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1 Introduction

South Africa’s existing electricity infrastructure is insufficient to meet demand, which has resulted at
times in load shedding (planned rolling blackouts), excessive use of diesel to run peaking plants (as well
as for baseload capacity), and billions of dollars in lost business. Significant further expenditure will be
required in the years ahead to bring new generation sources online (coal, hydroelectric, and renewable),
to upgrade the transmission grid, to address the electricity distribution maintenance backlog, to upgrade
an aging fleet of coal-fired power stations for environmental compliance, and to replace those stations
reaching end of life. It has been suggested that the adoption of energy storage technologies could
provide a cost-effective way of improving South Africa’s electric grid. Specifically, the adoption of
energy storage could offset the need to use diesel and other fossil fuels for peaking and baseload power,
provide backup power for commercial and industrial operations during blackouts, and increase the
capacity of South Africa’s electric grid to successfully integrate renewable electricity generation
sources, especially intermittent power sources such as solar and wind.

As a state-owned development finance institution, the Industrial Development Corporation of South
Africa Limited (IDC) is interested in evaluating the potential of energy storage technologies to increase
access to reliable, affordable electricity in South Africa, encouraging policies to support the adoption of
energy storage technologies, and exploring opportunities to invest in energy storage projects. IDC is
currently leading a steering committee — which also includes the South African Photovoltaic Industry
Association (SAPVIA), the South African Wind Energy Association (SAWEA), the South African
National Energy Development Institute (SANEDI), Council for Scientific and Industrial Research
(CSIR), Eskom Research, Independent Power Producer (IPP) Office, Energy Intensive Users Group
(EIUG), South Africa Department of Science and Technology (DSI), and South Africa Department of
Trade and Industry (dti) — to help guide and promote the adoption of energy storage technologies in
South Africa. The steering committee is working closely with the South African Department of Energy
(SADOE), Eskom (South Africa’s national electricity utility), the National Energy Regulator of South
Africa (NERSA), as well as other key stakeholders.

The objective of the South Africa Energy Storage Technology and Market Assessment was to provide
advisory services to the IDC and Steering Committee that will help guide and promote the adoption of
energy storage technologies in South Africa. This effort included market research; technical, economic
and financing assessments; development, environmental, and legal/regulatory assessments; and a
roadmap that recommended steps, milestones and timelines for the adoption of energy storage
technologies in South Africa through 2030. Although the advisory services provide some information
related to residential, commercial, and industrial energy storage technologies, the focus of the advisory
services has been on utility-scale (over 1 megawatt) energy storage technologies.

This report documents the completion and results of the Suth Africa Energy Storage Technology and
Market Assessment and consists of a compilation of the documents and deliverables submitted during
the conduct of Objectives 1 through 7.
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2  Task 1.1 — Kick-off Meetings
2.1 USTDA KICK-OFF MEETING

Following notice of award in late September 2015, Parsons executed the USTDA’s standard Non-
Disclosure Agreement (NDA). Parsons also contacted Michael DeRenzo, USTDA Country Manager and
Contracting Officer’s Representative (COR) and scheduled a Kick-off Meeting in Pasadena at Parsons
Corporate Offices on Tuesday, September 29, 2016. During that meeting Michael DeRenzo was present.
Garth Hibbert, USTDA Contracting Officer; Jacob Flewelling, USTDA Africa Business Development
Manager; and Kendra Kintzi, USTDA Program Evaluation Office participated concurrently in the
meeting via teleconference. The kick-off meeting covered the following topics:

L. Welcome and Introductions
IL. Contract Administration, Roles and Responsibilities
1. Overview of the Statement of Work
IV.  Overview of the Scope of Work
V. USTDA Program Evaluations
VI.  Proposed Schedule / Next Steps
a. Introduction and Kick-off Meeting with IDC

2.2 IDC AND STEERING COMMITTEE KICK-OFF

Following USTDA kick-off, key members of the Parsons Team traveled to South Africa to hold a kick-
off meeting with the project beneficiary, Industrial Development Corporation of South Africa (IDC) and
the Steering Committee members. An initial kick-off meeting was held on Monday, October 26, 2015 to
review, discuss, and refine the overall Assessment strategy, the scope and objectives, and deliverables to
be provided. The Parsons Team made a formal presentation that introduced team members, their
companies, and assigned roles and responsibilities on the Assessment. The presentation also introduced
the proposed approach and methodology for each Assessment objective and task as directed by the
USTDA Statement of Work and proposed in the Parsons proposal. The Parsons presentation is included
as Appendix A. The Parsons Team also presented an initial schedule for completion of the Assessment
(Appendix B). It was mentioned that Parsons had proposed an aggressive schedule that would complete
the Assessment in approximately the first year of the two-year period of performance, with many of the
deliverables being submitted in the first seven months. Satisfaction of this schedule would be dependent
to a large degree on the availability and detail of data and information necessary to complete the
Assessment. Additional meetings and consultations were held between the Parsons Team, Steering
Committee Members, and Stakeholders through the remainder of the week. These meetings took place
in Sandton, Pretoria, and Cape Town in South Africa and in Stellenbosch, South Africa at Stellenbosch
University. A list of the individual meetings, attendees, and summary findings are included as

Appendix C.
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3 Task 1.2 — Market Research and Needs Assessment

3.1 MARKET RESEARCH

3.1.1 AVAILABLE INFORMATION

During the course of this project, the Parsons Team has collected current and recent information and
data relating generally to Energy Storage and specifically to South Africa’s needs and requirements.
Identification and collection of this data began at the initial kick-off meeting. Each data/information
source has been assigned an index number and entered into the Project Reference Matrix maintained on
the Parsons Project SharePoint site. A copy of each source is also maintained on the SharePoint Site. All
Parsons Team members have access to the SharePoint Reference site so that these documents can be
consistently referenced in Parsons deliverables. There are currently over 240 data sources in the Parsons
Reference Matrix for this project. This list of documents is included as Appendix D.

3.1.2 STAKEHOLDER CONSULTATIONS

The Parsons Team’s Market Research included a series of consultations with Steering Committee
Members and other relevant Stakeholders. Some of these meetings occurred during the week following
the IDC/Steering Committee Kick-off Meeting. Other meetings have been held as needed via
teleconference. Finally, several additional face-to-face meetings have been held between Stakeholders
and host country team members, and with other Parsons Team Members who have traveled back to
South Africa since the Kick-off. Meeting summaries from the initial consultations are included in
Appendix C. Additionally, during this period, the Parsons Team has contacted numerous U.S. and South
African energy storage equipment and services suppliers as well as potential financiers for energy
storage projects in South Africa. Parsons has consulted with relevant Stakeholders, including SAPVIA,
SAWEA, SANEDI, SADOE, Eskom and NERSA as well as other U.S. and international energy storage
companies and organizations.

3.2 NEEDS ASSESSMENT

South Africa has a number of challenges related to operation, maintenance, development, and expansion
of its electric utility grid. The first step in this Assessment is to identify the uses and benefits that energy
storage could provide in meeting the challenges faced by South Africa.

According to the Energy Storage Association, an application of energy storage to meet a given objective
would be considered a “use”, whereas a “benefit” would connote an associated value, especially
quantifiable financial value. A benefit derived from an energy storage use might take the form of either
an avoided cost or additional revenue received by the storage owner/operator. The gross benefit derived
from an energy storage use would be the total amount saved/received. The net benefit — or value —
would be the gross benefit minus cost to implement the use. This Assessment explores what energy
storage technologies could be employed against specific uses, and in which times frames in order to
generate net positive benefits more favorable than non-storage alternatives.

PARSDNS 3- 1 PEI/640368/Objective1 Deliverable Final - Public
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3.2.1 ENERGY STORAGE USE CASES

Energy storage is the capture of energy produced at one time for use at a later time. Energy storage
involves converting energy from forms that are difficult to store to more convenient or economical
storage forms. The number of services or “benefits” that energy storage can provide and the definitions
of those services have been defined differently by various organizations. This study has chosen to align
its definitions with that of CSIR [0016].

Accordingly, there are three main energy storage use cases that can be of interest to South Africa as
defined by the Project Steering Committee (PSC):

» Power-to-Power
» Power-to-Gas/Liquid
» Power-to-Heat

In this study only the first case, power-to-power, will be considered. The relevant technologies are
therefore the storage of available electrical energy, in the form of electricity, as mechanical, electro-
mechanical or chemical energy, in a form that can later be efficiently converted back to electricity.
Therefore only storage systems for use cases that provide for electricity-in then electricity-out are
considered. In the following table the main use cases of such storage are defined. The study used the
defined use cases to investigate the role of energy storage in the South African context.

Table 3-1 — Selected Relevant South Africa Use Cases

Area Use / Main Purpose Range
Bulk Energy o  Time-shifting of electric energy (arbitrage) 100MW+
Services e Schedulable capacity 600MWh+
e Re-dispatch (“> 15-minute reserves”) Minutes & Hours
Ancillary Services e  Frequency support (reserves) 1-10 MW+
o Voltage support (reactive power) 3-50 MWh+
o Bottleneck management (congestion relief / N-1) Seconds & Minutes
o  Black-start capability
Grid Infrastructure | e  Transmission upgrade deferral 10MW+
Services e Distribution upgrade deferral 60MWh+
Hours up to Days
Customer Energy o  Power quality 3kW - 100MW
Manggement o  Power reliability (security of supply) 10kWh — 500MWh
Services e  Energy-charge management (arbitrage) Seconds, Minutes & Hours
e Demand-charge management (peak shaving)
e Island and off-grid

There are specific benefits that energy storage can provide to facilitate the integration of variable
renewable energy sources (PV and wind), however, each of these also fit into the more general
definitions provided in Table 3-1.

PARSDNS 3-2 PEI/640368/Objective1 Deliverable Final - Public
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The following use cases were explicitly excluded from the study because these are generally addressed
through user/consumer products or are integrated into a system/component for a specific purpose.

» Uninterrupted Power Supplies (UPS) for a variety of applications
P Back-up power for a variety of grid support and protection systems

The following table briefly summarizes how energy storage can be used to serve each aspect of the Use

Cases.
Table 3-2 — Descriptions of Selected Use Case Benefits
Role Purpose / Benefit Description
® Time-shifting of electric | Energy is stored at times of the day when electricity is in less demand and therefore less valuable
8 energy (arbitrage) (typically during nighttime hours) to allow the subsequent production and sale of electricity to the
E market at peak times when it is more valuable.
">’. Schedulable Capacity Stored energy is used to meet generation requirements during peak electricity-consumption hours
% allowing grid operators and utilities to meet demand while incrementally deferring or reducing the
0 need for new generation capacity.
=
g Re-dispatch (> 15 min Stored energy is used to serve load immediately in response to an unexpected contingency event,
reserves) such as an unplanned generation outage or increased demand for periods longer than 15 minutes.
Frequency Support Provide immediate and automatic response of power to reconcile momentary differences caused
by fluctuations in generation and loads to avoid system-level frequency spikes or dips.
3 Voltage Support Power conditioning (management of reactance caused by grid-connected equipment) to ensure
§ system voltage is maintained within an acceptable range. Ensures that both real and reactive
3 power production are matched with demand.
E Bottleneck Energy storage is deployed downstream of congested transmission corridors to allow for discharge
S Management / during periods of congestion and reduce congestion in the transmission system.
& | Congestion Relief

Black-start Capability

Stored energy is used to reenergize power lines necessary to restore operation to power stations
and to bring the regional grid back online in the event of an outage.

Grid
Infrastructure

Transmission Upgrade
Deferral

Energy storage is used to delay, reduce the size of, or entirely avoid, utility investments in
transmission system upgrades which would otherwise be necessary to meet projected load growth
on specific regions of the grid.

Camiinnn

Distribution Upgrade
Deferral

Energy storage is used to delay, reduce the size of, or entirely avoid, utility investments in
distribution system upgrades which would otherwise be necessary to meet projected load growth
on specific regions of the grid.

Customer Energy Management
Services

Power Quality

Energy storage allows power conditioning to ensure an acceptable quality of electrical power in the
event of unstable or poor quality grid power including short-term voltage spikes or dips, frequency
variations, low power factor, or momentary service interruption.

Power Reliability

Energy storage provides a source of backup power when there is a total loss of power from the
source utility. This requires islanding during the utility outage and resynchronization with the utility
when power is restored.

Energy Charge Use of energy storage to minimize electricity purchases during peak electricity consumption hours
Management when time-of-use (TOU) rates are highest and shifting these purchases to periods of lower rates.
(arbitrage)

Demand Charge Electricity storage used by end users (i.e., utility customers) to reduce overall costs for electric

Management (peak
shaving)

service by reducing their demand (and resultant demand charges for maximum load) during peak
periods specified by the utility.

PARSONS
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Island and Off-Grid Energy storage paired with a local generation or renewable energy sources provide power during
extended grid outages or in areas outside of utility service.

