l)e_(linl4 ii'sls

sil_' Ilas l)_,_,n ;_t'li\'_'lv in','¢;Iw'(I in EV (lcvcl()l)ment underway by EI)RI.
and c_mli_'lcializ_t'i_,n lhr(_Vt_ nati_mal an(l statewi(le The Public Service Electric & (;as (.'onll)any ini-
_>rKanizali(_ll.'-:_l<l i_ Inlblic an(I l)rivatc ch,_nonstra- tially assiRned six of thf, eiI4hl (;-Vans l() vari()us
li_ils ltlal sllt::,(';_.,,(.(.h,clri¢ (;-vails, a l)ublic charl4"ing oi)crating departmenls throu_hc)lll Iii(, Slatt, bast,(1
sl;lli_)ll _tl _t l(_;_l _tss IF_|Iisil Slitli()ll, alld all eh,ctric on overall usa/_e and Ileed. "I'hc (;-Vails ai'(' tlst'(t

])a11(,ry-t)(_w_.t_'_l Irall,,il bus (_11ali acltlal llalls]l r(,'tlt(', l)rimarily for work orders, ll'allSl)()rlill K _naI(,rial, l_)()].s,

l'acilic (i_> & E]_.clric a]s_ C()lllinu('s 1o assess c](:ctrk'al e(lUil)nl('nl, an(] nlctt'rs. "l'i_c st,vt,nlh

('rll('l/i_K _.l,,clric 11-a_sl)_rlati_ It'chn(_lc)Kics such (;-Van iu on loan Io the New .lcrst'y I)t'l)arllnt'l_l ()I
a_ _I_;i,_1_,Ii¢l_.vil_li_Ii, St_l)_,rct_l(]tlt'lin _ InaKn(,lic Environmental Proleclion and I'_rlt'r_,n,'f()r an ill(I('-

i;.9



Figure 19. [Tniversi_- of South Florida interconnected photovoltaic charging system.
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voltaic panels. "l'ht,st' l>a11<'lswill l)rt,vi(l(' cll;Iruill.U. IIt_k I,> _ I,':_(I;i,.'i,.l l>:lll(.r\ l;;Ick. "I'h<'y haw_' also
power and, thr()tlgh c()nn_,cli()_l lt) tl_' In)\v_'r _ri_l. i_._l:tll_.(l ill ll_i_-\_.lli_l_' :l l):ill_'J'\'cll_irg('r l)()weled al
will allow en_'v.cry gt'_It'ral,'(l (ltlriILk" lilt' (Iii', lt)I)(' :i I I_I \ ,,)_v,'_li,)_,:_l l_,,t_,'ll_hl ()t_tlt't. Tilt' same

vehidesareabs('_l. Al nigl_l wtl¢,_llilt, v¢,t_h'h> l't'Itll'li. \_,ll,_x;t!._,,,'_ i_i¢l<!ll) IYxlcl<wl_icll tllilizt's nickel-iron

the energy "stored" i_ lilt' grid c_l t)(, rt,c(w(.l(,<l I_)r I):tll(,l\ It.,.ll_l_)l(,uy. Y()I-]<lt,o,iv(,(I lhr, early test
charging. This svslcnl tlt,sig_l will Int>\.'itl(' :_2()-k\\' v0,11i_lt.(l.i I\ 1) ln)_ll !t1_,ltl;_l_()N_fli_)nal Enlcineering
peak. l.:ll)_,__l(,_x Illi.,, \'_.llich, is <)n (lisi)lay at lhe Science

The II.S. Na_" tlas ()i_t' ()I lilt' lar._t'sl I]_,(,Is ,,I Nilllllt' \]t_'t_l_. l)is_t_\'t'lv l'lac(', il_ Charlotte, NC.
electric vehicles whicll art' i_l daily ust' ;t_ltl c,t_l 1lt, (s('t' l"iut_t' 'q)). 1"11_'(list)l:t.v was vit'wt'd by over
found on bases fr(m_ Alaska lt) I{t'rlllt_tl;t. !'1_' N;tvv 1(t.()()()l,,()l)lt, tltlri_l_ lilt' firsl _l_()nill.

