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The NATO Science and Technology Organization

Science & Technology (S&T) in the NATO context is defined as the selective and rigorous generation and application of
state-of-the-art, validated knowledge for defence and security purposes. S&T activities embrace scientific research,
technology development, transition, application and field-testing, experimentation and a range of related scientific
activities that include systems engineering, operational research and analysis, synthesis, integration and validation of
knowledge derived through the scientific method.

In NATO, S&T is addressed using different business models, namely a collaborative business model where NATO
provides a forum where NATO Nations and partner Nations elect to use their national resources to define, conduct and
promote cooperative research and information exchange, and secondly an in-house delivery business model where S&T
activities are conducted in a NATO dedicated executive body, having its own personnel, capabilities and infrastructure.

The mission of the NATO Science & Technology Organization (STO) is to help position the Nations’ and NATO’s S&T
investments as a strategic enabler of the knowledge and technology advantage for the defence and security posture of
NATO Nations and partner Nations, by conducting and promoting S&T activities that augment and leverage the
capabilities and programmes of the Alliance, of the NATO Nations and the partner Nations, in support of NATO’s
objectives, and contributing to NATO’s ability to enable and influence security and defence related capability
development and threat mitigation in NATO Nations and partner Nations, in accordance with NATO policies.

The total spectrum of this collaborative effort is addressed by six Technical Panels who manage a wide range of
scientific research activities, a Group specialising in modelling and simulation, plus a Committee dedicated to
supporting the information management needs of the organization.

. AVT Applied Vehicle Technology Panel

. HFM  Human Factors and Medicine Panel

. IST Information Systems Technology Panel

. NMSG NATO Modelling and Simulation Group

. SAS System Analysis and Studies Panel

. SCI Systems Concepts and Integration Panel

. SET Sensors and Electronics Technology Panel

These Panels and Group are the power-house of the collaborative model and are made up of national representatives as
well as recognised world-class scientists, engineers and information specialists. In addition to providing critical
technical oversight, they also provide a communication link to military users and other NATO bodies.

The scientific and technological work is carried out by Technical Teams, created under one or more of these eight
bodies, for specific research activities which have a defined duration. These research activities can take a variety of
forms, including Task Groups, Workshops, Symposia, Specialists’ Meetings, Lecture Series and Technical Courses.

The content of this publication has been reproduced directly from material supplied by STO or the authors.

Published October 2014

Copyright © STO/NATO 2014
All Rights Reserved
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Single copies of this publication or of a part of it may be made for individual use only by those organisations or
individuals in NATO Nations defined by the limitation notice printed on the front cover. The approval of the STO
Information Management Systems Branch is required for more than one copy to be made or an extract included in
another publication. Requests to do so should be sent to the address on the back cover.

i STO-TR-SET-173-Part-|



Sal

organization

Table of Contents

Page

List of Figures viii
List of Tables X
SET-173 Membership List xi
Executive Summary and Synthese ES-1
Chapter 1 — SET-173: Manwearable Power Overview 1-1
1.1  Overview 1-1
1.2 Background and Justification (Relevance to NATO) 1-1
1.3 Objectives 1-1
1.3.1  Topics to be Covered 1-2

1.3.2  Deliverable 1-2

1.3.3  Technical Team Leader and Lead Nation 1-2

1.3.4  SET-173: Groups 1-2
Chapter 2 — Manwearable Power Overview 2-1
2.1 Scope of Activity 2-1
2.1.1  The Dismounted Soldier System Aspects 2-1

2.1.2  Comparative Tables and Graphics 2-1

2.1.3  Soldier-Wearable Definition 2-1
2.1.3.1  Introduction 2-1

2.1.3.2  Soldier Wearable vs. Soldier Portable 2-2

Chapter 3 — Power for the Dismounted Soldier System 3-1
3.1  The Issues in Providing Manwearable Power 3-1
3.1.1  Power Sources Overview 3-1
3.1.1.1  Batteries 3-1

3.1.1.2  Fuel Cells 3-2

3.1.1.3  DSS Energy Needs 3-2

3.1.1.4  Integrated Dismounted Power System 3-6

3.1.1.5 Initial Exploration of Potential Solutions 3-7

3.1.2  Summary 3-8
Chapter 4 — Batteries: Specific Battery Information 4-1
4.1  General 4-1
4.1.1  Energy and Power 4-1

4.2  Basic Principles 4-1
4.2.1  Primary Battery 4-2

4.2.2  Secondary Battery 4-2

STO-TR-SET-173-Part-l iii



Sal

organization

43

44

4.5

4.6

4.7

4.8

Common Primary (Non-Rechargeable) Types

43.1  Alkaline Manganese

4.3.2  Lithium Manganese Dioxide

4.3.3  Lithium Iron Disulphide

4.3.4  Lithium Sulphur Dioxide

Common Rechargeable Battery Types

4.4.1 Nickel-Cadmium Battery (NiCd)

4.4.2  Nickel-Metal Hydride Battery (NiMH)

4.43  Lithium-lon Battery

Less Common Types

4.5.1  Lithium Sulphur Battery

4.5.2  Thin Film Battery (TFB)

4.53  Sodium lon

4.5.4  Developments Since 2005

4.5.5  Polymeric Batteries

4.5.6 Metal-Air

Specific Battery Information

4.6.1  Smart Battery

4.6.2  Geometry

4.6.3  Performance of Example Battery Types
4.6.3.1  Potential Charging Issues

Barriers to Developing Technology Further

4.7.1  Horizon Charts

Future Batteries with Promise for DSS Applications

Chapter 5 — Fuel Cells: Overview

5.1
5.2
53

5.4

5.5
5.6
5.7

5.8
5.9
5.10

Overview

Introduction

Fuel Cell Basic Principles

5.3.1 How a Fuel Cell Works

5.3.2  Fuel Cell Stack

Classification of Fuel Cells

5.4.1  Other Fuel Cells

5.4.2  Fuel Cell Horizon Charts

Types of FC Currently Developed for Manwearable Applications
Key Parameters

Barriers to Developing Technology

5.7.1  Durability

5.7.2  Cost

5.7.3  Performance

Limitations

Hybridisation

Barriers to the DSS Adoption of Fuel Cells

Chapter 6 — Direct Methanol Fuel Cells (DMFC)

6.1

Introduction

4-4
4-4
4-4
4-4
4-5
4.7
4.7
47
4.7
4-8
4-8
4-8
4.9
49
4.9

4-10

4-11

4-11

4-11

4-13

4-13

4-16

4-16

4-17

5-1

5-8
5-13
5-14
5-14
5-14
5-17
5-18
5-18
5-18

6-1
6-1

STO-TR-SET-173-Part-|



Sal

organization

6.2  Basic Principles 6-1
6.3  The System 6-2
6.3.1 Anode 6-2

6.3.2  Cathode 6-2

6.3.3  Membrane 6-2

6.3.4  Balance of Plant 6-2

6.3.5 Fuel 6-2

6.4  Current Status 6-2
6.4.1 Summary 6-3

6.4.2  Description of Existing Systems 6-3

6.5 Pros and Cons 6-5
6.5.1  Pros 6-5
6.5.1.1  Technical Maturity 6-5

6.5.1.2  High Energy Density 6-6

6.5.1.3  Fuel and Fuel Handling 6-7

6.5.1.4  Fast Start-Up 6-7

6.5.2 Cons 6-7

6.6  Limitations 6-7
6.6.1  Purity of Reactants 6-8

6.6.2  Temperature 6-8

6.6.3  Requires Hybrid Operation 6-8

6.6.4  Orientation 6-8

6.6.5  Emissions 6-8

6.7  Technical Barriers to Developing the Technology 6-8
6.7.1  Runtime 6-8

6.7.2  Miniaturisation of BOP 6-8

6.8  Dismounted Soldier Relevance 6-9
Chapter 7 — Reformed Methanol Fuel Cell (RMFC) 7-1
7.1  Introduction 7-1
7.2 Basic Principles 7-1
7.3 The System 7-1
7.3.1  Fuel Storage 7-1

7.3.2  Fuel Processing: Fuel Vaporization/Reformation 7-1

7.3.3  Fuel Processing: Water-Gas Shift Reaction / Hydrogen Purification 7-1

7.3.4  Anode 7-2

7.3.5  Membrane/Electrolyte 7-2

7.3.6  Cathode 7-2

7.3.7  Balance of Plant 7-2

7.3.8  Fuel 7-2

7.4  Examples of Existing Systems 7-2
7.5  Pros and Cons 7-4
7.5.1  Pros 7-4
7.5.1.1  Technical Maturity 7-4

7.5.1.2  High Energy Density 7-4

7.5.1.3  Fuel and Fuel Handling 7-5

7.52  Cons 7-5

STO-TR-SET-173-Part-l v



Sal

organization

7.6  Limitations 7-5
7.6.1  Purity of Reactants 7-5
7.6.2  Requires Hybrid Operation 7-5
7.6.3  Orientation 7-6
7.6.4  Emissions 7-6
7.7  Technical Barriers to Developing the Technology 7-6
7.7.1  Runtime 7-6
7.7.2  Miniaturisation of BOP 7-6
7.8  Dismounted Soldier Relevance 7-6
Chapter 8 — Solid Oxide Fuel Cell (SOFC) 8-1
8.1  Introduction 8-1
8.2  Basic Principles 8-1
8.3  The System 8-1
8.3.1 Anode 8-1
8.3.2  Cathode 8-1
8.3.3 Interconnect 8-1
8.3.4  Electrolyte 8-1
8.3.5 Balance of Plant 8-2
8.3.6  Fuel 8-2
8.4  Current Status 8-3
8.4.1  Summary 8-3
8.4.2  Description of Existing Systems 8-3
8.5  Pros and Cons 8-4
8.5.1  Pros 8-4
8.5.2 Cons 8-4
8.6  Limitations 8-4
8.7  Technical Barriers to Developing the Technology 8-5
8.8  Dismounted Soldier Relevance 8-5
Chapter 9 — Hydrogen Generation 9-1
9.1 Hydrogen Generation for PEM Fuel Cells 9-1
9.2  Chemical Hydride 9-1
9.3  Comparison to Other Power Sources 9-3
9.3.1  Limitations 9-5
9.3.2  Pros and Cons 9-5
9.4  SoldierPak and Aeropak 9-5
Chapter 10 — Dismounted Soldier Relevance 10-1
10.1 Dismounted Soldier Relevance 10-1
10.2 Conformal Batteries 10-6
10.3 Summary 10-7
Chapter 11 — The Hybrid Solution 11-1