3.2.2 ENERGY STORAGE NEEDS

Based on the “power-to-power” Use Cases developed earlier, a preliminary needs assessment was
conducted for the short (1-5 years), medium (6-10 years) and long-term (11-15 years) for the various
market sectors (residential, commercial, industrial, utility). This needs assessment included a business as
usual (BAU) scenario as well as a high scenario for South Africa’s energy storage needs based on
different assumptions for growth in electricity demand, investments in various types of new electricity
generation capacity, and investments in smart grid infrastructure.

This report is based on the assessment of a number of key experts in the field, and the outcome of this
assessment will be compared to the outcomes of the modeling exercise.

3.3 METHODOLOGY

A questionnaire was developed in Excel and sent to selected South African energy experts. Participants
were assured of anonymity and asked to complete the form in their individual capacity based on their
experience and knowledge of the system, and not as an official view of their employer, should such a
view exist.

The questionnaire listed the previously developed Use Cases, the market segments and short, medium
and long time frames for a BAU (business as usual) and a growth scenario. The experts were asked to
give a weighting of the need for each category (Not applicable = 1; Low need = 2; Medium need = 3;

High need = 4).

3.4 RESULTS

Completed forms were received from nine key individuals that included academics, researchers,
consultants and engineers. Further comments from participants who did not complete the fillable forms
are shown as follows:

Respondent 1: “Storage is important for all players, especially given the increasing unreliability of our
grid, the fact that RE is the cheapest newbuild and that any baseload after Kusile is 10-12 years away
(with lots of existing capacity falling off the cliff in that time). In my perception, the benefit is greatest
at the common (grid level) and dissipates as it goes down the chain to smaller end users. In time, as costs
decrease, the benefit will become greater to all players and probably in the same order as mentioned
above.”

Respondent 2: “I am afraid we do not have any information on any of this. This is the kind of
information I would hope to be able to gain/work out based on the outcomes of the study. The only
space we have considered energy storage is on the arbitrage front, and in our current case we have seen
there is no need as the cost is too high. Hopefully, the outcomes of the study will be able to inform price
trajectories, business cases and thus will lead to good understanding of what demand would be. From the
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utilities we have worked with, none of these cases have been investigated at all, and guidance on what
makes sense to look at is what is being asked for. This list of use cases alone is probably more in-depth
than much of the work that has been done.”

Respondent 3: “I am unable to complete it but would provide the following thoughts:

e Energy storage in the context of a deep gold mine would primarily be to avoid peak period
power costs, especially in winter tariff periods.

e A secondary function will be to minimize the impact of load curtailment.”

The completed forms were then collated and the mode (the value that is most likely to be selected by all
respondents) was calculated. The result of this is shown in the tables on the next pages, with the key as
follows:

Key

Not applicable 1
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3.5 CONCLUSION

From the feedback of the specialists the following key Use Cases were identified as the most important
at this time:

Short-Term (1-5 vears):

Time-shifting of energy, arbitrage, by the utility in the growth scenario
Schedulable capacity by the utility in the growth scenario

Reserves for frequency support by the utility in the growth scenario
Black-start capability by the utility in the growth scenario

Power reliability, security of supply, by the utility in the growth scenario

vVvvVvYVYyYy

Medium-Term (6-10 vears):

Re-dispatch by the utility in the growth scenario

Black-start capability by the utility in the growth scenario

Distribution upgrade deferral by the utility in the growth scenario

Power reliability, security of supply, by commercial customers in the growth scenario

vVvvVvYVYyYy

Island and off-grid by residential and industrial customers in the growth scenario

Long-Term (11-15 vears):

Time-shifting of energy, arbitrage, by the utility in both scenarios

Time-shifting of energy, arbitrage, by industry in the growth scenario

Schedulable capacity by the utility in both scenarios

Re-dispatch by the utility in the growth scenario

Reactive power for voltage support by the utility in the growth scenario

Black-start capability by the utility in the growth scenario

Distribution upgrade deferral by the utility in the growth scenario

Power reliability, security of supply, by industrial and commercial customers in the growth scenario
Energy charge management, arbitrage, by industrial customers in the growth scenario

Island and off-grid by residential and industrial customers in both scenarios

VVVVVVVVYVYYVYY

Island and off-grid by commercial customers in the growth scenario

3.5.1 SELECTED UTILITY-SCALE ENERGY STORAGE TECHNOLOGIES

In accordance with Task 1.2 “Market Research and Needs Assessment” of the South Africa Energy
Storage Technology and Market Assessment, the Parsons Team evaluated the spectrum of potential
utility-scale energy storage technologies that might be effectively applied in South Africa. These
included existing commercially available technologies as well as technologies currently under
development or in the demonstration or pilot phase. These technologies will be carried forward for
detailed evaluation under Task 2.1 “Technology Assessment”. During this exercise, existing and
developing energy storage technologies were considered and selected based on the following criteria:
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1. Technologies suited for the performance requirements of the selected Use Cases, including cycle

time (duration), response time, and range of power requirements.
2. Current maturity, commercial availability, or demonstrated potential to become a mature and
economically viable technology within the time frame of this assessment (15 years).

3. Operating characteristics favorable to the South African environment (moderate to hot, relatively

arid climate).

4. Technology-specific manufacturing or operational characteristics favorable to the RSA industries

or economic growth (beneficiation of natural resources or existing industrial expertise).

With regard to the required performance necessary to support the selected Use Cases shown in Table

3.1, extremely long cycle durations supporting seasonal and inter-seasonal applications are not required.

The selected Use Cases point to the need for daily cycles of up to about 12 hours for Bulk Energy
Services such as arbitrage, schedulable capacity, and for Grid infrastructure Services such as
transmission and distribution upgrade deferral. Use cycles in the order of seconds and minutes are
required to support applications of Ancillary Services such as Congestion Management, Voltage
Regulation, and Renewable Integration. Some of the short to medium duration Use Cases, like

frequency and voltage regulation, also require a response time in the order of milliseconds. A selected

technology is not required to support all Use Cases, however, its optimal operating range should cover

as many as possible.

L
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Figure 3-1 — Technologies and Uses Cases compared to Power and Discharge Duration
(red line shows discharge duration applicable to this study)
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Mechanical energy storage technologies typically include:

» Pumped Hydro Storage (PHS)
» Compressed Air Energy Storage (CAES)
» Flywheels

Pumped Hydro is specifically excluded from the scope of this study and this includes large-scale
reservoir-type PHS. South Africa already has three large PHS systems (Steenbras, Palmiet and
Drakensberg); one has been commissioned (Ingula) and another PHS project (Steelpoort) has been
developed for implementation but has been put on hold due to budget constraints. The current PHS
facilities and possible construction of the next PHS facility will be modeled under this study; however,
large reservoir PHS technology will not be an evaluated technology under this study. The potential for
high-head PHS to be installed in unused/abandoned mineshafts will be considered initially based on the
availability and somewhat geographical diversity of mine shafts in South Africa.

The use of large reservoir CAES in underground caverns, caves, salt domes, and oil wells is not
considered particularly relevant to this study because these types of geological features are relatively
few in South Africa. However, this study will evaluate large reservoir CAES as well as the application
of smaller micro-CAES based on tanks or smaller underground features. It will also look at advanced-
CAES to determine the maturity and developmental timeframe for those applications.

Lastly, flywheels will be considered for fast response, short duration Use Case applications such as
frequency and voltage regulation and renewable smoothing.

Electro-chemical energy storage technologies will consider battery-type applications including
conventional, high-temperature, and flow batteries. Based on the low cost and demonstrated maturity of
lead acid technology, this study will assess lead acid and in particular will consider advanced lead acid
applications and their potential for increased performance and reduced cost. The study will also consider
lithium battery technologies based on their demonstrated longevity, performance, and moderate cost.
Advanced lithium applications are also expected to achieve increased performance and reduced costs
within the time frame of this study. Other battery technologies such as NiCd and NiMh will be discussed
and evaluated for relevancy.

This study will evaluate existing high-temperature molten salt battery technologies such as NaS and Na-
NiCl2. Additionally, the study will evaluate liquid metal batteries such as Mg-Sb and Li-Sb/Pb, which
are still in development but have strong potential.

This study will evaluate Redox Flow batteries based on their flexibility, long life, and promised future
economic advantages. Of particular interest is the Vanadium Redox technology based on the
beneficiation of Vanadium resources in the RSA. An additional promising technology is a Zinc-flow
battery which, while still relatively early in development, offers potentially the lowest CAPEX and Life
Cycle costs.
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Electrical Energy Storage Technologies include technologies where electrical energy is stored without a

chemical reaction. These typically include capacitors and superconductors. Capacitors (super-capacitors,
ultra-capacitors) are reasonably mature, fast-response, and high-cycle devices that are promising for
short-duration, fast-response applications such as frequency or voltage regulation. They could also be
combined with slower response, medium duration technologies to provide a more robust hybrid
application for Use Cases such as Ancillary Services or Renewable Integration. Superconductors are
excluded based on the current costs and maturity of the technology.

Chemical Energy Storage Technologies are typically not Power-to-Power applications. The collection of

methane gas for combustion or reaction in a fuel cell is a Fuel-to-Power application while the
electrolysis of water to produce hydrogen and oxygen is a Power-to-Fuel/Gas process. The electrolysis
of hydrogen as a fuel supply for vehicles or other engines is a viable technology for South Africa based
on the beneficiation of platinum resources in the country. This study will evaluate regenerative fuel cells
and the specific application of a hydrolysis unit combined with a hydrogen fuel cell since this would
represent an “electricity in-electricity out” or Power-to-Power application.

Thermal Energy Storage Technologies such as Molten Salt and Chillers (cold-water reservoirs) will not
be evaluated in this study because they generally represent Power-to-Thermal or Thermal-to-Power
technologies which are not within the scope of this study. Modeling within this study will include
projections of CSP facilities with molten salt storage to be constructed within the RSA, however, these
will be considered dispatchable generation facilities rather than storage facilities.
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Figure 3-2 — General Technology Categories retained for Evaluation

The following is an initial short list of selected technologies to be forwarded to Task 2.1 for evaluation:

1. Pumped Hydro Storage (PHS) for High Heads
2. Compressed Air Energy Storage (CAES) large reservoir (although not preferred technology) and
micro/tank and advanced applications
3. Electrochemical Batteries
a. Lead Acid and Advanced Lead Acid
b. Lithium ion, NiCd, NiMH-based Batteries
c. High Temperature (NaS, Na-NiCl,, Mg/PB-Sb)
d. Flow Batteries (VRFB, Zn-Fe, Zn-Br)
4. Flywheels
5. Capacitors
6. Electrolysis and Fuel Cells

As these technologies are initially evaluated under that task, one or more may be dropped from further
consideration. Additionally, a technology may also be added if additional information provides a basis
for further evaluation and inclusion.
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ACRONYMS

AA-CAES advanced adiabatic compressed energy storage

AC alternating current

AEP American Electric Power

AGM Absorbant glass mat

AHI aqueous hybrid ion

ALA advanced lead acid

ALABC Advanced Lead Acid Battery Consortium

ALC advanced lead carbon

ARPA-E  Advanced Research Projects Agency-Energy

ARRA American Recovery and Reinvestment Act

BAU business as usual

BESS Battery Energy Storage System

CAES compressed air energy storage

CES Community Energy System

CES cryogenic energy storage

CHP combined heat and power

CO2 carbon dioxide

CoC Center of Competence

COR Contracting Officer’s Representative

CSIR Council for Scientific and Industrial Research

DC direct current

DoD depth of discharge

EC electrochemical capacitor

emf electromotive force

EPRI Electric Power Research Institute

ESS energy storage system

EV electric vehicle

FeCr iron chromium

FESS flywheel energy storage system

GCAES General Compression Advanced Energy System

GDP gross domestic product

GE General Electric

GVEA Golden Valley Electric Association

GWh gigawatt-hour

H> hydrogen

H>SO4 sulfuric acid

HEV hybrid electric vehicle

HVAC heating, ventilation, and air conditioning

HySA Hydrogen South Africa

ICAES isothermal compressed air energy storage

IDC Industrial Development Corporation
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IPP
kW
LAES
LCO
LFP
Li
Li-ion
LMO
LTO
MIT
MW
MWh
NaS
NASA
NERSA
NCA
NGK
NGO

NiCd
NiCl,
NMC
0&M
Pb
PbO;

PbSOq4

PCC
PEM
PEMFC
PHS
PIM

PNNL
PSC

P-vV

PV

PVC
R&D
RAES
REIPPPP

independent power producer

kilowatt

liquid air energy storage

lithium cobalt oxide

lithium iron phosphate

lithium

lithium ion

lithium manganese oxide

lithium titanate oxide

Massachusetts Institute of Technology
megawatt

megawatt-hour

sodium sulfur

National Aeronautics and Space Administration
National Energy Regulator of South Africa
lithium cobalt aluminum oxide

NGK Insulators, Ltd.

non-government organization

nickel

nickel cadmium

nickel chloride

lithium nickel cobalt

operations and maintenance

lead

lead dioxide

lead sulfate

power control and conditioning
proton exchange membrane

proton exchange membrane fuel cell
pumped hydro storage

Pennsylvania New Jersey Maryland Interconnection
(Regional Transmission Organization in the Eastern United States)
Pacific Northwest National Laboratory

project steering committee

pressure volume

photovoltaic

polyvinyl chloride

research and development

regenerative air energy storage

Renewable Energy Independent Power Producer Procurement Program
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SoC
SOFC
T&D
TOU
UET
UPS
URFC
USDOE
USTDA

V205
VAR
VLA
VRFB
VRLA
ZEBRA
Zn-Br

redox flow battery

round trip efficiency

South Africa

specific gravity

state of charge

solid oxide fuel cell

transmission and distribution

time of use

UniEnergy Technologies
uninterruptible power supply
unitized regenerative fuel cell
United States Department of Energy
U.S. Trade and Development Agency
volt

vanadium pentoxide

Undefined in Appendix A.4, page A-13
vented lead acid

vanadium redox flow battery

valve regulated lead acid

Zeolite Battery Research Africa
zinc bromine
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1 Introduction

This document provides the results of the Task 2.1 “Technology Assessment” of Objective 2
“Technology, Economic, and Financing Assessments” performed in support of the overall
USTDA South Africa Energy Storage Technology and Market Assessment effort.