is the advisor lo lhr, I)el);.),rl_ll_'lll _)f l)_'Ik'llst' ()1_1{\ I1_(' (1,'x.'('l(,l)ll_(')_l,)f a ctlrlictllul_ ()ulline for EV
applications and is a _laj()r f()l'(.'t' ill (.'{)l/v('r',i_ Irt)Ill _;lilllt'll,t_it't' lI,ti_liIIU ;li Y()I'I< ct)_lli_lut's. From this
older EV techn()lo_,3' It) (.'tll'r(.'lll l{'cl_l_()l(Le,y. l'l_t' ctllri(_l_l!t!, lt,_'ll_lici:_tl.,,()I lt_(' ftll/ll(' will learn how
Navy l)articipaled in lilt' Silt, ()l)_'l'ill_W:-, I)I(LRIiIIII ii/ I() ,-,('rvic_' ll:tll,'Iit'>, l_g!_li(_ lll(dt)lS, t'hal'/_CTS, con-

IcY 1992 at no (.'()sl I() I)()E. "l'h(' Nay\' I{\' tlal_l)a.,,(, lr()ll(,ls, t'_,tlV_'l'lt'l'S, illl(I ()lll(,r ilt._s _l()tn()w familiar

has provided significant il_l.,)rlllalit)_l(,li I{\' _s(,. I_) _ll,,sl :ttit,,ill_,l)il,. t_lt._l_;ti_ics and drivers. The
York Technical College cal_ I)t, dt,scril)t,¢t ;_s _, ct)tils(, l)r()illist's lt) l)(, lilt. firsl ()I its kind in the

bridge ft'ore "pure researcll an,'l ¢l('v('l()l)_l('llt l():til- \t()rl(t. :_I_<1;_11(,:_<1\ll_(. list l()r _'nr()lll_lenl is growing.
plied techr_()l()k)3'." Mucll t)f Y()rk's l)r;wlical l<_l(),,x-
how is COlllillj2," l]ll'()tl_]l ilS I]('('I ()f 18 ('tt'cl!'h" vt.-
hicles. These vehicles are lx,i_lg ()l)t'ral('d ii/ s,",'t'r:il 5,d Engineering Evaluation
locations, includinv tw() lllal ;.irt' ()l)('ral('r.1 1)_,l)t_k," Testing
power Company ()til ()1 ils .<,t,c()ntl ,<,ir('('l (_tl;.),_t' i11

Charh)tte, NC. I)()E ft_)l(linj.,r was us('(] lt) St_l)l)()rll])t, l)\_)al)_())llt,l(.r _tI_(l lab()r_tl()rv ii'sls ()n electric

purchase ()f newer l-Vs and t)l)_'rali()l_, _llainlt,_;_n(.(,. \(.l_iclt. ,-_\'slt,_,< ;til(l c()_l)()_(qlls art' condt_cted to
and data collecli()n ()f lhr, enlirt' I-I(,(,I. Yt)rl< ll;i.'.< t,v;ilt)al(, lift,i) l),')f()))lla))(-'t' l_ll(It'r tel)eatable and well-

converled (me nick(,l-ir()ii batlt'ry-l)()v,t'rt'tl l)itl,;t)l) (l(,fil)_,(l ()l)('l;_li)l,< ,()lltlili()ns l]lal (lul)licate or simu=

Figure 20. F-Ha,'-I vehicle ()n disl)lay al the S('i(,nct. N;_lur(, .Mt_.,,;t,un_in Charh)tte, NC.
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(( ,late aclual E\: operalion and envir_nmenls. Test and In FY 1.t._1 ldall_, inslalh,cl a nt,w-g_'nerati_m dy-
t,valuali,mpr,_rams are inpr_cc'ssthal(I)subject nalnolnc,ltrs.\,'stt'inc,mlrcflh'rand c'nhancedlhc'data
batteries t<_the actual electrical hinds of high lt,cii- a,:quisili_)n 1)r_)c't'ssin_ and display C'almbililies of the

n,floK_.,'E\:s ill test bed vehicles _11a dynamotor,lt'r: dynamomeler lal),wai_,17 with lllt' installation of an
(2) integrate advanced EV drive systems in vehicles, integrated lab_)ral_)I7 data acquisition syslt'rll. I1 a.c-
and test them on the Irack, road, and dynamometer; quires and logs data, monilors fl)r alarms, and displays