Vi STO-TR-SET-173-Part-|



Sal

organization

Chapter 12 — Summary and Conclusions 12-1
12.1 Overview 12-1
12.2  Battery Systems and the Future in Terms of DSS Power Source Options 12-1
12.3  Fuel Cells Current and Future Developments 12-2
12.3.1 Fuel Systems 12-3
12.3.2 Cost 12-4
12.3.3  Energy Harvesting and Power Managers 12-4
12.3.4 Recommendations 12-4
Chapter 13 — References 13-1
13.1 Data Source 13-1
13.2 Reports 13-3
Appendix 1: Soldier Relevance Data Al-1

STO-TR-SET-173-Part-l vii



Sal

organization

Figure

Figure 2-1

Figure 3-1
Figure 3-2
Figure 3-3
Figure 3-4

Figure 4-1
Figure 4-2

Figure 4-3
Figure 4-4
Figure 4-5

Figure 4-6
Figure 4-7
Figure 4-8
Figure 4-9

Figure 5-1
Figure 5-2
Figure 5-3
Figure 5-4
Figure 5-5
Figure 5-6
Figure 5-7
Figure 5-8
Figure 5-9
Figure 5-10
Figure 5-11

Figure 6-1
Figure 6-2
Figure 6-3
Figure 6-4
Figure 6-5

List of Figures

Page
Weight and Power Consumption of Different Specific Soldier Wearable and 2-2
Portable Systems
Ragone Chart Illustrating a Range of Systems 3-6
Examples of Soldier Systems 3-6
Mass Differential for Batteries Against Two Fuel Cell Types 3-7
Ragone Chart Illustrating a Range of Systems 3-8
Represents the Various Secondary Batteries Graphically 4-3
An Example of the Lithium Primary Battery Designated BA 5590 and with the 4-5
Back of the Casing Removed to Show the Internal Construction
A Range of Rechargeable Lithium-Ion Batteries: BB 2590, LIPS and Bowman 4-7
A Range of Primary Cells 4-12
A Disassembled BB 2590 and Schematic to Show How the Component Cells are 4-13
Fixed into the Casing
Connection Details of the More Advanced XX90 Type of Battery 4-15
Example Types of the BBXX90 Format Batteries 4-15
Horizon Chart for Primary Batteries 4-16
Horizon Chart for Rechargeable Batteries 4-16
A Schematic of a Generic Fuel Cell 5-1
Fuel Cell Primary Unit 5-3
Schematic of Fuel Cell 5-3
Stack Detail 5-5
Solid Oxide Fuel Cell Schematic 5-6
Horizon Chart for 1 W to 1 kW Fuel Cells 5-8
Oxygen Reduction Reaction of Various Systems 5-13
Cost Drivers for PEM Fuel Cell Stack 5-15
Cost Drivers for Planar Ceramic Fuel Cells 5-16
Cost Drivers for Tubular Ceramic Fuel Cells 5-16
Balance of Plant Cost Drivers 5-17
DMEFC Reaction Schematic 6-1
Example DMFC. SFC Jenny 600S 6-3
Performance Characteristics of a SFC Jenny 600S 6-3
Example of an Akermin Alkaline Direct Methanol Fuel Cell 6-4
Example of Samsung SP-S25 DMFC 6-4

viii

STO-TR-SET-173-Part-|



Sal

organization

Figure 6-6
Figure 6-7
Figure 6-8

Figure 7-1
Figure 7-2
Figure 7-3

Figure 8-1
Figure 8-2
Figure 8-3

Figure 9-1
Figure 9-2
Figure 9-3

Figure 9-4
Figure 9-5
Figure 9-6
Figure 9-7

Figure 10-1
Figure 10-2
Figure 10-3
Figure 10-4
Figure 10-5
Figure 10-6
Figure 10-7

Figure 10-8

Figure 11-1
Figure 11-2
Figure 11-3
Figure 11-4
Figure 11-5

Performance Characteristics of a Samsung Direct Methanol System
Performance of Batteries Compared to a Typical DMFC (Jenny)
The Data for Jenny 600S in Terms of Runtime Versus Energy per Cartridge

The Ultracell RMFC Units (25 W and 50 W)
Serenergy (350) RMFC Fuel Cell

Comparative Figures for Fuel Consumption of the Jenny 600S (DMFC) and
XX55 (RMFC)

SOFC Reaction Schematic
Example of an AMI SOFC 300 W System
Example of an AMI SOFC 60 W System

Constant Power (Current) Test on 20 W AlH; System Recharging a Battery
Energy Consumption of 20 W AlHj; Fuel Cell System

The Benefits of the High Energy Density AlH; System vs. a Conformal Li-lon
Battery when no Recharging Solution is Available

Ragone Plot for a Li-CFx Battery, RMFC Systems and an AlH3-Based Fuel Cell
The Ardica System Showing the Chemical Hydride Cartridge Disassembled

An Example of the Aeropak

An Example of the SoldierPak

The Most Common Power Sources and Their Characteristics of Volumetric and
Gravimetric Energy Density

A Comparison Graph of Fuel Cell, Primary and Secondary Battery Technologies
Against the Parameters of Total Weight and Total Volume Carried

The Above Table Concentrates on Only the Weight Carried by the Various
Technologies at the Commencement of the Mission (Zero Hour)

Potential Weight Savings Provided by Wearable Power Systems Based Upon
Current Projections

The 6 Most Efficient Systems Able to Complete 72-Hour Mission Requirements
@20 W

M32383/4-3 (BB-25xx) Lithium-lon and M32383/4-4 (BB-35xx) Lithium
Polymer Conformal Batteries with Pin Out Configuration

Graph Showing the Cross-Over Points for Battery and Fuel Cell Power Systems
as Functions of Available Energy and System Mass

Power Source Energy Gap

Example Power Manager

Shows the Connection Options for the Power Manager

Soldier Portable Level 3 Smart Charger with Bespoke Interconnection Lead
Energy Harvesting — Typical Scenario

Performance of the Hybrid System

6-5
6-9
6-11

7-3
7-4
7-7

8-2

8-3

9-2
9-3
9-3

10-2

10-3

10-4

10-4

10-5

10-6

10-8

10-8

11-1
11-3
11-3
11-5
11-6

STO-TR-SET-173-Part-l



Sal

organization

List of Tables

Figure Page
Table 3-1 Estimated Power Requirements for a DSS Role 3-3
Table 3-2 NSRDEC 2021 Power and Data Architecture Study NSRDEC and Draper 3-3
Collaboration (September 2013)
Table 3-3 NRC Estimated Peak Power Requirements for a DSS Role 34
Table 3-4 Power Source Development Goals for the DSS 3-4
Table 3-5 Review of Table 3-1 for Actual Energy Consumption 3-5
Table 4-1 Energy and Power Units 4-1
Table 4-2 Examples of Secondary Types Detailing Their Performance Characteristics 4-3
Table 4-3 Characteristics of Primary Batteries Used in Military Equipment 4-6
Table 4-4 Specific Characteristics of a Range of Battery Types Suitable for the 4-14
Manwearable Application
Table 5-1 Comparison of Fuel Cell Performance for a Range of Types 5-9
Table 6-1 Jenny 600S Environmental Characteristics 6-6
Table 6-2 Results for the Assessment of a Jenny 600 @ 10 W Continuous for a 72-Hour 6-10
Mission
Table 6-3 Power versus Fuel Weight for the Jenny 600S at Respective Variants 6-10
Table 7-1 Summary of the Candidate Fuel Cells and Their Respective Characteristics 7-6
Table 10-1 Mil M32383 Pin Out Configurations and Functional Identity 10-7
Table 11-1 SFC Power Manager Performance Characteristics 11-2
Table 11-2 SPC Performance Characteristics 11-4
Table 11-3 Hybrid Components and Their Respective Characteristics 11-5
Table Al-1 Power Source Data at 20 W for 72 h Al-1
X STO-TR-SET-173-Part-I



Sal

organization

SET-173 Membership List

Dr. Eddie ANDRUKAITIS

Government H/AVRS — Defence R&D Canada
National Defence Headquarters

101 Colonel By Drive

Ottawa, Ontario K1A 0K2

CANADA

Email: ed.andrukaitis@nrc-cnrc.ge.ca

Ms. Maria del Pilar ARGUMOSA MARTINEZ
INTA Carretera de Ajalvir KM 4

28850 Torrejon de Ardoz, Madrid

SPAIN

Email: ARGUMOSA@INTA.ES

Mr. Kenneth L. BENSMAN

Federal Bureau of Investigation

ERF, BLG 27958A

Quantico, VA 22135

UNITED STATES

Email: KENNETH.BENSMAN@IC.FBL.GOV

Mr. Patrick BERNARD

SAFT

111-113 Boulevard Alfred Daney

33074 Bordeaux Cedex

FRANCE

Email: patrick.bernard@saftbatteries.com

Ms. Sonja BRAUNECKER

WDT 41 Kolonnenweg

54296 Trier

GERMANY

Email: SONJABRAUNECKER@BWB.ORG

Prof. Nuno CORREIA

INEGI, Campus Da Feup

R.DR. Roberto Frias, 400

42000-465 Porto

PORTUGAL

Email: NUNO.CORREIA@INEGIL.UP.PT

Dr. Carsten CREMERS

Fraunhofer Institute for Chemical Technology ICT
P.O. Box 12 40

Joseph Von-Fraunhofer-Str.7

76327 Pfinztal

GERMANY

Email: carsten.cremers@ict.fraunhofer.de

Mr. Carl-Sibrand FOERSTER

WTD 51 — GB 200 Universititsstralie 5

56070 Koblenz

GERMANY

Email: CARLSIBRANDFOERSTER@BWB.ORG

Mr. Christopher John FORD
QinetiQ MOD Fort Halstead
Room 11A Building Q8
Sevenoaks, Kent TN14 7BP
UNITED KINGDOM
Email: cjford@qinetiq.com