1.1 APPROACH

Section 2 of this report provides an overview and summary of the energy storage technologies
selected for evaluation under Task 1.2 “Market Research and Needs Assessment.” A more
detailed evaluation of each considered technology is provided in Appendix A.

Section 3 of this report provides a summary of United States and South African (SA) Energy
Storage equipment, systems, and service suppliers that responded to an initial survey and
subsequently provided company information and product data for inclusion in this report.
Detailed profiles on each company are included in Appendix B.

Section 4 of this report provides a summary of additional thoughts and comments contributed by
more than 15 energy storage suppliers that expressed an interest in supplying goods and services
to the energy storage market in SA.
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2 Energy Storage Technology Assessment

This section provides a high-level summary for each energy storage technology identified under
Task 1.2. These are believed to represent utility-scale energy storage technologies that may be
suitable for the South African environment, particularly in conjunction with solar photovoltaic
(PV) and wind power plants. A more detailed discussion for each technology is included in
Appendix A.

2.1 PERFORMANCE

Table 2-1 summarizes the performance parameters for each technology; Table 2-2 provides a
qualitative comparison. These values and opinions are taken from manufacturer’s data, industry
literature and reports [Ref. 0079, 0221, 0229, 0239, 0240, 0241, 0245, 0252, 0300, and 0370]".
Values are provided as a range that in some cases are fairly broad. This spread of range is due to
increased performance over time as a result of technology advances or differences in chemistry
or manufacturing and should be taken as general. Products from companies with recent
technology advances will tend to lie closer to the higher performance end of the spectrum.
Although estimates are presented in this report, cost statistics in particular should be viewed with
care because they are difficult to assess objectively. This is due to the current lack of defined
standards and approaches by which companies provide cost and performance data including lack
of reference duty cycles and the environmental conditions under which testing is performed
[0079].

! References are provided in Appendix C.
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Figure 2-1 summarizes the potential of competing energy storage technologies to be mature and
competitive over the near, middle, and long term time frames.

Technology 2016-2020 2021-2025 2026-2031

Nickel Cadmium

Sodium Sulfur

Advanced Lead Acid

Lithium lon
Vanadium Flow
Zinc Bromine Flow
Small CAES

Liquid Air Energy Storage

Flywheel

Liquid Metal Batteries

Metal-Air Batteries

Figure 2-1: Time Frames for Technology Relevance in SA

2.2  ADVANCED LEAD ACID (LEAD-CARBON) BATTERIES

Several companies offer advanced lead-acid or lead-carbon batteries. Each developer has a
different method of integrating carbon into the traditional lead-acid battery negative plate
(cathode). The addition of carbon to the negative plate avoids sulfate accumulation and turns the
battery into a quasi-asymmetric supercapacitor. These batteries exhibit higher rates of both
charge and discharge without the detrimental effects experienced by traditional lead-acid
batteries.

Although larger and heavier than lithium ion (Li-ion) batteries, the advanced lead-carbon (ALC)
battery is low cost, operates at subfreezing temperatures, and does not need active cooling.
Unlike regular lead acid, lead carbon can operate at between 30 percent and 70 percent state-of-
charge without becoming sulfated. The ALC is said to outlive the regular lead acid battery, but
the negative is a rapid voltage drop on discharge, resembling that of a supercapacitor [0235].

With a lower initial cost and better temperature performance, advanced lead-acid batteries are
expected to retain market share in niche areas of utility-scale energy storage market unless
challenged by lowering the cost of Li-ion.
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2.3 LITHIUM-ION BATTERIES

Lithium-ion-based energy storage systems (ESSs) are expected to be the dominant energy
storage technology for utility-scale applications with cycle durations up to 4 hours. Li-ion will
also be dominant in commercial, industrial, and home consumer applications. Although some
concern still exists regarding the potential safety issues related to thermal runaway and fire, cell
monitoring, battery management, fire detection, and suppression systems typically address these
concerns. Over time, consumers will become more comfortable with Li-ion as additional large-
scale systems demonstrate long-term reliability, performance, and safety.

High round-trip efficiency, high power, and energy density of Li-ion provide a significant
advantage where footprint and available real estate are an issue. A significant disadvantage to Li-
ion has been the high initial cost and limited cycle lives represented by early chemistries and
manufacturers. Recent advances in technology and large-scale manufacturing will continue to
drive down prices and provide increased performance. Li-ion is expected to be an important
energy storage technology in the near, middle, and long term through 2030.

2.4 SODIUM SULFUR

Although sodium sulfur (NaS) has been the dominant storage technology for utility-scale energy
storage applications with cycle durations of 4 to 6 hours over the last decade, NaS is expected to
be challenged by flow batteries for applications requiring more than 4-hour discharge cycles and
by Li-ion for shorter discharge cycles. As a mature technology, significant near-term
performance or cost improvements are not expected. Few commercial companies are active in
this technology. In the future, NaS may experience a resurgence as existing patents expire,
thereby leading to increased competition and development for lower temperature designs.
Without significant improvements, NaS is not expected to be an important energy storage
technology beyond the near term through 2020.

2.5 FLOW BATTERIES

Many manufacturers have invested significant capital in the development of commercial flow
battery designs. Flow batteries require mechanical systems (pumps, pipes, and tanks) and are
inherently more complex than a solid-state battery. The most expensive components within the
flow battery are generally the reaction stacks. The greatest advantage of the flow battery is the
potential to scale up to longer duration discharge cycles more cost efficiently than solid-state
batteries. The most successful and prevalent of these batteries use vanadium and zinc-bromine
chemistries. Several flow battery systems have been sold or have gone bankrupt before they
achieved a market competitive commercial offering. Flow battery manufacturers across all
chemistries are expected to continue to refine product offerings while reducing the initial costs of
their products, and demonstrating long-term reliability. Manufacturers that provide reliable
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systems at competitive prices through efficient manufacturing practices will achieve increased
market share and improved bankability

2.5.1 VANADIUM REDOX FLOW BATTERY

Several companies have demonstrated the potential for significant scale-up of vanadium modules
to the megawatt (MW) scale and discharge durations of 4 to 12+ hours. Scale-up provides the
potential for significant cost reduction because it avoids multiple redundant smaller systems.
Vanadium is a significant resource in South Africa; however, it is also expensive: the vanadium
itself accounts for about 35% of the ESS costs [0372, 0239]. The newer mixed acid electrolyte
formulation offers the advantage of a higher concentration of vanadium and increased
temperature performance. Companies employing a mixed acid electrolyte are expected to have
an advantage over the earlier sulfuric acid-based electrolyte. Vanadium is a nontoxic chemical;
however, the electrolyte is caustic and poses corrosive and environmental hazards similar to
lead-acid batteries. Vanadium flow batteries will likely be a dominant long-duration discharge
application in the coming 5 years, and they could dominate the long-duration market (>4 hours)
over the middle to long term through 2030.

2.5.2 ZINC BROMINE FLOW BATTERY

As a hybrid flow battery, zinc-bromine (Zn-Br) systems deposit or “plate out” zinc on the anode
of the reaction stack during charging. Zn-Br has been successfully developed in smaller 10- to
25-kW modules that have been demonstrated as power backup devices for telecommunications
and cell tower applications. Zn-Br has experienced difficulties in scale-up of module size and
thus has generally scaled to MW-capacity systems by combining or * ganging” a large number of
smaller modules. An increasing number of smaller modules potentially reduces the cost
competitiveness of Zn-Br systems. Zn-Br poses additional environmental and safety concerns
relating to the use of bromine and the potential for release or exposure. Zn-Br has an advantage
over vanadium in that both zinc and bromine are relatively inexpensive and account for less than
10% of the total flow battery costs. Bromine creates a harsh and corrosive environment that
requires more robust mechanical systems and materials.

2.5.3 IRON-CHROMIUM FLOW BATTERY

As a true redox flow battery, iron-chromium (FeCr) demonstrates full power and energy
independence. The use of chromium presents additional environmental and toxicity issues. This
technology has not been proven on a utility scale and no current manufacturers are offering
demonstration or production systems.

2.5.4 ZINC-IRON REDOX FLOW BATTERY

Although not discussed in detail, a zinc-iron (ZnFe) RFB uses a zinc oxide anolyte in a
proprietary alkaline solution and an iron complex catholyte. This chemistry offers many of the
same advantages as a vanadium or FeCr flow battery, such as full discharge, long calendar, and
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high cycle life. It is being developed by a limited number of companies and is currently offered
in demonstration applications.

2.6 COMPRESSED AIR

Although capable of high power, compressed air systems are most competitive on longer
duration applications in which a larger storage volume increases energy capacity while holding
the more expensive compression and expansion “power capacity” systems constant. There are
only a couple utility-scale CAES facilities world-wide however, and large-scale CAES has not
received much market acceptance over the past several decades. The potential for the
development of smaller sized compressed air ESSs is potentially more significant. The
development of standardized specialty mechanical compression and expansion components that
could be manufactured cost effectively and low-cost high-pressure storage tanks could result in
cost effective ESSs on par with pumped hydro storage (PHS) and large system compressed air
energy storage (CAES) costs, but on a smaller scale. The smaller size would allow them to be
favorably located at the point of use. Small-scale CAES might become competative with other
technologies in the middle and long term through 2030.

2.7 LIQUID AIR

With long system life, high cycle life, and deep depth of discharge, liquid air energy storage
(LAES) provides performance characteristics similar to CAES but with an increased energy
density. This technology is being demonstrated on a near utility scale and is expected to be
competitive in the future when sited with a source of waste heat, such as a gas turbine peaking
power plant. LAES could be a competitive technology in the middle to long term through 2030.

2.8 LIQUID METAL BATTERIES

High-temperature liquid metal batteries have the potential provide high power and energy
capacities, long system life, and high cycle life with the potential for low initial material and
manufacturing cost. Still in the research and development (R&D) stage, liquid metal must
overcome several remaining challenges, including a metal-to-ceramic seal and the development
of efficient manufacturing practices. Commercial applications are expected to be at least 5 years
out. Liquid metal batteries could be a competitive technology in the middle to long term through
2030.

2.9 METAL-AIR BATTERIES

Metal-air batteries use an electropositive metal in an electrochemical couple with oxygen from
ambient air to generate electricity. Metal-air batteries have up to three times the energy density
of Li-ion; however, unlike lithium-ion, metal-air batteries do not produce potentially toxic or
explosive gases, nor do they contain toxic or environmentally dangerous components.
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Because such batteries only require one electrode within the product, they could have very high
energy densities. In addition, the metals used or proposed in most metal-air designs are relatively
low cost. Developed for electric vehicles (EVs) and power electronics applications, this
technology could evolve into a competitive low-cost stationary storage system for grid services
in the middle to long term through 2030. Zinc-air is the most promising metal-air chemistry.

2.10 SUPERCAPACITORS

Supercapacitors, ultracapacitors, or electrochemical capacitors (EC) store direct electrical charge
in the material rather than converting the charge to another form. This provides a reversible,
efficient, and fast storage device. Electrocapacitors are best suited for applications requiring high
cycle life and charge or discharge times of one second or less. A relatively simple technology
with a high round trip efficiency (RTE) and extremely long calendar and cycle life,
supercapacitors are still relatively expensive and suited primarily for very short and highly
responsive power applications. These devices are increasingly coupled with longer duration
energy storage (battery) technologies as part of a hybrid system in which the fast response and
high-power ultracapacitor complements a slower but high-energy-density battery system such as
a Li-ion or flow battery. Deployment of hybrid systems is expected to increase in the near to
middle term as these systems gain maturity and acceptance.