(_'_) test aild characterize auxiliai.'y systems, such as "real time" and/or historical data via hi,li-resolution
balteW chargers, slate-oi-char.fie indicators, and bat- graphic displays. The _)t)eraling syslum provides a
low monil,_ring and thermal management systems real-time, multi-user, t_mlti-laskin_, and networkabh'
in a realistic EV enx'ir,)nment; and (4) test advanced t,peralin_ envircmment.

batteries by electrically loadin_ them with complex In FY 1992, Idaho) tested tilt' I:_)rd/(;I'_ Second
drivin_ cych' power l)r_files in a controlled lal)_)ra- (;c,nerati_)n ,%in_h,-Shaft l'_leclric Ih'<_Imlsion dCI'X-II)
tory environment over a ran._e of operating tempera- System test bed vehicle and tilt' (,SI_I. sodium-sulfur

. S '_° _,_lures fr_m-2()_'(" lo +8() C. balte_w. The vehicle tc'st l)ro_ranl includc'd a. t t _cs
Sinct, I"Y 1984, the Idaho National Igngineerin_ of COllslalll speed lc'sls, energy ecom)my tests, NAl{

I_d)()ral()rx' has l)erfonnt'd testing activities at their J227a/C, and FIII)S cycles 1)erformed on a chassis
(tvnamomeler anti battery lost laboratories which dynamometer (see Iei_ure 21). The dynamometer
wt're established for this ptlt'l)OSc'. Typical standard lc'sls ¢h,m_)nstrated thal tilt' ICl'X-II vel_ich' operated

drivin_ pr,)fih's on which vehich's are routinely tested well with lilt' CSI'I. s,_diuna-sulfttr ballt'l'y, yielding a
art' lilt' .'-:,ocietv¢)f aut¢)m¢)tivc' Enginuc,rs (SAE) EV range' oI>18()kn_ (ll()mi) at 88km/h (55 ml)h). The

driving cycles (SAE J227a) and lilt' SI:[:I)S. Special st)dium-st_lfur battc'_.'yeasily provided sufficient power
tc'sls have been l)erformed in the labt)ratoW and {m tc)utilize the maxinmm l)OWer (52.5 kW) capability of
the rust track t,) provide direct c,)mparisons of AC the HX-II intt'rior permanent magnet motor. The
and I)C l)Owc'rtrains, measure rt,fCenerativt' brakin_ test results t)r_wi(led in Table 8 indicate that ali the
i)t,rl()rmar_ce, evalualu air-c_n(lilit)ninj_ c()ncepts, l)t,rformanct, _{)als for tile l)ro_ram have been
_,valualt, interior n_)ist' levels, and nlt,asurc' t'lectro- achieved.

ma_nt'tic emissi,ms.

Table 8. ETX-II Performance Versus Prol_ram (;oals

GOAL RESULTS

Acceleration (sec) [0 to 80 km/h] <20 17.35

Gradeability limit (°.o) 30 30

Top speed (km/h) 96 105

Payload (kg) 545 590

Energy consumption (kW.h/km)[on FUDS] 0.250 0.212

Range on FUDS (i m) >160 >160

.12



Figure 21. ETX-II test bed vehicle on chassis dynamometer at Idaho National
Engineering Laboratory.
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6.0 S'I DIES AND ASSESSMENRX3

The Idaho database programs and electric ve-

6.1 Battery Test Task Force hicle data acquisition programs are also managed

"File Electric and Hybrid Progranl (I,'tt I_) Battery utilizing the SCM system database.
Test Working Task Force (BTWTF) was fornwd in Idaho completed the development of Version 1.0