Dr. Sissel FORSETH

Norwegian Defence Research Establishment (FFI)
P.O. Box 25, Instituttveien 20

2027 Kjeller

NORWAY

Email: Sissel.Forseth@fti.no

Mr. Nick FOUNDOS

Federal Bureau of Investigation

ERF, BLG 27958A

Quantico, VA 22135

UNITED STATES

Email: NICK.FOUNDOS2@IC.FBL.GOV

Mr. Marc David GIETTER

5100 Magazine Road

Aberdeen Proving Ground, MD 21005
UNITED STATES

Email: marc.d.gietter.civ@mail.mil

Dr. Johan-Martin GILLJAM

Norwegian Defence Research Establishment (FFI)
P.O. Box 25

Insituttveien 20

2027 Kjeller

NORWAY

Email: johan-martin.gilljam@ffi.no

Cdr. Grzegorz GRZECZKA

Institute of Electrical Engineering and Automatics
Faculty of Mechanics and Electrical Engineering
Polish Naval Academy

Smidowicza 69

81-103 Gdynia

POLAND

Email: g.grzeczka@amw.gdynia.pl

STO-TR-SET-173-Part-l

Xi



Sal

organization

Mr. James GUCINSKI

NSWC CRANE Tiburon Associates
7395 West Airport Road
Bloomington, IN 47403

UNITED STATES

Email: jag@tiburonassociates.com

Dr. Jon Oistein HASVOLD

Norwegian Defence Research Institute (FFI)
Maritime Systems Division

P.O. Box 25, Insituttveien 20

2027 Kjeller

NORWAY

Email: oistein.hasvold@ffi.no

Dipl. Ing. Peter HELBIG

Bundeswehr Technical Center for Automotive
and Armored Vehicles

Wehrtechnische Dienststelle 41 der
Bundeswehr GF 230 Kolonnenweg D

54296 Trier

GERMANY

Email: PeterHelbig@bwb.org

Dr. Stanko HOCEVAR

National Institute of Chemistry Laboratory
of Catalysis and Reaction Engineering

Hajdrihova 19, P.O. Box 660

SI-1001 Ljubljana

SLOVENIA

Email: stanko.hocevar@ki.si

Ms. Veronique LE RHUN

DGA 7-9 rue Des Mathurins

92221 Bagneux Cedex

FRANCE

Email: veronique.ke-rhun@dga.defense.gouv.fr

Mr. Dirk LOOSE

WTD 51

Universitétsstral3e 5

56072 Koblenz

GERMANY

Email: DIRKLOOSE@BWB.ORG

Mr. Steven S. MAPES

PEO Soldier, PM Soldier Warrior
10125 Kingman Road, Bldg 317
Fort Belvoir, VA 22060

UNITED STATES

Email: steven.mapes@us.army.mil

Ms. Veronica MESA

Hynergreen Technologies

S.A Campus Palmas Altas Parcela Ze-3

Edificio B Planta Baja

41014 Sevilla

SPAIN

Email: veronica.mesa@hynergreen.abengoa.com

Mme. Dominique MUNOZ
DGA/DSA/SPART

B.P. 31

18001 Bourges Cedex

FRANCE

Email: dominique.munoz@dga.defense.gouv.fr

Ms. Delia MUNOZ ALE

Hynergreen Technologies

S.A. (Abengoa) Campus Palmas Altas

Edificio B, Planta Baja

C/Energia Solar, 1

41014 Sevilla

SPAIN

Email: delia.munoz@hynergreen.abengoa.com

Dr. Gad. A PINHASI

Ariel University Centre

40700 Ariel

ISRAEL

Email: GADIP@ARIEL.AC.IL

Mr. Jillis Walter RAADSCHELDERS
KEMA NLD MOD

Utrechtseweg 310

6812 AR Arnhem

NETHERLANDS

Email: jillis.raadschelders@dnvgl.com

Mr. Torsten REKER

Wehrtechnische Dienststelle fiir Pionier-
und Truppengerat

Universititsstralie 5

56070 Koblenz

GERMANY

Email: torstenreker@bundeswehr.org

Mr. Hendrik RIEZEBOS

DNV KEMA

P.O. Box 9035

Utrechtseweg 310

6812 AR Arnhem

NETHERLANDS

Email: Derek.Riezebos@dnvkema.com

xii

STO-TR-SET-173-Part-|



Sal

organization

Mr. Jose RODRIGUES

SRE

Sa Poligono Industrial do Alto do Ameal
PAV.C-13

2565-641 Ramalhal TVD

PORTUGAL

Email: c.rodrigues@h2-sre.com

Mr. Sébastien ROUAULT

SAFT

Rue Georges Leclanché

86000 Poitiers

FRANCE

Email: sebastien.rouault@saftbatteries.com

Dipl. Ing. Iztok STEGEL

MoD DLO/SOP/OVTRR

Ministry of Defence

Logistics Directorate Armament and Equiping
Office Military Technology

Research and Development Division

Vojkova 55

1000 Ljubljana

SLOVENIA

Email: Iztok.Stegel@mors.si

Cdr. Piotr SZYMAK

Polish Naval Academy Institute of Electrical
Engineering and Automatics

Faculty of Mechanics and Electrical
Engineering

Smidowicza 69

81-103 Gdynia Pomorskie

POLAND

Email: p.szymak@amw.gdynia.pl

Dr. Avi WEINREB

Israel Ministry of Defense (IMOD)
Systémes de défense et les Affaires R and D
Ambassade d’Israél Mission Européenne

3 rue Rabelais

75008 Paris

FRANCE

Email: aweinrebparis@gmail.com

STO-TR-SET-173-Part-l

xiii



Sal

organization

Xiv STO-TR-SET-173-Part-|



organization

Fuel Cells and Other Emerging Manportable Power
Technologies for the NATO Warfighter —
Part I: Power Sources for Manportable/
Manwearable Applications
(STO-TR-SET-173-Part-I)

Executive Summary

Goal: To identify and report on the state-of the art of fuel cell technology for the manwearable Dismounted
Soldier System (DSS) application. The high cost and excess weight of current batteries is proving
unacceptable therefore alternatives to primary (non-rechargeable) batteries are being sought. Rechargeable
batteries provide a lower initial cost option however this brings added complications in maintaining the
batteries; providing charging, associated generators which require fuel particularly in remote locations.
Adoption of an (integrated) soldier system power design which includes the ability to “charge on the move”
will improve logistics with fewer batteries in the portfolio. Providing the ability to recharge as part of the
manwearable role reduces the need to return to the FOB for recharging of batteries and also reduces the
weight burden for the DSS as related to back up batteries.

The current state of the art Lithium-lon rechargeable battery provides 180 — 200 Wh/kg, which driven by the
portable electronic demands is improving at a rate of 3 — 5% year, but there is a need to seek a step change
in performance to meet the DSS demand.

These rechargeable batteries are very good energy storage devices that provide very good power and energy
in either a centralized/decentralized concept. With potential increasing demand for new manwearable
devices system engineers are asking the R&D community to improve power sources (energy density) for
soldier wearable needs. Various concepts are being developed and this report offers an overview of the state
of art of fuel cells in particular. Further work will include alternative fuel conversion technologies.
The current major deficiency of batteries are that the mission length is linearly proportional to weight/
volume of a battery (which must be returned to base for recharging/disposal) additionally there are no weight
benefits in the used or unused condition. The finite life of these batteries also creates additional disposal/
recycling due to additional international carriage restrictions. Target improvements for rechargeable batteries
are about 250 Wh/kg in next 5 — 7 years (logistics issues/charging station remain the same).

Fuel cells have been developed and demonstrated for manwearable use and results are reviewed in this
report. The current technology offers about 1.5 — 2 times the energy density for a 72-hr mission over
rechargeable batteries. Widespread use has not yet occurred, however, because the technology has not yet
fully matured. Major operational constraints include: lifetime, fuel logistics, robustness, and environmental/
temperature sensitivity. At this time, a fuel cell is not a drop in replacement for batteries (actually needs a
hybrid design for start/stop) and the cost/kW is high at this time. Furthermore, the reliability needs to
improve as well as acceptance of non-logistic fuels (packaged fuel).

The long-term perspective is that further R&D needs to occur to improve fuelling logistics, overall system
performance, also the cost and lifetime of systems is not acceptable and could improve with a civilian/
commercial application to help mass production (MRL).
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Conclusions: Fuel cells can be considered one of the leading candidates for reducing the weight burden and
increasing mission duration based upon a 72-hr mission with an average power demand of 20 Watts. In the
short-term military market entry will be restricted to special needs/operations in which weight/volume is
mission critical. Once more systems enter the market this will improve system durability with improved
MRL. Leading systems at this time are DMFC, RMFC, SOFC.