2.11 FLYWHEELS

Although some flywheel designs are intended for longer discharge duration, most utility scale
applications are on the order of seconds to a minute. Flywheel energy storage systems (FESSs)
respond very quickly to changes in demand and thus are well suited for short duration and
rapidly changing control applications such as frequency, voltage control, or smoothing
applications. High-performance flywheels are relatively expensive to manufacture and require
close tolerance parts and machining. There are only a few utility scale FESS facilities and these
have only been in operation for a limited time. Flywheels will become commercially viable
where there is high value for ancillary fast response services. A successful manufacturer will
have to reduce manufacturing costs and develop a history of reliable operation. This is not likely
to occur in the short term.

2.12 TECHNOLOGIES NOT EVALUATED IN THIS REPORT

Pumped Hydro Storage was not evaluated because it was specifically excluded from the scope
of the study. South Africa already has significant pump hydro resources/facilities. Underground
or high-head PHS in abandoned mines was considered but was not evaluated based on limited
interest and high environmental concerns.
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Thermal Energy Storage, particularly molten salt thermal energy storage systems when
integrated with a concentrating solar power facility, represent good thermal-to-power
applications but do not meet the power-to-power requirements specified for this study.

Superconducting Magnet Energy Storage, while promising in terms of efficiency and response
time, is a technology still in the research and development stage. Short discharge duration, high
system cost, and environmental concerns related to strong magnetic fields are major challenges
of this technology [0229]. No manufacturer is producing or developing a commercial utility scale
system.

Gravity-Potential Energy Storage has been proposed in several different formulations. It
consists of using excess electrical power to raise a weight to a higher elevation, thus storing
potential energy. A generator is subsequently driven by the lowering weight to produce electrical
power when needed. Proposed systems include rail-based, pullies that raise and lower weights
(e.g. “mine winders” in abandoned mines), and an underground hydro-piston arrangement. See
ARES company profile for typical description

Aqueous Ion Battery formulations are offered by several companies. These batteries use
proprietary low-cost electrochemical couples that can sustain a high number of deep discharge
cycles over extended periods. The low environmental footprint of these batteries is a significant
discriminator. The aqueous electrolyte significantly reduces the risk of fire of combustion. See
Aquion Energy company profile for additional description.
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3 US and SA Sources of Supply for Energy Storage

As part of this effort, the Parsons Team sent surveys to more than 110 companies or sources of
supply for ESSs, equipment, or services. The survey requested information on each company’s
product or service offerings and details of its current deployments or plans for market
introduction. Parsons subsequently also contacted companies that did not respond to the survey
but were considered to have a significant product offering or experience that could be beneficial
to South Africa. Table 3-1 lists the companies and their technologies for which company profiles
have been prepared; these profiles are included in Appendix B.

Table 3-1: US and SA Energy Storage Equipment, Systems, and Service Providers

Company Service Technology Location
1Energy Software / Control Power Controls Systems Seattle, WA
Adara power ESS / Integrator Lithium lon Milpitas, CA
AES ESS / Integrator Lithium lon Arlington, VA
Alevo ESS / Service Provider Lithium lon Concord, NC
Ambri Storage Molten Metal Battery Cambridge, MA
Aquion Storage Aqueous Hybrid lon Pittsburgh, PA
ARES ESS Rail based - gravity Sata Clara, CA
Axion Power storage / ESS Advanced Lead Acid New Castle, PA
Bushveld Manf. / Service Provider Vanadium Flow Battery Johannesburg, SA
Dresser-Rand Equipment Compressed Air Energy Storage Houston, TX
Dynapower PCC / Integrator Power Conversion South Burlington, VT
Ecoult Storage / ESS Advanced Lead Acid Lyon Station, PA
ElectronVault ESS / Integrator Lithium lon Woodside, CA
EnSync ESS/PCC Zinc-Bromine Flow Battery Menomonee Falls, WI
Eos Energy Storage ESS Zn-air Battery Edison, NJ
Fluidic Energy ESS / Integrator Zn-air Battery Scottsdale, AZ
Freedom Won ESS Lithium lon Ruimsig, SA
GreenSmith Energy Software / Control Power Controls Systems Rockville, MD
Imergy ESS / Integrator Vanadium Flow Battery Fremont, CA
Ingeteam Equipment/ PCC Power Control Systems Milwaukee, WI
Johnson Controls Storage / ESS Lithium lon Milwaukee, WI
LG Chem Storage / ESS Lithium lon Troy, MI
LightSail ESS ICAES Berkley, CA
Lockheed Martin ESS / integrator Li-ion and Flow battery Bethesda, MD
Maxwell Technologies Storage Ultracapacitor San Diego, CA
NEC ESS Lithium lon Westborough, MA
Powertech System Integrator System Integrator ESS Pretoria, SA
PowerStormESS ESS Li-ion and generator Los Angeles, CA
Powin Power ESS / Integrator Lithium lon Tualatin, OR
Primus Power ESS Zinc-Bromine Flow Battery Hayward, CA
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Company Service Technology Location
PV Hardware ESS / Integrator Vanadium Flow Battery San Francisco, CA
Redflow ESS Zinc-Bromine Flow Battery Austin, TX
S&C Electric PCC / Integrator Power Controls Systems Chicago, IL
Simpliphi ESS Lithium lon Ojai, CA
Tesla ESS Lithium lon Palo Alto, CA
UET ESS / Integrator Vanadium Flow Battery Mukilteo, WA
Vionx ESS / Integrator Vanadium Flow Battery Woburn, MA
Vizn ESS / Integrator Zinc-Iron Flow Battery Austin, TX
WattJoule ESS Vanadium Flow Battery Devens, MA

PARSONS
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4 US Supplier Interest in SA Energy Storage Market

The Parsons team contacted 15 US equipment and service suppliers that expressed an interest in
the South Africa market to understand their thoughts and concerns. See a general summary
across several lines of discussion below. Where possible, the specific language used by
responders has been retained.

P In general, most of the larger companies with mature product lines expressed an immediate
interest in developing relationships and potential marketing leads in South Africa. As
identified in the individual company profiles, several of these companies have a formal
presence (or legal entity) in South Africa; others have established distributors or teaming
relationships.

P Several of the less mature and smaller behind-the-meter storage companies, while interested
in expanding their markets, expressed a concern that they needed to develop their business
and supply chains, and to demonstrate reliable products in the US before expanding into
South Africa.

P Many of the flow battery companies and newer battery technologies are very interested in
gaining a first (or pilot) deployment in South Africa on which they can establish a reputation
and leverage additional projects.

Overall, the majority of companies indicated that their analysis shows that South Africa offers a

strong market for ESSs and that they were excited to expand into South Africa. The following

sections curate their responses to survey questions posed by the Parsons team. These reflect the
perceptions held by these companies on the challenges and opportunities in South Africa for their
products.

4.1 PERCEIVED BARRIERS AND CHALLENGES TO PROJECT OR BUSINESS
DEVELOPMENT IN SOUTH AFRICA

One perceived barrier for companies and suppliers without international resources or distribution
networks is the distance between the United States and South Africa and the difficulty of
bringing new technologies to distant areas, difficulty in communications (time differences), and
the long and expensive travel to get to South Africa to find competent project partners, identify
sites, create proposals, and develop projects.

Many companies identified a lack of experienced regional partners with established relationships
with subcontractors and equipment vendors. Local partners must have the right skills and
knowledge to fill the gaps of an overseas company. Of especial importance are local partners that
can provide for in-country deployment, engineering, and operations and maintenance (O&M)
support.

Another perceived barrier is the old model of centralized generation, transmission and
distribution (T&D), and consumption that is held by many stakeholders in South Africa. Several
companies suggested that this concept should be advanced to plan for a more decentralized
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microgrid-based system that can take advantage of South Africa’s abundant solar capacity while
providing needed resiliency to the grid. It was also pointed out that ESKOM is the main
customer and that the monopolistic structures for existing producers seem to have stronger
incentives for conventional energy than clean energy. A perceived lack of financial stability and
creditworthiness of the utilities was also mentioned as a weakness.

A significant barrier to attracting investment in development of ESSs in South Africa was
unclear and inconsistent energy policies. Companies indicated a desire to better understand the
use case for energy storage in South Africa and the total opportunity size. Suppliers noted that
the regulatory or market framework has no specific mechanisms to motivate companies to invest
in such projects and give them a consistent and reasonable return on investment. Without
adequate compensation for ancillary services, energy storage projects lack the revenue
opportunity to make the project viable. Energy storage projects must be able to acquire long-term
contracts for providing energy storage services (e.g., balancing services, ancillary services, and
peaking capacity) at a sufficient price point that allows traditional project financing to enter into
the deal.

A repeated concern was the availability of project financing and the fact (expressed by newer
technology providers) that the domestic financial sector was not experienced in new energy
storage technologies. Many energy storage opportunities are based on government or
nongovernment organization-funded projects, and although this business model will prime the
market, a robust commercial market must emerge, and energy policy is central to making this
happen. High interest rates (linked to country/client risk profiles) are a huge barrier for
renewables and storage projects due to the capital expense-heavy nature of the projects. Project
financing is necessary to allow businesses to grow beyond their first project.

An additional concern was the potential that high local content requirements on energy storage
procurements might limit or preclude reasonable competition. Any significant requirement for
local content could limit proposal response and could shift awards away from established,
reliable, and cost-competitive companies and technologies to smaller and less reliable startups
with a lower performance and higher failure rate. Although companies appreciated the goal to
develop the local industry, they suggested that, due to the complexity of energy storage
solutions, very high local content requirements may limit the South African market’s timely
access to the benefits of the technology. It was suggested that procurements should initially
require minimal or moderate levels of local content or “value add” as a criterion for award (see
Section 4.2).

Several responders expressed a concern over import customs issues and foreign exchange issues
related to the volatility and strength of the Rand.

A high crime rate and the need for increased levels of facility and equipment security was cited
by two companies.
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It was generally felt that all of the above, compounded by a perceived low probability of success
due to limited funding and a highly unstable atmosphere with regard to energy, make any
strategic decisions risky.

4.2 WHERE US TECHNOLOGY/SYSTEMS MIGHT CONTRIBUTE TO ECONOMIC
DEVELOPMENT IN SOUTH AFRICA ECONOMY

Based on the size of the energy storage opportunities in South Africa, many companies professed
that systemic deployment of their ESSs could have a significant impact across the entire value
chain (e.g., materials, manufacturing, systems installation, O&M, and employment). US
companies indicated an interest in exploring ways in which they could leverage local resources
(labor, materials, technical expertise) to reduce the cost of their products and accelerate
introduction into South Africa.

Several companies were quick to point out that their technology would benefit commodities
abundant in South Africa (e.g., vanadium, platinum, and iron). One manufacturer maintained that
well over 50% of system costs of a vanadium flow battery could be spent on materials and
manufacturing originating in South Africa.

Several companies expressed the opinion that South Africa could support a local battery
manufacturer, or that South Africa could fabricate major system components (including
electrolyte) for flow batteries. Along those lines, several companies indicated that South Africa
has a sophisticated manufacturing base that could manufacture batteries and key battery
components, or could provide final system or module assembly in South Africa. One supplier
noted “The nature of our technology allows a large portion of the value added to be locally
assembled and tested locally using locally source materials, creating cost savings on labor and
shipping and opportunities to export to other African nations.”

Almost all US providers indicated that adoption of their energy storage technology would
provide opportunities for engineering, procurement, and construction companies and craft labor
and supervision associated with installation of the initial systems in South Africa.

Lastly, a majority of the companies expressed a desire to turn over routine integration,
installation, and O&M of their system to in-country local partners that were trained by the
original equipment manufacturer. Although O&M represents a smaller effort (in terms of full-
time equivalents) than initial installation, O&M provides for significant long-term job creation.

Beyond the direct impact associated with the manufacturing, installation and operation of ESSs,
several companies opined that the introduction of ESSs would benefit economic development
through increased reliability and reduced cost of energy. That ESSs could free some fraction of
existing power generation capacity, currently held in reserve for balancing purposes, to reduce or
possibly eliminate “power cuts” (power outage events), and that energy storage could be used to
defer infrastructure upgrades.
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This was thought to be especially relevant to large-capacity users (mining and manufacturing),
especially if those users were remotely located. Energy storage providers indicated their ability
to support remote mining, commercial, and industrial power, as well as village power via
microgrids. It was noted that energy storage can deploy power to small villages or large remote
mines at very high quality without the expensive diesel fuel or supply chain issues that arise
when trying to truck it long distances.

One supplier noted “The systemic deployment of energy storage systems will help reduce overall
cost of electricity which will have a positive impact on the country’s GDP of attracting
macroeconomic activity and foreign investment in South Africa”.