1983 to coordinate the battery ewtluation work at the of the Personal Computer (PC) -based electric vehicle
DOE-and EPRI-funded laboratories. I)uring FY 1992, simulation program, SIMPLEV. During FY 1992,
the mission of the Task Force wits expanded to include SIMPLEV Version 1.0 was licensed to 6 industrial
coordination of testing activities with the USABC. companies and 14 colleges and universities partici-
Present members of the Task Force include the fol- pating in the Ford/DOE Hybrid Challenge and was

lowing National Laboratories: distributed for use by 6 other Government institutions
• Idaho National I'ngineering l.aboratory including the Environmental Protection Agency,
• Sandia National I.aborato_w Argonne National Laboratory', and Sandia National
• Argonne National I_d_oratory Laboratory.
• I.os Alamos National I.aboratory SIMPLEV was enhanced to include the capability
and the USABC. of simulating series hybrid vehicles, giving estima-

The major accomplishnlent of the BqAV'FF in FY tions of fuel consumption, and regulated emissions.

1992 was the development of a generic test plan for Additional enhancements include simulation of the
battery testing. From this plan, a set of generic tests effects of anti-lock braking, various keyboard controls
were written to assure that the results obtained from of the simulation while running, as well as many

the battery tests at one laboratory would be generally enhancements which will make the simulation easier
comparable to data from the other member lat)orato- to use. These enhancements were completed in FY
ries. 1992 and will be available for release as Version 2.0 in

early FY 1993.
Idaho continued the development of a PC-based

6.2 Database Development database for storing battery physical characteristics,
manufacturer information, and charge/discharge testIn I_ 1992, Idaho continued to develop and main-

tain an electric and hybrid vehicles technology data- data for the various batteries that have been tested
base consisting of electric vehicle simulation pro- for EV applications at DOE laboratories. The Electric

Vehicle Battery Test Database, Version 1.0, was re-

grams, battery test and evaluation data, site opera- leased to I)OE for review and comment in April 1991.tors data, and an electric vehicles technical library.
Idaho has implemented a computer software This version of the database was designed to run on a

stand alone PC and contained complete test data
configuration management (SCM) database system
in order to manage the software for which Idaho is summary tables, but did not include any detailed test

data because the data files were too large to be in-cognizant. The purpose of this system is to provide a
eluded on floppy disks. Early in FY 1992, Version 1.1means of providing network access to these software
of the Idaho Electric Vehicle Battery Test Databasepackages by the electric and hybrid vehicle commu-
was implemented on the Idaho Energy Programsnity. Electric and hybrid vehicle simulation codes in

the database system include: N()VEIJ. computer network for use by the Idaho
EHV Program. lt included 1,323 test data summaries

• EI.VEC, a general purpese electric and hybrid and 297 detailed test dat', files. Over 1,323 flies ofvehicle computer simulation program.

• HEAVY, the Hybrid and Electric Advanced detailed test data remain to be loaded but await
Vehicle Systems computer simulation pro- completion of a large-capacity optical disk installation.
gram. Neither telephone nor off-site network access was

• SIMPI.EV, _e I_lectric Vehicle computer provided for in this version.
simulation program. In January 1992, Version 2.0 of the Idaho Electric

Vehicle Battery Test Database was completed and
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included network specific programming. Telephone Na/S cells and batteries. Research and (tevelc)pment
access to tile database was also implemented. Upon performed in the past, currently underway, or needed
completion of the testing, parties outside the Idaho in the future to address these hazards and risks are
were able to access the database via a personal com- also reviewed.

puter equipped with a telephone modem. The Idaho Volume II, Battery a'ecych',tg and D/spasa/, gives
Battery Test Data Database, Version 2.0, and tele- an overview of the Resource Conservation and Re-
phone access to it were demonstrated March 5, 1992, covery Act (RCRA), discusses RCRA regulations

at the EPRI Battery Testing Project Review Meeting governing Na/S battery recycle/reclamation, and
at Electrotek in Chattanooga, Tennessee. contains a prelinfinary regulatory analysis for Na/S