More R&D is needed to solve technical issues such as cost/kWh, lifetime and (durability).
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Piles a combustible et autres technologies portatives
d’alimentation en énergie pour les combattants de
IPOTAN - Partie I : Sources d’alimentation pour les
applications transportables/portables par ’homme
(STO-TR-SET-173-Part-I)

Synthese

Objectif: identifier et rendre compte de 1’état de la technologie des piles a combustible portables pour
emploi par le soldat a pied (DSS). Le cofit élevé et le poids excessif des piles actuelles sont inacceptables.
Des alternatives aux piles primaires (non rechargeables) sont donc recherchées. Les piles rechargeables
coltent moins cher a I’acquisition, mais sont d’un entretien plus compliqué, en particulier dans les lieux
reculés, puisqu’il faut les charger avec des générateurs qui exigent un combustible. L’adoption d’un modéle
d’alimentation (intégré) de systéme pour soldat, incluant la capacité de « chargement en déplacement »
améliorera la logistique en réduisant le nombre de piles. L’intégration de la fonction de rechargement dans la
capacité de portabilité de la pile réduit le besoin de retourner a la base d’opérations avancée pour recharger
les piles et réduit également le poids du DSS, en supprimant les piles de secours.

L’état actuel de la technique des piles rechargeables ion-lithium offre 180 a 200 Wh/kg, cette puissance
augmentant de 3 a 5 % par an du fait de la demande d’¢électronique portable, mais il est nécessaire de
rechercher un changement progressif de performance pour répondre aux besoins du DSS.

Ces piles rechargeables sont d’excellents appareils de stockage d’énergie, qui fournissent une trés bonne
puissance et énergie dans un concept centralisé ou décentralisé. Etant donné la demande croissante de
nouveaux systémes emportes, les ingénieurs systémes demandent a la communauté de R&D d’améliorer les
sources d’alimentation (densité d’énergie) pour les besoins des soldats. Différents concepts sont en cours de
développement et le présent rapport donne une vue d’ensemble de 1’état de la technique des piles a
combustible en particulier. D’autres travaux incluront des technologies alternatives de conversion du
combustible. La grande faiblesse actuelle des piles est que la durée de leur fonctionnement est linéairement
proportionnelle au poids / volume de la pile (qui doit de plus étre rapportée a la base pour le rechargement /
I”élimination). De plus, le fait de les utiliser ou non ne réduit pas leur poids. La durée de vie limitée de ces
piles impose également leur élimination ou leur recyclage sur place, en raison de restrictions supplémentaires
liées aux régles de transport international. L’objectif de puissance des piles rechargeables visé au cours des
5 a 7 prochaines années est d’environ 250 Wh/kg (les problémes logistiques / de chargement restant
identiques).

Les piles a combustible ont été élaborées et testées pour une utilisation a dos d’homme et les résultats sont
étudiés dans le présent rapport. La technologie actuelle offre environ 1,5 a 2 fois la densité d’énergie de piles
rechargeables pour une mission de 72 heures. Leur utilisation n’est cependant pas répandue, parce que la
technologie n’est pas encore arrivée a pleine maturité. Les principales contraintes opérationnelles sont la
durée de vie, la logistique relative au combustible, la robustesse et la sensibilité a I’environnement /
la température. A I’heure actuelle, les piles a combustible ne sont pas une solution de remplacement des
batteries (elles ont besoin d’une conception hybride pour la mise en marche/arrét) et le cott du kilowatt est
¢levé. De plus, il faut en améliorer la fiabilité, ainsi que 1’acceptation des combustibles non ravitaillés
(combustible conditionné).
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A long terme, la R&D doit améliorer la logistique d’alimentation en combustible et la performance globale
du systéme. Le cot et la durée de vie des systémes ne sont pas acceptables et pourraient s’améliorer avec
une application civile ou commerciale produite a grande échelle (MRL).

Conclusions: les piles a combustible peuvent étre considérées comme les plus prometteuses pour réduire le
poids et augmenter la durée des missions, sur la base de 72 heures, sur la base d’un besoin moyen de
puissance de I’ordre de 20 watts. A court terme, I’entrée sur le marché militaire sera limitée aux opérations
ou besoins spéciaux dans lesquels le poids et le volume sont critiques pour la mission. Une fois que d’autres
systémes entreront sur le marché, leur durabilit¢ augmentera grace a un meilleur MRL. Les systemes
actuellement a la pointe sont la DMFC, la RMFC et la SOFC.

Davantage de R&D est nécessaire pour résoudre les problémes techniques tels que le coit du kWh, la durée
de vie et la résilience.
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Chapter 1 — SET-173: MANWEARABLE POWER OVERVIEW

1.1 OVERVIEW

A Research Task Group was formed, named SET-173 “Fuel Cells and Other Emerging Manportable Power
Technologies for the NATO War-fighter”. SET-173 was divided into two groups, one focusing on fuel cells
for unmanned applications and one on manwearable applications.

The present document encompasses the information for “Manwearable (formerly Manportable) Power
Study Group”.

1.2 BACKGROUND AND JUSTIFICATION (RELEVANCE TO NATO)

Recent NATO operations have illustrated how reliant today’s Dismounted Soldier System (DSS) is on
electronic systems to successfully accomplish the battlefield mission. The devices used range from small
computers and tactical radios to unmanned sensors both on the ground and in the air. With the increased
dependency on these systems has come a significant increase in the demand for the generation of portable
power. Historically, this demand was met with rechargeable (secondary) and non-rechargeable (primary)
batteries for manwearable/manportable systems and fossil fuel generators/engines for larger weapon systems.
The problem with using batteries as the primary form of energy is that:

a) They place a significant weight burden on the Dismounted Soldier (DS);
b) It comes with a high financial cost (especially for non-rechargeable batteries); and

¢) They put a substantial burden on the logistical system due to the large numbers of batteries required
to be stored, transported to and from the battlespace and eventually processed for disposal.

Use of non-rechargeable (primary) batteries has been the predominant choice as they tend to have higher
energy density, have a higher user confidence, operate over a wider temperature range and are ready for use;
however they are expensive and place an increased burden on the logistic supply. The use of rechargeable
batteries can be more economical in reducing the inventory costs but there is an increased operational burden
in terms of providing chargers, maintenance and management of the inventory as well as providing the
energy to the battery chargers is problematic, especially in remote locations where use of a fossil fuel
generator is not a viable option. The logistics related to supply and re-supply to units in remote locations
with little or no infrastructure, as well as those units that require power for extended missions,
is quite challenging. There are also many vehicular and aviation systems that rely on heavy engines for
power, but would benefit from lighter and silent power generation systems.

1.3 OBJECTIVES

The SET-173 program is intended to focus on Fuel Cells as an emerging technology across manwearable
battlefield electronic systems, including the individual Dismounted Soldier to achieve the target mission
duration at acceptable weight, volume, and cost. It will also encompass power systems for sensors and
unmanned platforms. The initial focus of the group will be on fuel cell/hybrid systems with outputs of 100 W
and below since these are considered to be the most advanced of the manwearable fuel cell systems.
The development of a coordinated strategy is also important. Moreover the SET-173 activity will assess and
forecast advances in fuel cell and fuel cell/hybrid technologies with the specific objectives of:

*  Identifying and recommending the optimum applications for the use of fuel cells;

»  The review is intended to examine the feasibility of using fuel cells to supplement or replace the use
of batteries;
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* Identifying the issues and make recommendations related to gaining wider acceptance of fuel cells
by the NATO Dismounted Soldier;

* Conduct an assessment for emerging technologies and recommend leveraging of resources as
appropriate; and

»  Serve as subject-matter experts and act as a liaison to other NATO technical teams.

1.3.1 Topics to be Covered
* Batteries in today’s DSS role.

e Fuel cells.
e Hybrid power.

* Review existing and emerging power technologies for manwearable applications and unattended
Sensors.

*  Manwearable power and its relevance to the DSS role.

1.3.2 Deliverable

The information within this report encompasses generic data for batteries and fuel cells, which has been
collected during discussion with the working group members. In addition specific information from
manufacturers products has been collected but it should be borne in mind that this information is not
intended to be all encompassing and the data presented is representative of the products tested under normal
laboratory conditions using a small sample size and may not be representative of the latest technology.
Furthermore it is recognised that there may be other manufacturers’ products which could also provide
supporting data but this information was not available to the working group members at the time this report
was compiled.

1.3.3 Technical Team Leader and Lead Nation

Chair: Mr. Marc David GIETTER — USA.

Lead Nation: USA.

1.3.4 SET-173: Groups

*  Manwearable Power Study Group (SET-173 MWSG) — Chair: Christopher Ford — GBR.

*  Unmanned Vehicles (SET-173 UMSG) — Chair: Oistien Hasvold — NOR.
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Chapter 2 - MANWEARABLE POWER OVERVIEW

2.1 SCOPE OF ACTIVITY

The scope of the activity reviews portable power for the Dismounted Soldier System (DSS) encompassed
within the manwearable applications. It identifies a range of the equipment for the DSS role and the options
for providing power for a given mission.

2.1.1 The Dismounted Soldier System Aspects

Power for Remote Sensors and Issues: Providing power to sensors is in the main satisfied by the use of
batteries which are inefficient forms of portable power in that they have a high cost, require replacement
(the frequency of which is dependent upon the type and its application), require logistic management (to the
point of use and for disposal once used). Historically such power was provided by primary (single use)
batteries, which have a high cost and a logistic penalty in terms of the supply chain and disposal. Recent
trends towards rechargeable systems has reduced the procurement costs but introduced additional
management penalties which arise due to providing recharging and keeping the inventory operational and
effective. In operational scenarios there arises the added complication of providing remote charging
capabilities, which also creates its own logistic issues particularly in the use of fossil fuel generators.

DSS Power Architecture: A range of power sources are used to power the equipment whether fitted directly
or interfaced through a body-worn wiring system. It is envisaged that power could be connected via helmet
to body by an interruptible connection. It is envisaged that any handheld weaponry would have a separate
power source. In building upon the benefits of rechargeable systems and providing integrated power with a
sustainable charging capability enables the realisation of “power on the move” thereby extending operational
mission times. Manwearable fuel cells have advanced sufficiently to be used on their own and/or utilised as a
hybrid with rechargeable batteries. This capability can then be integrated into a body-worn circuit to provide
power local to the respective sensors with adequate connectors, thereby reducing the battery inventory,
logistics and more importantly the weight burden to the soldier, which is becoming unacceptable.