4.3 BEST USE OF REGULATION, LEGISLATION, POLICIES, INCENTIVES, AND
TARIFF STRUCTURE TO ENCOURAGE ADOPTION OF ENERGY STORAGE
SYSTEMS IN SOUTH AFRICA

In general, responding companies felt that the successful adoption of ESSs in South Africa will
be highly dependent on the country establishing policies, regulations, tariff structures, and
market conditions that provide a favorable and predictable investment environment to invest in,
adopt, operate, and maintain ESSs and technologies.

Incentivizing the installation of renewables, storage, and microgrids through grants or tax breaks
would be useful, as would structuring tariffs to reflect the real costs of operating the grids at
certain times of the day. The key would be to incentivize renewables to about 30% of generation
capacity and make the grid resilient by incentivizing microgrids, which can offer more affordable
rates. Simply raising electricity prices would not be practical in a country that already has many
people who cannot afford grid electricity.

Behind the meter: Creating time of use billing structures and an enabling regulatory system for
embedded generation will by itself result in an accelerated uptake of distributed storage to the
benefit of the system as a whole (e.g., in shifting loads out of peak). It was also suggested that
South Africa could develop a rebate or tax credit system to drive the development of energy
storage. It was suggested that the Smart Grid Interoperability Panel (SGIP) in the United States is
a good example of a public/private funded, non-profit organization that supports power grid
modernization through the harmonization of technical interoperability standards to advance grid
modernization. SGIP stakeholders include utilities, manufacturers, consumers and regulators.

Front of Meter, T&D/Generation: A number of companies strongly agreed that the best use of
regulations would be to allow energy storage to be included in, and compensated for, under the
Renewable Energy Independent Power Producer Procurement Program (REIPPPP) (similar to
what is currently done for concentrating solar power). The upfront integration of storage with
generation would allow additional penetration of variable renewable generation without creating
system impacts. A similar thought was that the REIPPPP should require solar and wind to
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guarantee a fixed megawatt-hour capacity by providing local integrated storage or being an off-
taker of large grid scale storage supplied by a third party. The REIPPPP should be opened up to
solutions that could deliver a specific outcome (e.g., peak time dispatchable power) rather than
being technology specific; this approach would create room for innovative storage applications
that would result in the lowest cost solutions for the system as a whole.

An additional suggestion was that South Africa should fund some medium-scale, 1- to 10-MW
storage projects to learn/demonstrate how to effectively incorporate energy storage to enable
large penetrations of wind and solar power, the provision of ancillary services, and T&D
deferral. Lastly, it was suggested that the existing ESKOM battery test site should receive
additional funding to allow for the evaluation of additional energy storage technologies including
flow batteries.

4.4 PREFERENCE ON TEAMING ARRANGEMENT / PROJECT STRUCTURE FOR
WORK IN SOUTH AFRICA

This question had no uniform or dominant response; most companies had a preference for a
strategy/project structure consistent with their own business model and unique capabilities.

Several smaller companies offering direct current (DC) battery systems are generally looking to
sell their systems to an integrator/developer because they specialize in the DC ESS and they do
not have the resources to provide for full systems design and integration. This integrator/
developer could be a South African entity, an international integrator/developer, or a
combination international integrator/South Africa developer.

Several companies were very firm in their intent to work on projects for which they would be the
main integrator of the system and therefore could guarantee the system performance at the end of
the project. Several of these companies have significant international experience in ESSs and
stressed that “we have found that our involvement as integrator to be extremely critical for the
success of any project in this area and we have many field proven success stories that could be
replicated in the South African market.”

About one-third of the companies indicated that they were capable and flexible in the selection
of strategies/project structures in which they could provide ESSs or power control and
conversion systems to an integrator/developer or alternately could act in either capacity as the
integrator or, potentially, as the developer.

Lastly, two manufacturers indicated that they would be willing to pursue arrangements in which
they would provide energy storage services by acting as a service provider that builds and
operates its own equipment/facility and provides services to the utility/grid operator based on a
contractual price.
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Appendix A  Specific Technology Assessments

For additional information on energy storage technologies, the reader is directed to the EPRI-
DOE Handbook of Energy Storage for Transmission and Distribution Applications [0242] and
the DOE/EPRI 2013 Electricity Storage Handbook [0235].

A.1 LAYOUT FOR EACH TECHNOLOGY ASSESSMENT

The following information is provided for each energy storage technology evaluated under this
assessment:

Summary: Brief overview of technology summarizing significant issues and areas.

Technology: Basic description of the technology and an explanation of how it operates. This
description assumes that the reader has a basic technical background, including some knowledge
of science, electricity, and materials. This discussion does not provide detailed descriptions or
specifics of vendor proprietary technologies.

Performance: Anticipated averages or ranges for power ratings, power discharge time, self-
discharge per day, storage duration, energy and power density, cycle life (charge/discharge
cycles), and lifetime (in years). This information is based on manufacturer literature and industry
studies.

Applications: Details and information related to installation, integration, operation and
maintenance (O&M) requirements, preferred applications (plant side or grid side), network
connection characteristics, and grid compliance issues. This information is derived from
manufacturer literature and industry studies.

Maturity: Assessment of the maturity and commercial readiness for each technology. Includes
information related to market penetration, existing commercial applications, and examples of
demonstration/pilot projects and other proof-of-concept or testing conducted to date).

Case Study(ies): Identifies and describes representative case studies of commercial applications
or demonstration/pilot projects that highlight best practices and lessons learned and are indicative
of technological maturity and commercial readiness.

Risks/Barriers: Key technological risks and barriers for each technology and recommendations
or approaches for mitigation.

Applicability for South Africa: Assessment of the overall technical suitability of the
technology for the South African environment.

A.2 LEAD ACID/ ADVANCED LEAD ACID

Lead-acid batteries are one of the oldest and most mature energy storage technologies. Lead-acid
is inexpensive compared to newer technologies, and lead-acid batteries are still widely used.
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They typically have lower cycle lifetimes and depths of discharge than other battery types and
contain toxic materials that have negative environmental impacts.

Advanced lead-acid batteries introduce a carbon anode that reduces maintenance requirements,
extends life expectancy, and improves cell uniformity, which increases both battery life
expectancy and cost [0239]. In many applications, lead-acid is being replaced by advanced lead-
acid.

TECHNOLOGY

In the charged state, the battery consists of lead (Pb) and lead oxide (PbO>) in dilute sulfuric acid
(H2S04); in the discharged state, lead sulfate (PbSQOy4) is produced both at the anode and at the
cathode, while the electrolyte changes to water. A “porous separator” is placed between the
electrodes to prevent contact. An advantage of lead-acid is that the state of charge (SoC) of the
battery can be determined by measuring the concentration of the electrolyte through the specific
gravity (SG) method.

At the positive electrode

PbO, + 3H" + HSO, + 2¢ P& phgQ, +2H,0 (1.685 V).

Charge

At the negative electrode

Pb + HSO, P*"7& PbSO, + H™ +2¢  (0.356 V).

Charge

For the overall cell

PbO, + Pb + 2H,S0, P 2PbSO, + 2H,0  (2.041 V).

Charge

The negative electrode supplies electrons to the external circuit (or load) during discharge. In a
fully charged lead-acid storage battery, the negative electrode is composed of sponge lead (Pb).
The positive electrode accepts electrons from the load during discharge. The positive electrode is
composed of lead dioxide (PbOz). The electrolyte completes the internal circuit in the battery by
supplying ions to the positive and negative electrodes.

ELECTROLYTE

Dilute sulfuric acid (H2SOs) is the electrolyte in lead-acid batteries. In a fully charged lead-acid
battery, the electrolyte is approximately 25% sulfuric acid and 75% water.
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SEPARATOR

A separator is used to electrically isolate the positive and negative electrodes to prevent an
electrical short circuit while allowing ion transfer between the electrolyte and electrodes. Many
separators are made of a porous plastic or glass fiber material.

In the absorbent glass mat (AGM) design, the space between the cells is replaced by a glass fiber
mat soaked in electrolyte. The mat has only enough electrolyte to keep it wet; if the battery is
punctured, the electrolyte will not flow out of the mat. Likewise, the mat greatly reduces
evaporation so that the batteries do not require periodic refilling of the water. This combination
of features allows the battery to be completely sealed.

FLOODED / VENTED LEAD-ACID BATTERIES

Flooded cells are those in which the electrodes/plates are immersed in electrolyte. Because the
gases created during charging are vented to the atmosphere, distilled water must be added
occasionally to bring the electrolyte back to its required level. The most familiar example of a
flooded lead-acid cell is the 12-V automobile battery. Flooded batteries will not expected to be
used for new large-scale energy storage because of the increased maintenance and are not
discussed in further detail.

SEALED OR VALVE REGULATED LEAD-ACID BATTERIES

These types of batteries confine the electrolyte, but they have a vent or valve to allow gases to
escape if internal pressure exceeds a certain threshold. During charging, a lead-acid battery
generates oxygen gas at the positive electrode. Sealed lead-acid batteries are designed so that the
oxygen generated during charging is captured and recombined in the battery. This is called an
oxygen recombination cycle, and it works well as long as the charge rate is not too high. Too
high of a rate of charge may result in case rupture, thermal runaway, or internal mechanical
damage. The valve-regulated battery is the most common type of sealed battery. It was
developed for stationary and telecommunication battery applications. Sealed batteries were
developed to reduce the maintenance required for batteries in active service. Because electrolyte
levels are preserved by trapping and recombining offgases, the addition of distilled water should
not be needed over the life of the battery.

ADVANCED LEAD-ACID (LEAD-ACID CARBON) BATTERY

Advanced lead-carbon batteries combine lead and carbon in the cathode. This allows them to
exhibit a high-rate characteristic in both charge and discharge with no apparent detrimental
effects as are typically experienced in traditional vented lead-acid (VLA) and valve-regulated
lead acid (VRLA) batteries. This characteristic allows the lead-acid carbon batteries to deliver
and accept high current rates that are only available with higher-cost Li-ion batteries [0235].

One significant drawback to classic lead-acid batteries is that sulfate accumulation can rapidly
degrade performance; partial charge and aging are the main causes because the negative lead
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plate is not sufficiently scrubbed. The advanced lead-carbon (ALC) battery avoids sulfate
accumulation experienced in a standard lead-acid battery by adding carbon to the negative plate
(cathode). This turns the battery into a quasi-asymmetric supercapacitor to improve charge and
discharge performance [0251]. Several companies offer lead-acid carbon technologies. Each
developer has a different implementation of carbon integrated with the traditional lead-acid

battery negative plate.

Separator
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The UltraBattery combines lead and carbon in a twin negative electrode (courtesy ALABC)

Although larger and heavier than Li-ion, the ALC is low cost, operates at subfreezing
temperatures, and does not need active cooling — advantages that Li-ion cannot claim. Unlike
regular lead acid, lead carbon can operate at between 30% and 70% state-of-charge without
becoming sulfated. The ALC is said to outlive the regular lead acid battery; however, the
negative is a rapid voltage drop on discharge, resembling that of a supercapacitor [0235].

PERFORMANCE

The depth of discharge also affects the life of a battery; discharges beyond about 50% will
shorten battery life. Colder operating temperatures will yield a little extra life, but they will also
lower the capacity of lead acid cells. High temperatures yield higher capacity, but they have a

detrimental effect on life.

Typical Performance for Lead Acid and Advanced Lead-Acid Batteries

Parameter

Lead Acid

Advanced Lead-Acid

Power Rating

Fully scalable

Up to 100 MW

Discharge at Rated Power

generally < 1 hour

15 minutes to 4 hours

Round Trip Efficiency 70% - 80% 75% - 90%
Response Time milliseconds milliseconds

Self Discharge per day 0.1% - 0.3% per day 0.1% - 0.3% per day
Power Density 50 - 80 kWm3 50 - 80 kWm3

Energy Density 10 — 400 kWhm3 10 — 400 kWhm3
Cycle Life 200 to 1,800 cycles 2,200 - 4,500 cycles
Depth of Discharge ~50% ~50%

System Lifetime 3-15years 3-15years
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Parameter Lead Acid Advanced Lead-Acid
Cost, power 200 - 600 $/kW 300 - 600 $/kW
Cost, energy 50 - 400 $/kWh 500 — 1,150 $/kWh
Actual cost/performance varies by construction and manufacturer.

APPLICATIONS

Despite having a very low energy-to-weight ratio and a low energy-to-volume ratio, lead-acid
batteries can supply high surge currents, which means that the cells have a relatively large
power-to-weight ratio. Lead-acid is inexpensive compared to newer technologies, and lead-acid
batteries are still widely used. Large-format lead-acid designs are widely used for storage in
backup power supplies in cell phone towers, high-availability settings such as hospitals, and
stand-alone power systems. Applications for a stationary ESS will favor advanced lead-acid.

Lead-acid storage batteries have numerous applications. Advanced lead-acid batteries are being
considered for transportation applications and have been installed for frequency regulation in
utility-scale grid connected applications.