The Site Operator Database is a continuing record recycling and reclamation.
of the Site Operator program and contains information Volume III, Transport ofSodz?lm-Sulfur and So-
on the operators, vehicles, and vehicle operation and dium-Metal CMon'de garter'es, discusses issues as-

maintenance records. This information is available sociated with the transport of Na/S and sodium-metal
as background-expanded activities in electric vehicle chloride cells and batteries. In Volume III, batteries
technology and applications. The first database was employing either technology are generically de-
compiled starting in 1988. Cognizance of the database scribed as sodium-beta (Na-beta) batteries, and, for
was given to the Idaho during the summer of 1991. purposes of transport, no distinclion is drawn between
As a result of review and use of the database by the them. Volume III examines the regulations that
site operators, recommended modifications of the govern the shipment of dangerous materials. El-
Site Operator Database programs are in progress at emental sodium contained in Na/beta batteries is
the close of FY 1992. classified as a dangerous material and is listed on

Maintenance and updating of the EHV Library by both the national and international hazardous mate-
the Idaho continued through FY 1992. Presently, the rials listings. Both national and international regula-
library contains 2,900 entries of technical electric tory processes are considered in the report, and the
and hybrid vehicle literature, ranging from technical interrelationships as well as the differences between
reports from a multitude of public and private sources, the two processes are highlighted.
to meeting papers from various technical societies. Volume IV, In-Vehz?le Salty, covers the in-ve-
During FY 1992, over 400 volumes were added to the hicle safety issues of electric vehicles powered by
library. In order to provide easy retrieval of informa- Na/S batteries. The report is based on a review of
tion, a program was developed and furnished to the the literature and on discussions with experts at DOE,
DOE which searches the library database for publi- National Laboratories and agencies, and private in-

cations based upon keywords provided by the user. dustry. It has three major goals: (1) to identify the
unique hazards associated with EV use; (2) to describe

the existing standards, regulations, and guidelines

{3 3 Environment, Health, and that are or could be applicable to these hazards; and
• (3) to discuss the adequacy of the existing require-

Safety Studies ments in addressing the safety concerns of EVs.

Environmental Impact Work began in FY 1992 on a similar assessment
of nickel/metal hydride batteries. Although the same

The National Renewable Energy Laboratory is EH&S issues will be addressed, (i.e., cell and battery
conducting environmental, health, and safety (EH&S) design, shipping, in-vehicle use, and recycling and
assessments of advanced batteries for electric ve- reclamation) the format will be slightly different.

hicles. In F'Y 1992, National Renewable Energy pub- Because much of the information on the regulatory
lished the following reports on EH&S issues relevant issues pertaining to shipping and in-vehicle safety is
to cell and battery design, shipping, in-vehicle use, not battery dependent, the assessment of nickel/
and recycling and reclamation of sodium-sulfur metal hydride batteries will focus on unique cell and
(Na/S) batteries, battery characteristics and will include a brief dis-

Volume I, Cd/ and Battery Sa/ety, covers cell de- cussion on shipping, in-vehicle safety, and recycling
sign and engineering as the basis of safety for Na/S issues particular to nickel/metal hydride batteries.
batteries and describes and assesses the potential To provide current information on regulatory is-
chemical, electrical, and thermal hazards and risks of sues, the National Renewable Energy I_lboratory in-
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tends to publish an annual report on regulatory de- Sub-working Group formulated a time schedule and
velopments pertaining to EV batteries, such as pro- a preliminary assessment of content for a proposed
posed modifications to the Federal Motor Vehicle submittal to the United Nations to obtain an entry for
Safety Standards (FMVSS) affecting EVs. international shipment. It also determined the data

items to be included in a Na/beta shipping database.
The In-Vehicle Safety Sub-working Group reviewed

EV Battery Readiness Working Group the National Highway Traffic Safety Administration