Type of Sources: The technology scope of this report will cover conventional battery systems both primary
and rechargeable and review fuel cells suitable to support the hybrid manwearable requirement. A DSS
soldier relevance chapter defines the various issues and utilises a 72-hour mission profile. Having defined the
issues the report then describes the specific characteristics of example fuel cell systems with pros/cons and
limitations. Finally the report illustrates how power management devices can be used to optimise the
available power as well as thoughts on power scavenging (harvesting) systems.

2.1.2 Comparative Tables and Graphics

Technology status tables are used to illustrate comparative performance of the available technologies.
Ragone Charts are used to define comparisons between energy and power density to demonstrate the added
advantages of the range of solutions to assist in the choice of the hybrid system.

2.1.3 Soldier-Wearable Definition

2.1.3.1 Introduction

Energy and power on the dismounted soldier is a key technical issue with many associated challenges and as
the use of electrical equipment increases, the power source weight budget has to be traded against traditional
soldier commodities such as ammunition, water and food. As the modernisation of soldier systems evolve to
include new capabilities, the dependence on electrical energy will continue to grow.
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By introducing improved C41 and sensing capabilities at the soldier level, situational awareness and the
ability to effectively collaborate with other soldiers increases. This improves soldier survivability as well as
command and control. This will potentially also generate more data that will need to be processed and
shared, requiring even more electrical energy and power.

Therefore, the generation, storage, distribution and management of electrical energy and power must be
designed in a way to minimize the overall weight and volume of the soldier’s worn or carried power supply
system.

2.1.3.2 Soldier Wearable vs. Soldier Portable

The distinction between wearable and portable soldier equipment is subjective and many different definitions
have over time been suggested.

Soldier wearable (manwearable) equipment is often worn as part of a soldier’s normal combat equipment
and used during manoeuvres on an everyday basis. Examples of soldier wearable equipment include, but are
not restricted to, personal radios, C4I-units, GPS, low light enhancing devices, laser ranging equipment,
thermal imaging devices, weapon flash lights and helmet-worn cameras. Figure 2-1 illustrates the weight and
power consumption of different specific soldier wearable systems.

/PVS 14 (Night Vision)
yan

106 1bs/ 04 watts™®
(2)AA

Mark VII
(1) 3.9 V Lithium
256 bs/ 167 watts*
106 Tbs/ 011 Watts*

MBITR s
(8) BB 521 L% HTWS (Nigh)
6.4 Tbs/5.33 watts® W25 12) AA Lithium *

Head Set
() AA

384 Ibs/ 68 watts™®

Sure Fire Light
(6) CR-123A
2222 1bs/ 219 watts*®

A68 CCO (Day)
(1)DL 13N
{007 1bs/.00006 watts*

Mag Lite

e
-106 [bs/ 019 watts*

DAGR
(24) AA & (1) 42 AA
1.3 1bs/. 729 watts*

(8) 3600 mAh NIMH
6.4 Ibs/1.51 watts*

Total: 7 types of batteries,
70 batteries. 16 1bs; 9.16 watts

Figure 2-1: Weight and Power Consumption of Different
Specific Soldier Wearable and Portable Systems.

Soldier portable (manportable) equipment is often of squad level type such as HF radios or other advanced
communication systems. It may be carried in, for example, a backpack to be used later on or being used
while being on the move. Examples of soldier portable equipment include, but are not restricted to, squad
level (and above) communication equipment (~30 W, 10 kg), mini-UAV’s, portable IED jammers, digital
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system cameras, portable ground radars, metal detectors and projectile incoming direction systems. Figure 2-1
illustrates the weight and power consumption of a selection of soldier portable systems.

The rapid increase of wearable and portable electrical soldier equipment has added weight and volume to the
soldier’s load in the form of different batteries for different equipment as well as a need for a bigger portfolio
of battery chargers. Apart from increasing the soldier’s load, this also introduces a higher burden on the
logistical chain with increased costs as a result. Therefore, the situation has brought forward a demand for
better wearable and portable energy and power supply solutions.

One means of addressing this issue is removing the need for equipment specific batteries by moving towards
a centralized power source. For redundancy reasons and to provide a reactive power source to respond to
load changes, rechargeable batteries are often the preferred choice of technology. If combined with a low
weight and low volume wearable or portable charging solution, the need for the equipment specific batteries
potentially decreases even more. Moreover, if a high efficiency charging solution is powered using a high
energy density fuel, the total weight of the power supply system can be further decreased. At the time of this
report, batteries (primary and rechargeable) are the main choice of the centralized power source by the
majority of the world’s soldier modernisation programs.
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Chapter 3 - POWER FOR THE DISMOUNTED SOLDIER SYSTEM

The Dismounted Soldier carries numerous electronic devices. Whilst in a mounted operation (such as within
a host vehicle, MPV, helicopter, etc.) there may be opportunities to replenish or provide power to the DSS.
For the purposes of this document the principle of operation is that of dismounted combatant and therefore a
reliable optimised low weight power source is essential.

3.1 THE ISSUES IN PROVIDING MANWEARABLE POWER

The current manwearable power source is batteries which are available in a wide range of shapes, sizes,
chemistries and hence capabilities. They range from single cells which can be fitted into a receptacle,
(user replaceable at the point of use) to multi-cell batteries of either a primary (use once and discard)
or secondary (rechargeable) where one discharges the battery and returns it for recharging and re-use.
The latter are usually constructed from commercially available cells (singe batteries) into containers with
output connectors and produced to complex performance standards, which are military specific.

In principle fuel cells have attracted significant investment in recent years as these have the potential to
reduce the weight carried by the dismounted soldier and extend the mission time, however, they are not
currently used in every day applications. In principle a fuel cell is a generator (generally comprising fuel cell
stack (electricity generator), balance of plant and control electronics) and the fuel, which is consumed during
use to produce an electrical output.

Batteries have a weight burden in that their mass is equivalent whether charged or discharged whereas fuel
cells have a mass for the given generator but the fuel is consumed in providing power. Therefore for a given
mission one need only take sufficient fuel and once consumed one is left with an empty lightweight
container.

Lack of standardization has resulted in the proliferation of battery types, which again contributes to the
burden particularly when at the outset the soldier has to make a choice of what equipment and hence
batteries he will need. Batteries are in the majority equipment specific and as the demand of a particular
scenario changes energy conservation and availability becomes even more critical. The establishment of a
fuel cell with a central power manager therefore has the opportunity to provide a single source of power
regardless of the equipment utilised. As an interim it is recognized that to manage the burden the opportunity
of energy scavenging or harvesting with supporting equipment (DC to DC converters) enables the consumed
batteries to be replenished from the unused ones in the field. Although not ideal as it necessitates carrying
more equipment overall it can reduce the weight burden.

Most battery types do not have State Of Charge (SOC) or State Of Health (SOH) indication therefore the
user has first to decide if the battery is fresh (new and unused) if used how long is it likely to last. This in
itself provides reliability and confidence issues which coupled with the uncertainty of the mission usually
results in taking more batteries than one actually needs which is unhelpful in reducing the weight burden.

3.1.1 Power Sources Overview

A range of systems can provide power but not all of these are appropriate for the DSS manwearable
application due to their size, weight, volume, noise, thermal signature, etc.

3.1.1.1 Batteries

Batteries are the generic solution for soldier power however; these provide an expensive logistic footprint.
They could also be an integral part of a hybrid system but are likely to remain the stand-alone energy sources
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for the near future. The challenge is to make them smaller, lighter, cheaper, more reliable, and more energy-
dense without sacrificing safety.

Dismounted Soldier systems are powered by a range of batteries. These will either be as single batteries
(cells) of the more common types which are widely available in the commercial arena or special to type
systems which tend to be only available in the defence and industrial markets. Larger batteries are multi-cell
assemblies, which are configured in series/parallel with interconnections to provide multiples of the required
voltage or system energy (referred to as capacity). The desired output is then available at the external
connector.

3.1.1.2  Fuel Cells

Fuel cells are seen as an emergent technology that can support the existing battery portfolio. These have the
opportunity to provide improved energy density and could be utilised as a central power source.

Fuel cells are the focus of intense interest by the military because of their ability to operate continuously
(as long as the fuel supply is connected) with increased energy density over a similar mission time thereby
reducing the weight burden compared to batteries for a given power requirement. This energy source can
meet specific energy requirements for high electrical loads and long mission duration and are an ideal
candidate for use as a hybrid system like metal/air batteries. Fuel cells are air-breathing devices and therefore
require a source of oxygen freely available in relatively clean air (this aspect is covered in detail in the
accompanying unmanned report). Future acceptance of fuel cells on the battlefield will be determined to a
great degree by logistics, particularly as current prototypes are fuelled by non-standard logistic fuel
(methanol and hydrogen).

3.1.1.3  DSS Energy Needs

As stated earlier — the amount of electrical energy required to support the DS has been steadily increasing.
The items in Table 3-1 correspond to the items listed in Figure 2-1. Table 3-2 identifies those specific to the
Squad Leader and Rifleman. The data in Table 3-3 illustrates how this power demand has grown over a ten
year period Earlier assessments from the NRC are shown in Table 3-4.
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Estimated Power Requirements of Land Warrior System, by Function
From Mapes, (2012) “OEF Afghanistan, 72-Hour Mission”

Table 3-1: Estimated Power Requirements for a DSS Role.

|Equipment |Battery TypeBattery QtyWeight Avg Power
(Ibs) (kg) (Watts)

AN/PVS 14 (Night Vision) AA 2 0.106 0.048 0.04
Mark VI Lithium 3.9V 1 0.256 0.116 0.167
MBITR BB 521 8 6.4 2.903 5.33
Light (Sure Fire) CR-123A 6 0.222 0.101 0.219
Light (Maglite) AA 2 0.106 0.048 0.019
GPS (DAGR) AA+1/2AA 24 1.3 0.590 0.729
Head Set AA 2 0.106 0.048 0.19
PEQ-2A AA 2 0.106 0.048 0.011
Night rfle scope (HTWS) AA Li-FeS 12 0.384 0.174 0.68
Day rifle scope (M68 CCO) DL 1/3N 1 0.007 0.003 0.00006
Radio (LMR) 3600 NiMH 8 6.4 2.903 1.15
P-Beacon 9V 1 0.1 0.045 0.049
TOTAL 15.49 7.03 8.58

Mission Hrs 72.00 Hr 618.05 Whr

Table 3-2: NSRDEC 2021 Power and Data Architecture Study
NSRDEC and Draper Collaboration (September 2013).