OPERATION AND MAINTENANCE

Maintenance requirements for lead acid batteries include float charging, equalization charging,
water replacement, and cell post maintenance. To prevent self-discharge, voltage is continuously
applied to the already-charged battery to generate a small current. Equalization charging corrects
the inconsistency in state of charge between individual battery cells by charging the battery at a
high voltage for an extended period. Water replacement is only necessary for flooded lead-acid
batteries (not for valve-regulated lead-acid) to compensate for water lost through evaporation and
electrolysis [0239].

Corrosion of the external metal parts of the lead—acid battery results from a chemical reaction of
the battery terminals, lugs, and connectors. Acid fumes that vaporize through the vent caps (often
caused by overcharging) and insufficient battery box ventilation can allow the sulfuric acid
fumes to build up and react with the exposed metals.

DECOMMISSIONING AND DISPOSAL

Some lead compounds are extremely toxic. Long-term exposure to even tiny amounts of these
compounds can cause brain and kidney damage, hearing impairment, and learning problems in
children.

Lead-acid battery recycling is effectively practiced in most parts of the world. In the United
States, almost all battery lead is recycled, although a small percentage still shows up in landfills.
During the recycling, an effective pollution control system is a necessity to control lead
emission. Continuous improvement in battery recycling plants and furnace designs is required to
keep pace with emission standards for lead smelters.
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MATURITY

Lead-acid battery technology is very mature, and its performance and limitations are well
understood. Several manufacturers have introduced advanced lead-acid batteries over the past
several years, and a number of initial or demonstration utility-scale projects will determine the
long-term performance of these promising but still evolving technologies.

CASE STUDIES

Axion PowerCube for Pennsylvania New Jersey Maryland Interconnection (PJM). Axion
Power has had one of its PowerCube 500-kW (30-minute) advanced lead-carbon PbC® ESSs in
service in New Castle, Pennsylvania, since November 2011. The system is used as a power
resource for the PJM Regulation Market. This is the first time an external ESS was integrated
into a major power grid [0365].

Axion Power International-Sharon, 12.5 MW. — In March 2016, Axion Power filed an
interconnection application with PJM for a site in Sharon, Pennsylvania. Axion is proposing a
12.5-MW (1-hour) battery ESS to participate in the PJM regulation market. The application is
currently moving through the PJM interconnection review process, and Axion is evaluating
project financing options for this major commercial project [0365].

RISKS/BARRIERS
The risks and barriers associated with lead-acid batteries are well understood.

OVERCHARGING

Overcharging with high charging voltages generates oxygen and hydrogen gas by electrolysis of
water, which is lost to the cell in a flooded or vented battery. Periodic maintenance therefore
requires inspection of the electrolyte level and replacement of lost water.

A VRLA cell normally recombines any hydrogen and oxygen produced inside the cell, but
malfunction or overheating may cause gas to build up. If this happens (for example, on
overcharging), the valve vents the gas and normalizes the pressure, producing a characteristic
acid smell. However, valves can fail (if dirt and debris accumulate), allowing pressure to build.

SULFATION

Lead-acid batteries can lose the ability to accept a charge when discharged for too long due to
sulfation. During normal discharge, the battery’s active materials, lead and lead dioxide, react
with sulfuric acid in the electrolyte to form lead sulfate. The lead sulfate first forms in a finely
divided, amorphous state, and it easily reverts to lead, lead dioxide, and sulfuric acid when the
battery recharges. As batteries cycle through numerous discharges and charges, some lead sulfate
is not recombined into electrolyte and slowly converts to a stable crystalline form that no longer
dissolves on recharging. Thus, not all the lead is returned to the battery plates, and the amount of
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usable active material necessary for electricity generation declines over time. Advanced lead acid
(ALA) technologies have largely resolved issues related to sulfation.

500-kW/360-kWh lead-carbon battery system in 40-foot container (courtesy Axion Power)

SUITABILITY FOR SOUTH AFRICA

Lead-acid batteries are considered attractive alternatives because of technological maturity and
availability as well as low relative cost [0239]; however, newer lead-acid applications will likely
use an ALA design. Depending on the application, other battery technologies may outperform or
provide lower life-cycle costs; however, ALA acid will likely retain niche applications for some
time. There are numerous lead-acid battery manufacturers internationally, including several in
South Africa.

A.3 ELECTROCHEMICAL CAPACITORS

Electrochemical capacitor (EC) technology stores direct electrical charge in the material rather
than converting the charge to another form, such as chemical energy in batteries or magnetic
field energy in superconducting magnetic energy storage; this makes the storage process
reversible, efficient, and fast [0064].

TECHNOLOGY

Sometimes referred to as “electric double-layer” capacitors, these devices also appear under
trade names such as “Supercapacitor” or “Ultracapacitor.” The phrase “double-layer” refers to
ECs physically storing electrical charge at a surface-electrolyte interface of high-surface-area
carbon electrodes.

When the two electrodes of an EC are connected in an external current path, current flows until
complete charge balance is achieved. The capacitor can then be returned to its charged state by
applying voltage. Because the charge is stored physically with no chemical or phase changes
taking place, the process is fast and highly reversible, and the discharge-charge cycle can be
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repeated virtually without limit. Because of the large surface area and the thin double layer, these
devices can have very high specific and volumetric capacitances. This enables them to combine a
previously unattainable capacitance density with an essentially unlimited charge-discharge cycle
life. Thus, cells are connected in series for higher voltage operation, exactly like battery cells
[0310].
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Electrochemical “double layer” capacitor [0239]

There are two types of ECs: those with 1) symmetric designs, where both positive and negative
electrodes are made of the same high-surface-area carbon and 2) asymmetric designs with
different materials for the two electrodes, one high-surface-area carbon and the other a higher
capacity battery-like electrode. There are other differences in the characteristics and performance
of these two types leading to use in different applications [0310].

An EC may also have an aqueous or organic electrolyte. Aqueous are usually high-concentration
sulfuric acid or potassium hydroxide. Organic electrolytes typically use an ammonium salt
dissolved in an organic solvent. Organic electrolytes are the most common type in use today
[0242].

There are different requirements for energy storage in different electricity grid-related
applications from voltage support and load following to integration of wind generation and time-
shifting. Symmetric ECs have response times on the order of 1 second and are well-suited for
short duration high-power applications related to both grid regulation and frequency regulation.
Asymmetric ECs are better suited for grid energy storage applications that have long duration,
for instance, charge-at-night/use-during-the-day storage (i.e., bulk energy storage). Some
asymmetric EC products have been optimized for ~5 hour charge with ~5 hour discharge.
Advantages of ECs in these applications include long cycle life, good efficiency, low life-cycle
costs, and adequate energy density.

PERFORMANCE

Typical Performance for Electrochemical Capacitor Technology
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Parameter

Range

Power Rating

scalable

Discharge at Rated Power

seconds-— minutes

Round Trip Efficiency 90% - 97%
Response Time milliseconds

Self Discharge per day 20% — 40% per day
Power Density 10 - 30 kWm3
Energy Density 100,000+ kWhm3
Cycle Life 5 x 105 cycles
Depth of Discharge 75%

System Lifetime > 20 years

Cost, power

100 — 300 $/kW

Cost, energy

300 - 2,000 $/MWh

APPLICATIONS

ECs are better suited than batteries for applications requiring high cycle life and charge or
discharge times of 1 second or less. The greatest barrier to market growth has been the lack of
understanding of the technology and the applications for which it is best suited [0310]. These
devices are increasingly coupled with longer duration energy storage technologies as part of a
hybrid system in which the fast response and high power ultracapacitor complements a slower
but higher energy density battery system such as a Li-ion or a flow battery.

The lack of recycling programs for electrochemical capacitors pose environmental implications,
which could contribute to siting, permitting, and disposal costs [0239].

MATURITY

The technology is comparatively young, but it has been evolving at a remarkable pace and is
regarded as an excellent solution for voltage regulation [0299]. Because of their high power, long
cycle life, good reliability, and other characteristics, the market and applications for ECs have
been steadily increasing. Dozens of manufacturers produce ECs and more are entering the
market because of market growth.

CASE STUDIES

Duke Energy Rankin Substation. Operational in 2016 at Mount Holly, North Carolina, this
hybrid project combines ultracapacitors (Maxwell Technologies) that provide a fast response and
high power density with a low-cost performance and high energy density battery technology
(Aquion Energy’s aqueous hybrid ion [AHI] batteries). This combination provides for
simultaneous solar smoothing, price arbitrage, and load following, as well as peak shaving.
While rated at 250 kW and 2 hours of duration, the Ultracapacitors are only responsible for fast
response (solar smoothing) services [0365].
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Regenerative Breaking Systems. Several applications use ultracapacitor-based ESSs for
braking energy recuperation systems for electric rail and high-speed rail applications. The
recuperation systems, ranging from 750 V to 1,500 V, absorb energy during rail vehicle braking
and deliver the stored energy to the vehicles’ electric motors for propulsion and to stabilize
voltage throughout the system. Typical systems include seven 525-kW (0.33-minute) systems for
in Seoul, Korea, and 300-kW (0.63-minute) systems in Cerro Negro, Spain [0365]. Some
systems have been in service since 2009.

1-MW electrochemical capacitor regenerative breaking system
provides 20-second charge and discharge cycles [0365]

RISKS/BARRIERS

Voltage Imbalance. Double layer capacitor cells are interdependent and sensitive to voltage
imbalances between cells. If one cell in the string fails (short circuits), it may lead to the failure
of the entire string, in a “domino effect,” or it may lead to a voltage and stress increase on other
cells. The cells life expectancies are directly tied to strict maximum voltages requirements
[0242].

Safety Issues. The safety issues associated with ECs include electrical, chemical, fire, and
explosion hazards. Electrical and chemical hazards are similar to those common to batteries. The
voltages of double layer capacitors are often lethal and should be treated with the same
precautions as other high-voltage devices. Some capacitors have aqueous electrolyte, which
eliminates the possibility of hazardous fires but allows for the possibility of chemical burns
similar to those from other electrochemical storage devices. Some capacitors with an organic
electrolyte pose a fire threat and health threats if the electrolyte is inhaled, ingested, or contacts
skin [0242].

Cost. A significant barrier to further deployment and adoption of ultracapacitors is their high
initial cost [0299].
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SUITABILITY FOR SOUTH AFRICA

ECs will have important applications for smoothing variable renewable sources and for fast
response DC voltage regulation. These systems are increasingly incorporated into hybrid ESSs
that seek to enhance overall system performance by matching complementary characteristics of
differing technologies. Additionally, there may be applications for braking energy recuperation
systems for electric rail. All of these applications will be important in South Africa.

A.4 NICKEL-CADMIUM (NICD) BATTERIES

Each NiCd cell contains a pair of electrodes: a positive nickel electrode and a negative cadmium
electrode. Nickel electrode batteries are known as dry cell batteries [0299]. Several materials
have been matched with nickel to produce a variety of battery technologies; however, NiCd
batteries are most commonly proposed for use in utility applications [0242].

TECHNOLOGY

The NiCd (or NiCad) battery is a rechargeable battery using nickel oxide hydroxide and metallic
cadmium as electrodes. NiCd batteries have an alkaline potassium hydroxide electrolyte. As with
any other rechargeable battery systems, NiCd batteries operate on the principle that
electrochemical reactions at each electrode are reversible; this enables energy to be stored during
charging and released during discharging. The overall reaction schematically depicts a simple
transfer of OH-ion between Ni(OH), and Cd, depending on whether the cell is being charged or
discharged.

charging

discharging

Early NiCd cells used pocket-plate technology, a design that is still in production today. Sintered
plates entered production in the mid-20th century, to be followed later by fiber plates, plastic-
bonded electrodes and foam plates. Cells with pocket and fiber plates generally use the same
electrode design for both the nickel positive and cadmium negative; sintered and foam positives
are now more commonly used with plastic-bonded negatives [0310].

NiCd batteries usually have a metal case with a sealing plate equipped with a self-sealing safety
valve. The positive and negative electrode plates, isolated from each other by the separator, are
rolled in a spiral shape inside the case. This is known as the jelly-roll design and allows an NiCd
cell to deliver a much higher maximum current than an equivalent size alkaline cell.

PERFORMANCE

Recently, nickel-metal hydride and Li-ion batteries have become commercially available and
less expensive, the former type now rivaling NiCd batteries in cost. Where energy density is
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important, NiCd batteries are now at a disadvantage compared with nickel-metal hydride and
lithium-ion batteries.

Vented cell NiCd batteries have long lives (up to 20 years or more, depending on type) and
operate at extreme temperatures (from —40° to +70°C). The NiCd battery is still very useful in
applications requiring very high discharge rates because it can endure such discharge with no
damage or loss of capacity.