The Ad Hoc EV Battery Readiness Working (NHTSA) Advance Notice for Proposed Rulemaking
Group was formed by DOE/EHP in May 1990 as part (ANPR) on EVs and formulated a collective response
of a government-industry effort to identify regulatory by the group to NHTSA. It also proposed that a risk
issues associated with the safe shipment, in-vehicle assessment, which would define safety testing needs
use, and recycling-reclamation of advanced batteries, and requirements for Na/beta batteries, be con-
The original mission of the Working Group was to ducted. The Reclamation/Recycle Sub-working Group
assist in the development of Federal regulations to discussed regulations needed to facilitate the collec-
address EH&S issues in these three areas. In FY tion and storage of EV batteries prior to reclamation/
1992, the Working Group objectives were updated to recycle. With respect to legislation, the Sub-working
include developing action plans to remove regulatory Group agreed that it would take an active role in
barriers, identify requirements for the commercial- reviewing proposed rulemaking on consumer batter-
ization of EVs, and to act as an advisory body for ies that might apply to EV batteries, as well as in the

RCRA reauthorization process.EH&S programs relating to hybrid and electric ve-
hicles. The Working Group consists primarily of At the second Working Group meeting held on
representatives from battery developers, automobile September 24-25, 1992, the Shipping Sub-working
manufacturers, Federal agencies, and National Group decided on the content of a general exemption
Laboratories. for the domestic shipment of "hot" and "cold" Na/

The sub-working groups originally assembled in beta batteries and on the time schedule for submittal
May 1990 to address the most important regulatory to DOT. Italso discussed recent developments in an
issues on shipping, in-vehicle safety, and recycling- application for revision to an existing exemption. The
reclamation have been maintained for subsequent In-Vehicle Safety Sub-working Group determined that
meetings. The Shipping Sub-working Group provides it would submit a coordinated response on NH'PSA
organizational and technical support as needed to Notice of Proposed Rules on EVs as a follow-up to its
facilitate collection of needed information for regula- response to the ANPR. It also decided to work on
tory applications, facilitates the preparation and sub- defining areas in which standards should be devel-
mission of regulatory applications for general ex- oped for EVs and to initiate contact with the Society
eruptions and for international and DOT regulations, of Automotive Engineers' Standards Forum con-
establishes the scope of ruling(s) sought, and over- cerning potential EV standards. The Recycling Sub-
sees the development of a database at the National working Group agreed that it would obtain more
Renewable Energy Laboratory to track the shipment information about the proposed EPA rule exempting
of sodium/beta batteries. The In-vehicle Safety Sub- the collection phase of battery recycling from RCRA
working Group works with industry to analyze haz- regulatory requirements. The Sub-working Group
ards associated with batteries in EV propulsion and will assemble comments and submit a coordinated
reviews and comments on FMVS_proposed rules, reply. It will also review information about RCRA
The Recycling/Reclamation Sub-working Group reauthorization legislation.

"Ille accomplishments of the Working Group inworks with battery developers, industry representa-
tives, and the EPA to share information pertaining to FY 1992 include obtaining a United Nations entry for
reclamation/recycle processes for advanced EV bat- the international shipment of sodium/beta batteries,
teries and to work on the development of regulations developing and submitting applicable international
that will facilitate the recycle/reclamation of these and domestic regulations pertaining to the shipment
batteries, of sodium/beta batteries, reviewing several recycling/

In FY 1992, two meetings of the Working Group reclamation processes for sodium/beta batteries,
were held in Washington, D.C. During the first providing comments to the NH'I_A on the ANPR for
meeting, held on January 14-15, 1992, the Shipping EVs, and maintaining a national forum for govern-
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ment-industry cooperation on regulatory issues al- rived fuels. In FY 1992, as part of the national pro-
fecting advanced batteries and EVs. gram to develop FCVs, the National Renewable En-

ergy I_tboratory estimated tile energy, economic,
and environmental benefits resulting from the use ofEnvironmental and Economic Studies on
FCVs as future light-duty passenger vehicles. These

Fuel Cell Vehicles (FCVs) estimates are based on analyses supporting the Na-

An environmental assessment to identify critical tional Energy Strategy. Estimates of energy, eco-
environmental, safety and health issues involved in nomic, and environmental benefits are based on as-

sumptions about the number of FCVs in the totalthe use of fuel cells for transportation applications
was continued by the National Renewable Energy vehicle fleet, which in turn depend on assumptions
Laboratory in FY 1992. In addition, two other small about the performance and economic competitiveness
studies were completed: an independent comparative of both FCVs and conventional and alternative vehicle
assessment of the environmental impacts of fuel cell systems that will be available at the same time. The
vs. internal combustion engine vehicles was devel- estimates of benefits assume that FCVs will constitute