SL vs Rifleman with Mission-Specific Equipment

Mission Specific Total Energy

B Equipment Required
Rifleman - 586 W-hr « The energy requirement for the base
) Rifleman load + Mission Specific
AN/VDR-2 Radiac BWhr 594 W-hr equipment (except Thor or UAV) is
Hiides 19 W-hr 605 W-hr similar to that required for the Squad
) Leader.
Goldie 123 W-hr 709 W-hr
inehound 162 Wohr 258 Wohr +« The NBC and counter IED/mine

equipment have low energy
Gizmo Operator 162 W-hr 748 W-hr requirements when compared to the

586 W-hr < -
PRD-13 Operator 323 Wohr 509 W-hr SIGINT equipment and robots.
UGS Operator 433 Wehr 90 Whr » Note: Thor - with current batteries,
Squad would need to carry 75 Ibs of
Waolfhound Operator 487 W-hr 1073 W-hr batteries to power Thor
UGV Operator 262 Webir 1348 Wehr (approximately 2.5 BB2590 batteries
per Soldier). Itis unlikely that Thor
LAY Operator 1037 W-hr 1673 W-hr would be used for 72 hr missions with
Thor Operator 2951 Whr 4537 Wehe current power architecture/sources.
SL Equipment 586 W-hr 760 W-hr 1346 W-hr

(PRCL17G, LTWS, DAGR]

STO-TR-SET-173-Part-l 3-3



POWER FOR THE DISMOUNTED SOLDIER SYSTEM

Sal

organization

Comparison of Estimated Power Requirements of Land Warrior System, by Function
(All Peak Power) NRC (National Academy of Sciences) (2004).

From previous reports: NRC (National Academy of Sciences) (2004).

Table 3-3: NRC Estimated Peak Power Requirements for a DSS Role.

Function Land Warrior, 1997 Land Warrior (Stryker), 2004 Objective Force Warrior,
2007
NRC (1997) Brower, 2003 Erb, 2003
W) W) W)
Communications
Soldier Radio 7.4 5.97 6.2
Squad Radio 14 7.8 7.8
UAWT/Robotic 6
Vehicle
Computer Displays
Handheld Flat Panel 6.4 7.04 7.05
Helmet-Mounted 4.9. 1.4 0.5
Integrated Sight — 2.6 2.65 3
Module Display
Sensors 7.9 16.75 9.5
Computer 14.8 15.7 17.42
Total 58 57.31 57.97
Power Source Development Goals for Soldier Systems.
NRC (National Academy of Sciences) (2004).
Table 3-4: Power Source Development Goals for the DSS.
Load [W] Target Specific Energy [Wh/kg]| Target Weight [kg]
(Average/Peak) Mission Time of to Achieve Mission
12 hr 72 hr
20/50 240 1,440 1
100/200 300 1800 4

In Table 3-5 we have examined the estimated power requirement of OEF Afghanistan (Table 3-1) and
calculated the actual used energy for the 72-hour mission. It can be seen that based on the percentage of

used energy, the DS is carrying weight in batteries that is unnecessary.
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Table 3-5: Review of Table 3-1 for Actual Energy Consumption.

Equipment Battery | Battery Weight Avg Energy
Type Qty Power " vailable | Used (72 hr) | Used
[kg] (W] [Wh] [Wh] [o]

AN/PVS 14 (Night Vision) ' AA? 2 0.048 0.04 8.55 2.88 34
Mark VII (Laser Target Lithium 1 0.116 0.167 21.46 12.024 56
Locator) * 39V

MBITR(Multi-band Inter/Intra | BB 521 ° 8 2.902 0.533 92.16 38.376 42
Team Radio) 4

Light (Sure Fire) CR-123A 6 0.100 0.219 27 15.768 58
Light (Maglite) AA 2 0.048 0.019 8.55 1.368 16
GPS (DAGR) AA 24 0.589 0.729 102.6 52.488 51

+1/2AA
Head Set AA 2 0.048 0.019 8.55 1.368 16
PEQ-2A ° AA 2 0.048 0.011 8.55 0.792 9
Night Rifle Scope (HTWS) AA Li-FeS 12 0.174 0.68 54 48.96 91
Day rifle scope (M68 CCO) ’ DL 1/3N 1 0.003 0.00006 0.48 0.00432 1
Land Mobile Radio (LMR) 3600 8 2.902 1.15 207.36 82.8 40
NiMH °

P-Beacon (Emergency Locator) 9v " 1 0.045 0.049 5.085 3.528 69
TOTAL 7.03 3.62 544.3 260.3 48

Figure 3-1 provides a graphical representation of a range of systems that will be covered in greater detail in
this document.

http://www.exelisinc.com/solutions/AN_PVS_14-Night-Vision-Monocular-Device/Documents/ITT-Exelis-AN-PVS-14-Mon
ocular-Night-Vision-Device.pdf.

(Alkaline) http://data.energizer.com/PDFs/E91.pdf , (lithium) http://www.batteryspace.com/prod-specs/CEV-L91.pdf).
http://www.northropgrumman.com/Capabilities/Mark VII/Documents/markvii.pdf.
http://www.thalescomminc.com/datasheets/Thales%20MBITR.pdf.

http://www.defensereview.com/1_31_2004/Insight%20Technology%?20Incorporated%20AN-PEQ-
2A%?20Infrared%20Target%20Pointer-Illuminator-Aiming%?20Laser.pdf.

http://www.maifl.com/pdfs/BB521.pdf.
http://www.usnightvision.com/aimpointcompm2-m68cco.aspx.
http://24hourbatteries.com/shop/dl1-3nbattery 532 html.
http://www.venom-group.com/7-2v-3600mah-NiMH-Pack-UNILhtml.
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POWER FOR THE DISMOUNTED SOLDIER SYSTEM

24h,r/' 48hr_ -~
Ultracell XX55 -7 2ohr
5W-+Battery - -
10

2

~

2

o

(]

S

]

o

2

&

8 SCR Battery

& ——Jenny 600 (Regular) Ultracell XX25..

"= - Jenny 600 (desert) 25W -~ B \ Jenny 600
Samsung SP-S25 s \ 25W
“ = Ultracell XX25 7
——Ultracell XX55 - '
" -
100 1000
Specific Energy [Wh/kg]

Figure 3-1: Ragone Chart lllustrating a Range of Systems.

3.1.1.4

Many DSSs are in various phases of developing a centralised power and distribution management system.
Examples of these are shown in Figure 3-2.

Integrated Dismounted Power System

A Common Theme

Vojak 21

Nettwarrior Felin

Figure 3-2: Examples of Soldier Systems.
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An example of a centralized integrated power system is the US Army’s Soldier Wearable Integrated Power
System, known as SWIPES, which supplies power from a centrally located main battery for a range of
sensors end-items. SWIPES utilises a pouch-mounted charger and power cables for batteries, GPS units,
shot-detection systems and handheld communications into the vest (a single over garment worn by the
soldier). It allows for extended mission times without the need to swap batteries or power sources by keeping
devices charged at all times. The major benefit is the weight savings. For a typical 72-hour mission, a Soldier
will save up to 6 kg.

3.1.1.5 [Initial Exploration of Potential Solutions

There are a number of mature fuel cell systems available and these have been evaluated by SET-173
members for a range of applications. In addition, performance data is widely available on the internet to
demonstrate their performance. To provide comparative assessments we have combined some of this data in
the following section to illustrate their respective performance to the DSS application.

This is expanded in greater detail in the body of the report.

In order to compare the capabilities of different systems we have used the Soldier Conformal Rechargeable
(SCR) battery which is a 180 Wh, weighs 1.2 kg. Figure 3-3 compares the conformal battery (SCR) against a
range of fuel cell systems and their performance under different loads, which are then matched to a range of
mission durations.

16 2500
= Battery 20w I':
14— —=Fuyel Cell DM 72hr 1
: I
===Fuel Cell RM | I_I + 2000
12 — Ener; i 7 =
8y P H
- | ,
10 —— The Soldier Conformal ' .

1 | f—
= Rechargeable (SCR) battery P s 1500 =
=, 180Wh, 1.2 kg i H
2% E &
3 : )

. : - 1000 &
“  Ultracell XX25 ! ]
250 ml, 180Wh Cartridge

4 | /

: 500
5 Jenny 600
o 350 ml, 4OIbWh Cartridge
- a
0 “ e e e Y e 0
0 10 20 30 40 50 60 70 80 90 100

Time [hr]

Figure 3-3: Mass Differential for Batteries Against Two Fuel Cell Types.

In Figure 3-3 we illustrate the comparison between the SCR battery mass and two currently available fuel
cell types. It is evident that beyond 10 hours of use, at 20 W, the fuel cell systems show a significant weight
saving which for the 72-hour mission can be as much as 6 kg.
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Finally to illustrate the range of energy sources available and their respective positions to one another in
terms of specific power and energy density refer to Figure 3-4.

1000

0.1hr

1C 1kW
(2.5 I fuel)

10hr

100

10

Specific Power [W/kg]

Lithium

I
oM — B yom

10 100 1000
Specific Energy [Wh/kg]

Figure 3-4: Ragone Chart lllustrating a Range of Systems.