Typical Performance for Nickel-Cadmium Battery Technology

Parameter Range

Power Rating Fully scalable

Discharge at Rated Power Minutes to hours

Round Trip Efficiency 60% - 80%

Response Time milliseconds

Self Discharge per day 0.2% - 0.6 % per day

Power Density 80 — 600 kWm3

Energy Density 60 — 150 kWhm3

Cycle Life 800 - 3,500 cycles

Depth of Discharge 80%

System Lifetime 15-20 years

Cost, power 500 - 1,500 $/kW

Cost, energy 800 - 1,500 $/MWh
APPLICATIONS

While not excelling in typical measures such as energy density or first cost, NiCd batteries
remain relevant by providing simple implementation without complex management systems
while providing long life and reliable service. The relative low cost, high energy density, high
power delivery capabilities, hardiness, reliability, and life expectancy of NiCd batteries made
them a popular choice for substation batteries and bulk storage [0239]. However, increased
performance and lowering costs of Li-ion batteries will largely displace NiCd for utility
applications.

MATURITY

Nickel-cadmium batteries have been in commercial production since the early twentieth century.
Used mostly as rechargeable power supply for small appliances, they have seen periodic
advances in electrode technology and packaging. Some previous technology applications
included telecom or off-grid renewable energy applications. The current technology is
considered relatively mature with limited potential to expand beyond its current applications.
NiCd batteries are unlikely to compete with Li-ion batteries as a storage medium for utility scale
BESS.
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CASE STUDIES

GOLDEN VALLEY ELECTRIC ASSOCIATION

The Golden Valley Electric Association (GVEA) Battery Energy Storage System (BESS) was
completed in December 2003 and is located in Fairbanks, Alaska. The GVEA BESS was still in
operation in 2015. Rated at 27 MW for 15 minutes, the system provides sufficient time to start
up local generation in the event of a generation- or transmission-related outage. NiCd technology
was selected based on the extreme range of operating temperatures required [0337]. This system
also provides voltage regulation, spinning reserve, frequency regulation, power system
stabilization, load following, load leveling, and black start applications [0299].

RISKS/BARRIERS

MEMORY

NiCd batteries can suffer from a “memory effect” if they are discharged and recharged to the
same state of charge hundreds of times. The apparent symptom is that the battery “remembers”
the point in its charge cycle where recharging began and during subsequent use suffers a sudden
drop in voltage at that point, as if the battery had been discharged. The capacity of the battery is
not actually reduced substantially. Some electronics designed to be powered by NiCd batteries
are able to withstand this reduced voltage long enough for the voltage to return to normal.
However, if the device is unable to operate through this period of decreased voltage, it will be
unable to get enough energy out of the battery, and for all practical purposes, the battery appears
“dead” earlier than normal.

Toxicity

NiCd batteries contain cadmium, which is a toxic heavy metal and therefore requires special care
during battery disposal. In the United States, part of the battery price is a fee for its proper
disposal at the end of its service lifetime. In the European Union, used industrial NiCd batteries
must be collected by their producers to be recycled in dedicated facilities. Because cadmium is a
heavy metal, it can cause substantial pollution when discarded in a landfill or incinerated.
Because of this, many countries now operate recycling programs to capture and reprocess old
batteries.

APPLICABILITY FOR SOUTH AFRICA

NiCd batteries cannot compete with recent improvements in Li-ion batteries. Better performance
and lower cost will make Li-ion a more attractive technology in the future for utility-scale
applications in South Africa.
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A.5 LiTHIUM ION (LI-ION) BATTERIES

A lithium-ion (Li-ion) battery is a rechargeable electrochemical battery. Rather than a single
electrochemical couple like NiCd, “lithium-ion” refers to a wide array of chemistries in which
lithium ions are transferred between the electrodes during the charge and discharge reactions.

TECHNOLOGY

A Li-ion cell consists of three main components: cathode and anode electrodes and an electrolyte
that allows lithium ions to move from the negative electrode to the positive electrode during
discharge and back when during charge. When the battery is charging, lithium ions flow from the
positive metal oxide electrode to the negative graphite electrode. When the battery is
discharging, the ions flow in reverse.

Positive Charge Negative
Electrode - > Electrode
Discharge  me—
) Li+ —v
1 N,/ EE————
r . L+ Irm—
P
) i Li+ / T
—~ Uy e—
ES
Li+ / B
S~ \Y ) Li+
‘ |z o]
Li+
s |
— —
2 L\
===
Legend: ¢ Metal  Lithium Oxygen I Graphitic layers

Li-ion battery function and components [0239]

Li-ion technology has been improved significantly through the evaluation and optimization of
various combinations of chemistries, each of which presents slightly different performance
characteristics. These chemistries can be confusing. Cathode materials can generally be grouped
into two categories, namely iron phosphate and mixed metal (combinations of cobalt and
manganese oxide). Anode material is generally graphite/carbon or titanate. The following
discussion of popular cathode/anode chemistries relevant to stationary energy storage are taken
from Bloomberg New Energy Finance [0244] and Berenberg [0277].

NEGATIVE ELECTRODE (CATHODE DURING CHARGING)

The cathode is a key area of focus for research and development into Li-ion batteries because it
accounts for a large percentage of total cell costs. Therefore, improvements in the cathode, more
than in any other part of the cell, have the potential to reduce cell costs and improve the
performance of the battery. Lithium in its pure form is not an effective cathode because it does
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not favor reversible reactions and because its energy density is reduced significantly when
inserted into the cell.

Lithium cobalt oxide (LCO) materials are typically used in Li-ion batteries for consumer
electronic applications. Although LCO cathodes have high capacity, they have a lower cycle life,
and in a large format LCO battery, they can represent a high potential fire risk and are therefore
not generally used for transport applications.

Lithium manganese oxide (LMO) forms a cubic crystalline structure that makes the battery
very safe, and it has a high temperature tolerance. Because manganese is cheaper than cobalt,
LMO is also lower cost. LMO provides a higher voltage than LCO but has about 20% less
energy density. One disadvantage is that, at temperatures above 50°C, manganese can dissolve in
the electrolyte, causing a shortened life unless significant thermal management systems are
installed in the battery.

Lithium nickel cobalt aluminum oxide (NCA) replaces cobalt with nickel in the cathode,
resulting a higher specific energy, higher power density, longer life span, and lower cost. This is
further improved by additional cobalt and aluminum, which results in high capacity and voltage
with improved stability. NCA currently has a poor temperature tolerance. Finding the optimum
ratio of the metals is a continuing area of research and could provide further improvements in
power and energy capabilities.

Lithium iron phosphate (LFP) uses phosphorus to bind the oxygen atoms rather than a lithium
metal oxide, which results in increased safety even when the battery is hot or overcharged. It also
produces a longer cycle life, which is a significant advantage. An LFP cathode has a lower
energy density, but it can accept higher currents and therefore has a higher power density.
Although LFP materials are lower in cost, these cathodes are more expensive to manufacture.
Several companies are developing LFP battery chemistries for stationary applications in which
the lower energy density is less important than it would be for a mobile application.

Lithium nickel cobalt manganese (NMC) is a blend of nickel, manganese and cobalt that has a
high energy density profile and has the potential to be low cost. The three metals can be
combined in various ways to display various properties. Reducing the cobalt content reduces
price, but it compromises the electrochemical performance. The high energy density
performance of NMC cathodes make it a popular technology for consumer electronics, electric
vehicle applications, and ESSs that need frequent cycling.
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General Technical Comparison of several Li-ion Cathode Chemistries [0244]

Commercial Pre-Commercial
Lithium- Lithium-
Nickel Nickel Lithium-
Lithium- Cobalt Lithium-Iron Manganese Lithium-Air Sulfur
Cathode Type | Manganese Aluminum Phosphate Cobalt (Commercial | (Commercial
and Abbreviation (LMO) (NCA) (LFP) (NMC) Goals) Goals)
Chemistry LiMn204 LiNiCoAIO: LiFePO4 LiNiMnCoO2 LiO2 LiS
Voltage (V vs Li/Li+) 3.8 3.6 34 37 3.2 22
Specific capacity (mAh/g) 100-120 180-200 170 160-170 1,700 (3,350) 1,000 (1,670)
Volumetric energy density: 280 250 (730) 130-300 350 (700) 700-1,000 300-800
practical (and theoretical) (3,400) (2,800)
(WhiL)
Gravimetric energy density: 110 (280) 210 (280) 120 (219) 190 (290) 500-1,000 400-550
practical (and theoretical) (3,500) (2,500)
(Whlkg)
Cycle life 500-1,000 500 2,000-3000 1,000-2,000 1,000 <1,000

POSITIVE ELECTRODE (ANODE DURING CHARGING)

The role of the anode is to accept lithium ions and release them when required without disrupting
the structure of the material. Lithium metal would normally be the first choice for anode
material; during charging, however, the lithium swells considerably, causing fissures on the

surface and allowing lithium ions to escape. In addition, metallic lithium and current electrolytes
are highly reactive, which cause safety issues. Some anodes are being developed that are a
composite or combination of types of chemistries.

Carbon (or graphite) is used for most lithium-ion anodes. Carbon has an “intercalating”

property: lithium ions sit between the layers of bonded carbon atoms and can be released without
interfering with the material structure. This provides for a very high capacity and excellent cycle
life. Synthetic graphite (rather than natural graphite) has an increased cycle life, a higher
capacity, and less swelling; however, synthetic graphite is more expensive. Some companies use
a combination of natural and synthetic graphite. Hard carbon and soft carbon have been used as
alternatives to graphite to improve the performance due to their high discharge capacity and
higher voltage; however, this can cause issues with voltage variability.

Lithium titanate oxide (LTO) is a cubic crystalline structure that produces a higher voltage
(1.5 V), enabling it to overcome safety problems that graphite anodes have at low temperatures
and high currents. Electrolytes are more stable at the higher voltages of LTO than the low
voltage of graphite; LTO does not swell during operation, and lithium does not plate onto the
anode at this high voltage. The LTO anode can exhibit a lifetime of up to 20 years. However, an
LTO anode is significantly more expensive than graphite.

Silicon anodes are actually made of carbon with a silicon additive. Rather than providing for
intercalation (like graphite), silicon reversibly reacts with lithium to form a silicon-lithium alloy.
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Theoretically, silicon has a capacity 10 times that of graphite, making it a much more powerful
anode. However, during alloying, the silicon swells significantly and thus offers a very poor
cycle life that must be addressed before it can be an effective anode.
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Performance of various Li-ion chemistries [0337]

ELECTROLYTE

Li-ion cell electrolytes are typically fluorine-based lithium salts in an organic solvent. This
combination can withstand typical cell voltages, has a cycle life of about 5,000 cycles, and has a
high coulometric efficiency (it carries all the ions between the anode and cathode). Many
electrolyte research and development (R&D) activities are dedicated to researching additives for
the electrolyte to further improve the cell life, safety or the maximum voltage of cell. One of the
main roles of the additives is to reduce the side reactions within the cell, thereby increasing cell
life. Several companies have introduced inorganic electrolytes which are nonflammable and
inherently safer than the combustible organic solvents. Alevo uses an inorganic electrolyte and
claims over 50,000 cycles to date on its aqueous LFP cells [0315].

ELECTRONICS

Electronic battery management subsystems are an important feature for Li-ion batteries, which
lack the capability of aqueous technologies (e.g., lead-acid batteries) to dissipate overcharge
energy. Safety characteristics of Li-ion batteries are ultimately determined by the attributes of
system design, including mechanical and thermal characteristics, electronics and
communications, and control algorithms, regardless of electrochemistry.

PACKAGING AND CONSTRUCTION

Li-ion cells may be produced in cylindrical or prismatic (rectangular) format. These cells are
then typically built into multicell modules in series/parallel arrays, and the modules are
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connected together to form a battery string at the required voltage, with each string being
controlled by a battery management system.

PERFORMANCE

As discussed in the technology section above, Li-ion performance depends on the electrode and
electrolyte materials (chemistries); however, the following generalizations apply.

Typical performance for Li-ion battery technology

Parameter

Range

Power Rating

Fully scalable

Discharge at Rated Power

generally < 4 hours

Round Trip Efficiency 92% - 96%

Response Time milliseconds

Self Discharge per day 0.1-0.3% per day
Power Density 200 - 500 kWm3
Energy Density 1,500 - 10,000kWhm?
Cycle Life 2,000 - 20,000 cycles
Depth of Discharge ~80%

System Lifetime

10 - 20 years

Cost , Energy

200 - 3,800 $/kWh

Cost, Power

175 - 4,000 $/kW

Actual cost/performance is highly dependent on chemistry and manufacturer

One disadvantage of Li-ion batteries is that the expected lifetime is related to the cycling depth
of discharge. Although they perform better than lead-acid batteries, which perform better at less
than <50% depth of discharge [DoD]), Li-ion batteries’ lives are generally limited to <80% DoD
to ensure an adequate life.