24 percent of the light-duty vehicle miles travelled byoped; and a life-cycle cost analysis was performed to
provide quantitative economic comparisons between the year 2030.
conventional vehicles and fuel-cell-powered vehicles. The cumulative energy, economic, and environ-
Comparisons were developed for cars, vans, and mental benefits of FCVs were calculated for the period
buses using phosphoric acid or proton-exchange- 1990 to 2030 under two scenarios: one for FCVs
membrane fuel cells where applicable, fueled by methanol and the other for FCVs powered

The environmental benefits of using FCVs in directly by hydrogen. Energy benefits calculated for
piace of conventional vehicles were estimated in both scenarios showed a net savings of 2 million to 4
terms of "avoided emissions"--regulated pollutants million barrels of oil per day by 2030 after energy
affecting local air quality and carbon dioxide affecting required to produce fuel for these FCVs was sub-
global climate change that would have been emitted tracted. Methanol for the methanol-fueled FCV was
by the conventional vehicles displaced by FCVs. The assumed to be produced from a mixture of domestic

and foreign natural gas. For the hydrogen-poweredestimated cumulative benefits for the period 1990 to
2030 resulting from avoided emissions due to FCVs FCV scenario, hydrogen was assumed to be produced
comprising 24 percent of the total light-duty vehicle only from domestic natural gas. Total economic ben-
miles travelled were about $5 billion for FCVs using efits were approximately $38.5 billion (in 1990 dollars
methanol reformed on-board and about $5.8 billion with a 4.6 percent discount rate).
for FCVs using on-board hydrogen. These avoided The National Renewable Energy Laboratory in-
emissions were calculated using a total fuel-cycle tends to conduct additional analyses to provide in-
approach that tries to capture the emissions from formation on system benefits and costs related to
fuel production as well as those from use of the fuel future FCVs. Both absolute and incremental benefits
in vehicles, and costs need to be determined for a range of tech-

The successful commercialization of FCVs will nologies, fuels, and infrastructure alternatives. Ad-
have significant economic and energy' security ben- ditionally, benefits and costs of FCVs will be analyzed
efits in the years after 2000, as FCVs begin to displace and compared with other promising alternative sys-
conventional vehicles that consume petroleum-de- terns in order to assess the cost-effectiveness of FCVs.
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7.0 INCENTIVES

The major incentives-related activities of the against those for natural gas and alcohol fuels pro-
Electric and Hybrid Vehicles Program include the vided in the Alternative Motor Fuels Act of 1988. A
Corporate Average Fuel Economy (CAFE) and Ix)an new method for calculating the electric-vehicle, CAFE-
Guarantee activities. In addition to these activities, equivalent fuel economy will be ready for proposed
the recently enacted Energy Policy Act of 1992 rulemaking in the spring of 1993.
(EPAct) offers new incentives for electric and alter-
native fuel vehicle commercialization and develop- Energy Policy Act of 1992 (EPAet)
ment.

The Energy Policy Act of 1992 (P.L. 102-486),
enacted on October 24, 1992, includes both tax in-

CAFE Regulations centives and research, development and demonstra-

Section 13(c) (1), 15 U.S.C. §2512(c)(1), of Public tion authorizations for electric vehicles. Section 1913
of EPAct provides a 10 percent tax credit (up toLaw 94-413 directed the Secretary of Energy "to con-

duct a seven-year evaluation program of the inclusion $4,000) for electric vehicles. Title VI of EPAct autho-
rizes up to $50 million for electric and electric hybridof electric vehicles.., in the calculation of average

fuel economy.., to determine the value and impli- vehicle demonstrations between 1993 and 2002, as
cations of such inclusion as an incentive for the early well as $40 million for electric vehicle infrastructure
initiation of industrial engineering development and development between 1993 and 1997. Section 2025
initial commercialization of electric vehicles in the of EPAct authorizes up to $485 million for electric
United States." vehicle and equipment research and development