3.1.2 Summary

The latest information from OEF Afghanistan would suggest that the average estimated power requirement
for a DSS system is 8.58 W which for the 72-hour mission equates to 618 Wh. Earlier information suggested
that this was much higher (Table 3-3) being around 58 W although we should bear in mind that the
equipment portfolio is different. However if one was to extrapolate that for the 72-hour mission this would
be in excess of 4000 Wh. Suffice to say the power required is dependent upon the mix of equipment carried,
the usage of the equipment and indeed the scope of the mission.

For the purposes of this report and to provide a comparison we will base much of our analysis on a
continuous power requirement of 20 W for the 72-hour mission.

Suffice to say such a requirement presents a significant weight burden to the soldier. When one considers the
other commodities he is required to carry such as food, water, ammunition, etc., the weight burden will
undoubtedly have a significant impact upon the effectiveness of the Dismounted Soldier.

The purpose here is to analyse the available power systems and the options to demonstrate the challenges
and the possible weight savings.
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Chapter 4 - BATTERIES: SPECIFIC BATTERY INFORMATION

4.1 GENERAL

Batteries are currently the preferred choice of manwearable power today but they are far from ideal.
For operational and security reasons, due to the IED threat, even discharged systems are required to be
returned to the FOB, even if serving no useful purpose, for disposal and to prevent terrorist opportunists
using the container to provide an improvised explosive device.

4.1.1 Energy and Power

Table 4-1 defines the respective parameters that are used to describe energy and power.

Table 4-1: Energy and Power Units.

Parameter Description Unit
Energy Ability to do work Wh
Power Energy delivered by unit of time W=VA
Specific Energy Energy per mass of the source device Wh/g
Specific Power Power per mass of the source device Wi/g
Energy Density Energy per volume of the source device Wh/l
Power Density Power per volume of the source device Wil

4.2 BASIC PRINCIPLES

In its simplest form as a single unit a battery or cell is effectively one of the same and comprise a package of
electrochemical energy with appropriate terminals. The difference is that a battery has a label whereas the
cell does not. They are available in various shapes and sizes and different package configurations. The most
common alkaline types have a rigid metal outer case where the parts are crimped or welded to form a sealed
container. Others have flexible outer packaging similar to that used in food processing, which are flexible.
Flexible packages are emerging which enable the battery to be inserted into a range of shapes and sizes with
improved packing density.

The earlier more traditional systems tend to be cylindrical in form, which leads to inefficient packing density
in multi-cell systems. As most multi-cell systems are rectangular, similarly shaped cells will provide efficient
energy packages.

Batteries are essentially an energy package and in many types contain corrosive chemical constituents which
if exposed present a hazard. External influences such as accidental short circuit or incorrect connection can
result in increased internal pressure and therefore rupture of the sealed casing creating a hazard. Most types
are equipped with an inbuilt vent designed to control the release of internal pressure and it is essential that
this is not obstructed.

Being electrochemical a battery’s performance can vary depending upon the potential difference between the
materials used in its construction, the environment in which it is used; the ambient temperature, the load
(discharge rate) of the equipment that it is connected to dictates and the useful life additionally they have a
finite shelf life. Consequently batteries are a replacement commodity for several iterations compared to the
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life of the host equipment. In the manwearable role batteries have the disadvantage of weight, which is the
same whether they are charged (fresh in the case of primary cells) or discharged (used). Furthermore practice
has shown that in the case of primary batteries, on returning from a mission, these are discarded whether
fully or partially discharged which is a waste of energy.

In concentrating on the safety of these systems, it is important to always follow the manufacturers’
instructions in terms of operation and use, to not alter the design, mix cell/batteries of different chemistry in
the same configuration, and to protect exposed terminals when not in use. Do not crush, incinerate or short
circuit.

The batteries (more precisely cells) used in military application are largely the same as those used
commercially they are however selected against stringent military specifications to ensure they can meet the
rigours of the military environment. It is uneconomic to produce specific cells for military applications,
except for very specialised applications.

4.2.1 Primary Battery

In general, the electrochemical reaction occurring in the cell is not reversible, rendering the cell
unrechargeable. As a primary cell is used, chemical reactions in the battery consume the chemicals that
generate the power; when they are gone, the battery stops producing electricity and it is no longer able to
provide power. The terminal voltage of some designs reduces during discharge but in all cases reaches a
point where it fails to deliver any useful energy and the host equipment fails, often without warning.

4.2.2 Secondary Battery

A rechargeable battery comprises one or more electrochemical cells, and is a type of energy accumulator.
It is known as a secondary cell because its electrochemical reactions are electrically reversible. Rechargeable
batteries come in many different shapes and sizes, ranging from button cells, used in small handheld devices
to megawatt systems connected to stabilize an electrical distribution network. Several different combinations
of chemicals are commonly used in the commercial marketplace including: lead-acid, Nickel Cadmium
(NiCd), Nickel Metal Hydride (NiMH), Lithium-Ion (Li-ion), and Lithium-Ion Polymer (Li-ion Polymer)
and more latterly lithium sulphur to name but a few. For Li-ion this category comprises a family of
chemistries that are used for positive (cobalt oxide, iron phosphate, etc.) and negative electrodes (carbon,
silicon and titanate) the use of which affects the performance thereof. The lithium-based technologies are the
most widely selected for manwearable applications. Regardless of the application, to select the most
appropriate technology one needs to examine the respective performance and match this to the application
requirements.

Rechargeable batteries have lower total cost of use and reduced environmental impact than primary batteries.
Some rechargeable battery types are available in the same sizes as primary types, however their terminal
voltage may differ and therefore they are not necessarily interchangeable. Rechargeable batteries have higher
initial cost, but can be recharged relatively cheaply and used many times (cycle life). A range of available
types and their performance characteristics is shown in Table 4-2; however it should be borne in mind that
this identifies the range of types but only a limited number are suitable for manwearable applications.
Sodium sulphur and molten salt are unsuitable as is lead acid. Figure 4-1 shows a range of types with respect
to energy and volumetric density.
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Table 4-2: Examples of Secondary Types Detailing Their Performance Characteristics.

Type Voltage Energy density Power Efficiency [E/S Discharge |Cycles Lifeh
) (Wh/kg) (Wh/L) (W/kg) (%) (Wh/$) (%/month) |(#) (years)
5-8 (automotive
Lead-acid 2.1 30-40 60-75 180 70%-92% 5-8 3%-4% 500-800 battery), 20
(stationary)
Alkaline 1.5 85 250 50 -- Al <0.3 100-1000 (<5
Nickel-iron 1.2 50 100 65% 5-7.3 20%-40% 50+
Nickel-cadmium 1.2 40-60 50-150 150 70%-90% 1.25-2.5 20% 1500
15+ (satellite
Nickel-hydrogen 15 75 60 220 85% 20,000+  |2PPlication with
frequent charge-
discharge cycles)
Nickel-metal hydride [1.2 30-80 140-300 250-1000 [66% 2.75 30% 500-1000
Nickel-zinc 1.7 60 170 900 2-3.3 100-500
Lithium-air (organic) 2.7 2000 2000 400 ~100
Lithium-ion 3.6 150-250 250-360 1800 99%+ 2.8-5 5%-10% 1200-10000 |2-6 years
Lithium-ion polymer 3.7 130-200 300 3000+ 99.80% 2.8-5.0 5% 50071000 |2-3years
Lithium iron phosphate [3.25 80-120 170 1400 93.50% 0.7-3.0 2000+ >10
Lithium sulfur 2 400 350 ~100
Lithium—titanate 2.3 90 4000+ 87-95%r 0.5-1.0 9000+ 20+
Sodium-ion 1.7 30 85% 33 5000+ Still testing
Thin film lithium ? 350 959 ? 40000
Zinc bromide 75-85
Vanadium redox 1.15-1.55 |25-35 80% 20% 14,000 10(stationary)
Sodium-sulfur 150 89%-92%
Molten salt 2.58 70-290 160 150-220 4.54 3000+ <=20
Silver-oxide 1.86 130 240

Sarualber
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Ir/Ak
B 7 Extabdehed tec hmologes
WhiL B Emorging teckaclogies
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5 mm promato Cally < 100 mdh
o =
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Figure 4-1: Represents the Various Secondary Batteries Graphically.

There is of course a manpower burden in managing the inventory to undertake the following:

*  Manpower. The charging process requires additional manpower to manage the process, store the
batteries and ensure their status is clearly defined. Manage the cycle life as each system has a finite
cycle life, which reduces the available energy (capacity) as the cycle’s progress.
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*  Manage the recharge programme, which may entail a pre-discharge, conditioning cycle or a simple
charge. This in itself takes time from a few hours (2) to several (10) depending on the capability of
the system. It may be necessary to increase the inventory three-fold to account for this (one in use,
one being charged and one in store awaiting or recently completed charging).

*  Charging equipment needs to be housed and supported which in the case of a FOB would need
additional generating power. The type of charge can adversely impact the cycle life bearing in mind
that fast charging tends to generate heat.

* Logistics to recover and return batteries. For secondary types establish controls and processes for
re-charging. On exercise this may be impractical as it is not possible to readily establish the
necessary logistical support and infrastructure. To maintain the supply which due to transportation
limitations for some types results in lengthy routes by land over rough terrain exposing additional
risks to personnel. Disposal can be an issue particularly as the process needs to comply with
National regulations at the point of use/disposal which often are based upon the UN Transport
regulations, which prohibit the transport of some types.

4.3 COMMON PRIMARY (NON-RECHARGEABLE) TYPES

4.3.1 Alkaline Manganese

These are the most common primary cells and are widely available, aligned to domestic applications and
available in common sizes of AAA (LR03"), AA (LR6), C (LR14) and D (LR20) with limited temperature
and power capabilities.

4.3.2 Lithium Manganese Dioxide

Lithium manganese dioxide batteries operate from -40°C to +85°C and offer longer operating times from —
10°C to +85°C when compared to the lithium sulfur dioxide versions used by the military. At lower
temperature and higher discharge rates the lithium manganese dioxide system is less efficient than its lithium
sulfur dioxide counterpart. At moderate discharge rates (typical of military communication requirements)
and temperatures greater than 0°C, lithium manganese dioxide provides higher capacity than lithium sulfur
dioxide. This technology’s favourable safety characteristics minimize the occurrence of a cell’s violent
rupture. Although this risk is minimized, the flammable electrolyte does present other concerns should the
cell rupture.

These batteries are widely used in both military and commercial applications because of the high specific
energy density, safety characteristics associated with the low internal cell pressure, and a safety shutdown
separator. The most common military configuration is the BA-5390 which is an alternative to the BA-5590
(LiSO,).

This technology is typically used in higher rate applications with lower temperature capability. The most
common is the 2/3A size which is a single cell.

4.3.3 Lithium Iron Disulphide

Lithium iron disulphide offers a high rate alternative to the alkaline type with low temperature capability
which is available in the AAA (FR03) and AA (FR6) size. Recently, lithium-iron disulfide consumer
batteries have reached the market and have found favour since they have similar voltage as alkaline batteries
but with much more energy storage capacity, low self-discharge rate, and longer shelf life. Under high

" These designations relate to the IEC designation (see Section 4.1.6.1 below) which identifies size, shape and electrochemistry
and aligns to minimum average durations for a specific application.
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current discharge conditions they perform better than alkaline and are more suitable for equipment such as
digital cameras and thermal imagers.

4.3.4 Lithium Sulphur Dioxide

An industrial grade battery available in two types of construction, bobbin and spirally wound, for high
performance and or low temperature applications. It has a wide operating temperature range, long shelf life
but depending upon the quantity of lithium presents an additional burden with respect to transportation
legislation. Bobbin which is used for lower rate applications has a single layer of lithium within the
construction. Spirally wound in which the active materials have a long surface area is assembled in a layer
construction and rolled around a circular former and inserted into the cell. The cell is then available for use
and can be assembled into multi-cell cases to provide the desired output. Additional safety issues arise in
using this latter construction and it is usual for these to be fitted with additional electronic devices to prevent
charging or forced discharge.

The most common military configuration for this battery is the BA5590 as shown in Figure 4-2 which shows
an example of a BA 5590 which is a widely used primary battery comprising 10 (D-sized cells) lithium
sulphur dioxide cells. It has two output voltage options (15 and 30 V) and its characteristics are defined by
Mil Spec (Mil PERF 32271).

Figure 4-2: An Example of the Lithium Primary Battery Designated BA 5590 and
with the Back of the Casing Removed to Show the Internal Construction.

Table 4-3 shows the characteristics of the soluble cathode lithium primary batteries, detailed above, that are
used in military applications.
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Table 4-3: Characteristics of Primary Batteries Used in Military Equipment.

Soluble cathode batteries

Electrolyte Voltage, V Specific  Energy
energyt  densityt
Working* Discharge
System Cathode Solvent Solute Separator Construction Nominal (20°C) Wh/kg Wh/L Power density profile Available sizes
Lithium /sulfur SO, with carbon AN LiBr Microporous Spiral “*jelly-roll” 3.0 2.9-27 260 415 High Very flat Cylindrical batteries
dioxide and binder on Polypropylene cylindrical con- up to 35 Ah
(Li/S0,) Al screen struction; glass-
to-metal seal
Lithium/thionyl SOCI, with car- SOCI, LiAICL, Glass non- Wafer construc- 3.6 3634 275 630 Low Flat 0.4-1.7 Ah
chloride bon and binder woven tion
(Li/SOCI,) on Ni or §S
Low rate “Bobbin” in cy- 3.6 3.5-3.3 590 1100 Medium Flat Cylindical batteries
lindrical construc- 1.2-19
tion
High Prismatic with 3.6 3.5-33 480 950 Medium Flat 12-10,000 Ah
capacity flat plates
High rate Spiral “jelly-roll” 3.6 35-3.2 380 725 Medium to high Flat Cylindrical: 5-23
cylindrical con- Ah
struction or flat Flat disk: up to 320
disk Ah
SOCI, with LiAICI, Glass mat Spiral “jelly-roll™ 3.9 3.8-33 450 900 Medium Flat 2-30 Ah
halogen cylindrical con-
additives struction
Lithium /sul- S0O,Cl, with SO,Cl, (some LiAICL, Glass Spiral “jelly-roll” 3.95 3.5-3.1 450 900 Medium to high Flat 7-30 Ah
furyl chloride carbon and with additives) cylindrical con-
(Li/SO.Cl,) binder SS struction; glass-

screen to-metal seal
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44 COMMON RECHARGEABLE BATTERY TYPES

4.4.1 Nickel-Cadmium Battery (NiCd)

Created by Waldemar Jungner of Sweden in 1899, it uses nickel oxide hydroxide and metallic cadmium as
electrodes. Cadmium is a toxic element, and was banned for most uses by the European Union in 2004.
Nickel-cadmium batteries have been almost completely superseded by Nickel-Metal Hydride (NiMH)
batteries in most applications with the exception of specialist military requirements and rotary wing
applications (these systems are more hardened to arduous vibration regimes). These are rarely used in the
DSS role except for obsolescent items.

4.4.2 Nickel-Metal Hydride Battery (NiMH)

First commercial types were available in 1989. These are now a common consumer and industrial type.
The battery has a hydrogen-absorbing alloy for the negative electrode instead of cadmium. Following the
restriction imposed by the EU these have found greater usage but the performance is inferior to lithium-ion
which has become the favoured choice for most rechargeable requirements in military applications.

4.4.3 Lithium-Ion Battery

The technology behind the lithium-ion battery has not yet fully reached maturity. However, the batteries are
widely used in many consumer electronics and have one of the best energy-to-mass ratios and a very slow
loss of charge when not in use. They have a variable operating voltage profile from around 2.7 V discharged
to 4.3 V charged and require additional control circuitry to manage the charge and discharge without which
the system could become hazardous. Problems have been observed with the introduction of Li-ion batteries
into service which has been attributed to the parasitic consumption of the management circuitry.

A commonly used battery of this type is used in the DSS role and is defined as a BB-2590 that has an
identical fit and form as the BA-5590 but not function. An example is shown in Figure 4-3.

Figure 4-3: A Range of Rechargeable Lithium-lon Batteries. BB 2590
(Top Centre and Right) LIPS (Bottom) and Bowman (Top Left).
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4.5 LESS COMMON TYPES

4.5.1 Lithium Sulphur Battery

Lithium Sulphur batteries are a potential next step for high energy, lightweight, safe, low cost power storage.

A battery chemistry developed by Sion Power in 1994 claims superior energy to weight than current lithium
technologies on the market. Also lower material cost may help this product reach the mass market. These
have yet to see widespread use.

OXIS Energy has successfully developed a patented Polymer Lithium Sulphur (Li-S) based battery
technology platform using:

¢ A Lithium Metal anode;
* A Sulphur-based cathode; and
* A Lithium Sulphide electrolyte rendering inherently safe Lithium Metal.

The key strengths of the technology are:
*  Superior energy density;
* Lightweight;
* Inherently safe; and
*  Superior Energy Density.
These battery systems use metallic Lithium and offer the highest specific energy. Sulphur represents a

natural ‘cathode partner’ for metallic Li and a Lithium-Sulphur couple has theoretical specific energy in
excess of 2700 Wh/kg, which is nearly 5 times higher than that of Li-ion.

OXIS claims their next generation lithium technology platform offers the highest energy density among
lithium chemistry:

* 300 Wh/kg demonstrated in 2010 vs. 140 Wh/kg for most safe conventional Li-ion chemistry; and

* 600 Wh/kg target in 2016 vs. a target of 300 Wh/kg for the most promising mainstream Li-ion
technology.

4.5.2 Thin Film Battery (TFB)

Thin film lithium-ion batteries are similar to lithium-ion batteries, but they are composed of thin materials,
some only nanometers or micrometres thick, which allow for the finished battery to be just millimetres thick.
They have been developed and advanced primarily within the last decade. These are used in very low power
applications.

An emerging refinement of the lithium-ion technology has been developed by Excellatron. The developers
claim a very large increase in recharge cycles, around 40,000 cycles. Higher charge and discharge rates.
At least 5 C* charge rate. Sustained 60 C discharge, and 1000 C peak discharge rate. And also a significant
increase in specific energy, and energy density.

Also Infinite Power Solutions makes Thin Film Batteries (TFB) for micro-electronics applications that are
flexible, rechargeable, solid-state lithium batteries.

% Cis defined as the nominal cell capacity.
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They are primarily used as smart cards or RFID tags and constructed using semiconductor processes and
therefore unlikely to be available as larger sized systems most of the published data defines the
characteristics in the mAh ranges.

4.5.3 Sodium Ion

This type is meant for stationary storage and competes with lead-acid batteries. It aims at a very low total
cost of ownership per kWh of storage. This is achieved by a long and stable lifetime. The number of cycles is
above 5000 and the battery is not damaged by deep discharge. The energy density is rather low, somewhat
lower than lead-acid. These are unsuitable for manwearable applications.

4.5.4 Developments Since 2005

In 2007, Yi Cui and colleagues at Stanford University‘s Department of Materials Science and Engineering
discovered that using silicon nanowires as the anode of a lithium-ion battery increases the volumetric charge
density of the anode by up to a factor of 10, leading to the development of the nanowire battery.

Another development is the paper-thin flexible self-rechargeable battery combining a thin-film organic solar
cell with an extremely thin and highly flexible lithium-polymer battery, which recharges itself when exposed
to light.

Ceramatec, a research and development sub-company of CoorsTek, as of 2009 was testing a battery
comprising solid sodium metal mated to a sulphur compound by a paper-thin ceramic membrane w