This 7-year evaluation program was conducted between 1993 and 1998.
by DOE, and a final assessment report on this activ-
it5' was completed in February 1987. DOE's final Planning Grants
recommendation was that the EV CAFE provision be
continued, to the extent that the CAFE regulation There was no activity in this incentive program
remains intact, in the average fuel economy calcula- during FY 1992.
tions under the Motor Vehicle Information and Cost
Savings Act. Loan Guarantees

DOE has initiated action to revise 10 CFR 474
(Equivalent Petroleum-Based Fuel Economy Calcu- DOE authority for making principal and interest
lation) dated April 21, 1981, to provide a means of assistance contracts under the Electric and Hybrid
calculating the CAFE- equivalent fuel economy for Vehicle Loan Guaranty Program expired on Septem-
electric vehicles, including those equipped with range ber 17, 1983, as provided for by the notice of final
extender devices. The action was temporarily post- rulemaking published in the Federa/l?egisteron May
poned to review the existing conversion method 31, 1979 (44 FR31510).
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8.0 USE OF FOREIGN COMPONENTS
PPlllllIIlll

Section 14(2) of Public Law 94-413, 15 U.S.C. orcomponentsareinlpedinglheachiew'nlentoflhe

§2513(2), requires the I)epartment to examine "the purpose of this chapter."
extent to which imported automobile chassis or No further vehicle purchases are being made
components are being used, or are desirable, for the under the provisions of Section 7oft he Act. Activities
production of vehicles [under Section 7]..., and of following the development progress of foreign-made
the extent to which restrictions imposed by law or batteries, drivetrain comp¢)nents, and vehicle sys-

regulation upon the importation oruse of such chassis terns are continuing.

9.0 RECOMMENDATIONS FOR INITIATIVES
Illl I

The Department of Energy has no recommenda-
tions for new legislative initiatives at this time.
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ACRYNOYMS UNITS
Illllll I IlllIIlH I

BTWTF Battery Test Working Task Force A ampere

CAFE Corporate Average Fuel Econonw A.h ampere-hour

CRADA Cooperative Research and cm centimeter
I)evelopment Agreement cm _ square-centimeter

CSPL Chloride Silent Power I.imited cm :_ cubic-centimeter

DEMI Dreisbach Electromotive, Incorporated F farad

DOI) Depth-of-Discharge fl foot

DOE Department of Energy g gram

EHP Electric and Hybrid Program g/kW gram per kilowatt

EH&S Environment, Health, and Safety h hour

EHV Electric and Hybrid Vehicle hp horsepower

EPRI Electric Power Research Institute kg kilogram

ERIM Environmental Research Institute of km kilometer
Michigan km/h kilometer per hour

EV Electric Vehicle kW kilowatt

EVAA Electric Vehicle Association of the kW, kilowatt-electric
Americas kW.h kilowatt-hour

FMVSS Federal Motor Vehicle Safety Standards 1 liter

FUDS Federal Urban [)riving Schedule n_ milliampere

GM General Motors Corporation mA/cm e milliamp per square-centimeter

ICE Internal Combustion Engine mg milligram

liT Illinois Institute of Technology mg/cm e milligram per square-centimeter

MEVP Modular Electric Vehicle Program mi mile

NHTSA National Highway Traffic Safety mm millimeter
Administration MPa megaPascal

OEM Original Equipment Manufacturer mph miles per hour

PAFC Phosphoric Acid Fuel Cell mV millivolt

PEM Proton Exchange Membrane sec second

RCRA Resource Conservation and Recovery V volt
Act W watt

SAE Society of Automotive Engineers W.h watt-hour

SFUDS Simplified Federal Urban Driving W.h/kg watt-hour per kilogram
Schedule W.h/l watt-hour per liter

USABC United States Advanced Battery W/cre _ watt per square-centimeter

Consortium W/kg watt per kilogram

W/kW.h watt per kilowatt-hour

W/I watt per liter
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