APPLICATIONS

Li-ion batteries have been deployed in a wide range of energy-storage applications, ranging from
energy-type batteries of a few kilowatt-hours in residential systems with rooftop PV arrays to
multimegawatt containerized batteries to provide grid ancillary services. Li-ion batteries can
meet all the identified use cases for South Africa.

CONSTRUCTION AND INSTALLATION

The modularity of the Li-ion cells allows them to be constructed as modules and scaled. Battery
packs can then be combined with inverters and controls systems and packaged into BESS at
manufacturing facilities. When packaged into standard shipping container sizes, shipping the
BESS around the world via truck, rail, or ship is greatly facilitated. Containerized BESS can be
sited on pads or simple foundations and electrically connected to switchgear. Containerization
significantly reduced the costs for local labor and on-site construction.
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OPERATION AND MAINTENANCE

Small ESS for residential and light industrial or office buildings are essentially maintenance free
and require little on-site monitoring. This is particularly true for systems that are monitored
remotely and maintenance staff can be dispatched as needed. The greatest maintenance issue for
Li-ion batteries is generally the monitoring and replacement of individual cells/modules later in
life as replacement is required.

DECOMMISSIONING AND DISPOSAL

Modularized and packaged systems offer ease of system removal from site for disposal at end of
life. Site contamination is unlikely, and site restoration would include infrastructure removal and
revegetation. The materials used in Li-ion batteries are typically considered nonhazardous waste.
The metals in the system can be recycled, but they do not represent a high salvage value.

MATURITY

Li-ion batteries are a relatively mature commercial technology and are now the dominant
electrical storage technology in automotive applications for both electric vehicles and hybrids.
Although manufacturers are still experimenting with formulations and fabrication techniques to
improve performance, reliability and reduce costs, the overall performance of this technology is
reasonably well developed and understood. Most MW and MWh scale utility applications have
been operating for less than 5 years of a presumed 10-year lifetime and some of the newer
formulations have been operating for significantly less than that. Long-term performance
reliability data is therefore still being confirmed. The recent construction of several gigawatt
factories in the United States, Japan, and China is indication of confidence in the maturity and
bankability of the Li-ion technology.

CASE STUDIES

Demonstrations have shown Li-ion batteries’ ability to support the use cases identified for South
Africa.

Pacific Northwest Smart Grid Demonstration. A 5-MW/1.25-MWh (15-minute) system was
installed in Salem, Oregon, in 2013. It provides renewables time shifting, renewables capacity
firming, electric energy time shifting, and electric supply capacity [0365].

AES Elkins. One of the largest Li-ion installations in the United States is in Elkins, West
Virginia. This facility installed by AES connects 98 MW of wind generation with

32 MW/8 MWh (15 minutes) of storage for reserve capacity and renewables integration and has
been in service since 2011 [0365].

Tehachapi. A final demonstration worth mentioning is the Tehachapi energy storage project in
Tehachapi, California. This project is funded by the American Recovery and Reinvestment Act
(ARRA) and uses an 8-MW/32-MWh (4-hour) Li-ion battery to demonstrate voltage support
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(grid stabilization), avoid transmission curtailment, system reliability, transmission investment
deferral, renewable energy transmission effectiveness, system capacity credit, renewable energy
smoothing, time shift of wind generation, frequency regulation, spin/non-spin replacement
reserves, load following, and energy price arbitrage [0365].

RISKS/BARRIERS

The risks and barriers associated with Li-ion technologies are well understood and have been
substantially overcome.

OVERHEATING AND RUNAWAY

One of the greatest challenges facing lithium-ion is safety. The energy density of the cells and
the combustibility of the organic-based electrolyte make these batteries a fire hazard. Excessive
charging, discharging, high current, or imbalances between cells can cause overheating in a cell
and result in thermal runaway as neighboring cells also overheat. Extreme high temperatures lead
to leaks, smoke, gas venting, and/or combustion of the cell pack. Manufacturers of large systems
have employed sophisticated battery management systems to monitor cell performance and limit
operation to safe and acceptable performance ranges [0079].

Cost

Manufacturing costs associated with Li-ion batteries and a relatively short cycle life have limited
their early implementation for large utility-scale ESSs. Recently, Li-ion has been able to compete
with NaS batteries based on improved performance and cost. Li-ion battery development is
following a similar learning curve: electronics and solar PVs with manufactured battery cell
costs having fallen by 50% in the last 5 years from $440/kWh to $200/kWh in 2015. Li-ion
battery costs are predicted to fill by 40% to 45% by 2020, resulting from a 30% to 35% cost
reduction from economies of scale at the cell level economies of scale and a 20% cost reduction
from economies of scale at the pack level [0227]. When combined with the potential increases in
performance (particularly the longer life cycles offered by LFP batteries), lithium may continue
to be a dominant technology.

SUITABILITY FOR SOUTH AFRICA

Li-ion technology is a commercial and proven electrochemical battery technology. It exhibits a
high energy density and moderate cost that can be scaled for a wide variety of energy storage
applications. A variety of chemistries and formulations yield slightly different performance
characteristics. Li-ion is and will likely continue to be the dominant energy storage technology
for the next 10 to 15 years and will be the yardstick by which other technologies are compared.

Li-ion systems are the basis for many current residential and industrial-commercial BESS being
installed and will be increasingly used for grid connected utility-scale applications globally and

in South Africa as prices fall. Beyond the prospect for local cell manufacture, these systems will
require local resources for final system assembly, installation, operation, and maintenance.
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A.6 SODIUM SULFUR (NAS) BATTERIES

Sodium-sulfur batteries are high-temperature devices that operate between 300° and 350°C.
There have been significant installations of NaS for energy storage to facilitate distribution line
construction deferral.

TECHNOLOGY
The active materials in a NaS battery are molten sulfur as Beta
the positive electrode and molten sodium as the negative. e

Tube
The electrodes are separated by a solid ceramic, sodium \

alumina, which also serves as the electrolyte. This ceramic

allows only positively charged sodium ions to pass through. 5:5'
During discharge, electrons are stripped off the sodium ol
metal (one negatively charged electron for every sodium S
atom), leading to formation of the sodium ions that then % ‘:LN_a:s‘
move through the electrolyte to the positive electrode 3 Dis-
compartment. The electrons that are stripped off the sodium " I‘"""
metal move through the circuit and then back into the ., TR

Sulfur 200-360 °C

battery at the positive electrode, where they are taken up by
the molten sulfur to form polysulfide. The positively

charged sodium ions moving into the positive electrode ) )
compartment balance the electron charge flow. During Schematic of sodium sulfur cell [0239]

charge, this process is reversed [0310].

PACKAGING AND CONSTRUCTION

NasS batteries use hazardous materials, including metallic sodium, which is combustible if
exposed to water. Therefore, NaS batteries have airtight, double-walled stainless-steel enclosures
that contain the series-parallel arrays of NaS cells. Each cell is hermetically sealed and
surrounded with sand both to anchor the cells and to mitigate fire. Other safety features include
fused electrical isolation and a battery management system that monitors cell block voltages and
temperature.

PERFORMANCE

The round-trip AC-to-AC efficiency of sodium-sulfur systems is approximately 80%. The
estimated life of a sodium-sulfur battery is approximately 15 years after 4,500 cycles at 90%
depth of discharge [0240].
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Typical Performance for Sodium-Sulfur Battery Technology

Parameter Range
Power Rating Fully scalable
Discharge at Rated Power 6 — 8 hours
Round Trip Efficiency 75% - 90%
Response Time milliseconds
Self Discharge per day 20% per day
Power Density 140 - 180 kWm3
Energy Density 150 — 300 kWhm?
Cycle Life 2,500 - 4,500 cycles
Depth of Discharge 90%
System Lifetime 12 - 20 years
Cost, power 1,000 - 3,000 $/kW
Cost, energy 300 - 500 $/MWh

Objective 2, Task 2.1 Deliverable
Technology Assessment

APPLICATIONS

NasS batteries are appropriate for both energy and power applications. They can also serve power
and energy applications simultaneously, making them particularly useful. Current installations
and demonstrations have showed their suitability for peak shaving, load shifting, power quality
control, uninterruptable power systems, “islanding,” and storage of intermittent renewables
[0239].

DECOMMISSIONING AND DISPOSAL

The sodium, sulfur, beta-alumina ceramic electrolyte, and sulfur polysulfide components of the
battery are disposed of by routine industrial processes or recycled at the end of the NaS battery
life.

MATURITY

NasS batteries were originally developed by Ford Motor Company in the 1960s; the technology
was subsequently sold to the Japanese company NGK. NGK now manufactures the battery
systems for stationary applications [0310]. NaS batteries are a relatively mature composition in
the power market. They were demonstrated and used in Japan by the Tokyo Electric Power
Company and NGK Insulators in the late 1990s. They have been commercially available since
2002 [0242].

CASE STUDY

NasS battery technology has been demonstrated at over 190 sites in Japan. More than 270 MW of
stored energy suitable for 6 hours of daily peak shaving have been installed. The largest NaS
installation is a 34-MW, 245-MWh unit for wind stabilization in northern Japan [0310].
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American Electric Power (AEP) Company was an early adopter of NaS batteries in the United
States. Between 2006 and 2008, AEP installed four systems totaling 7.2 MW at substations in the
midwestern United States to provide load leveling and alleviate transformer loading during
summer peaks, defer capital upgrades, and offer emergency backup power to several hundred
customers during electrical system outages. The units provide the utility time to decide whether
to redesign a substation, build generation, or keep the storage units in place permanently. All of
the NaS systems are capable of being relocated for an estimated $85,000 to $115,000 if and
when the company’s storage needs change [0365].

1-MW / 7.2-MWh sodium-sulfur BESS at substation for T&D deferral

RISKS/BARRIERS

The risks and barriers associated with sodium sulfur are well understood.
FIRE

NaS batteries must operate at extremely high temperatures and can explode if they come into
contact with water, making them a safety hazard if not handled properly. Like any battery,
toxicity concerns, especially those related to decommissioning and disposal, are still major
obstacles to widespread installation. Consumers dislike the prospect of batteries located close to
residential or highly populated areas [0239].

In September 2011, an NaS Battery manufactured by NGK Insulators caught fire at a Mitsubishi
Plant in Japan The fire was a result of breach in a battery cell that leaked hot molten material.
This caused a short circuit that emitted additional heat and destroyed a number of other battery
cells, which in turn caught fire. Following this fire and investigation, NGK added additional
fuses, insulation, fire barriers, and fire suppression systems to improve safety, and retrofitted the
NasS systems already deployed [0367].
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RELIABILITY

If not maintained near operating temperature, thermal expansion from freeze-thaw cycles could
lead to mechanical stresses, damaging seals and other cell components. In the event of damage to
the solid electrolyte, a breach could allow the two liquid electrolytes to mix, possibly causing an
explosion and fire. Thus, the battery must have insulation and active heating, which increases
system costs and reduces round trip efficiency.

Cost

Cost reductions in other technologies (Li-ion and flow batteries) may allow them to compete
favorably with NaS.

SUITABILITY FOR SOUTH AFRICA

NaS-based ESS is a suitable technology for South Africa for applications with longer energy-
intensive (6- to 8-hour) cycles. Flow batteries, however, may prove to be a safer and more
economical solution.

A.7  SODIUM-NICKEL-CHLORIDE BATTERIES

The sodium nickel chloride battery is a high-temperature, molten sodium-based battery.
Sometimes referred as a ZEBRA battery, the technology was developed in 1985 by the Zeolite
Battery Research Africa (ZEBRA) project at the Council for Scientific and Industrial Research
(CSIR) in Pretoria, South Africa.

TECHNOLOGY

Sodium-nickel-chloride batteries contain a molten sodium negative electrode and a nickel
chloride positive electrode. To facilitate ion transfer, the battery operates around 270°C [239].
When charging a sodium-nickel-chloride battery at normal operating temperatures, salt (NaCl)
and nickel (Ni) are transformed into nickel-chloride (NiCl2) and molten sodium (Na). The
chemical reactions are reversed during discharge, and there are no chemical side reactions. The
electrodes are separated by a ceramic wall (electrolyte) that is conductive for sodium ions but an
isolator for electrons. Therefore, the cell reaction can only occur if an external circuit allows
electron flow equal to the sodium ion current. The porous solid NiCl cathode is impregnated
with a sodium ion-conductive salt (NaAlCls) that provides a conductive path between the inside
wall of the separator and the reaction zone. Cells are hermetically sealed and packaged into
modules of about 20 kWh each [0235].

An internal normal operating temperature of 270° to 350°C is required to achieve acceptable cell
resistance and must be thermally managed by design features. The ZEBRA battery uses molten
sodium aluminum chloride as its electrolyte. Sodium nickel batteries are produced by FIAMM
SONICK and General Electric (GE).
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Each cell is hermetically sealed within its own metal case and is strung together with other cells
in a thermally insulated battery module, which ensures that the battery’s external surfaces remain
within 10° to 15°C of the surrounding ambient temperature. GE’s Durathon batteries are
managed by the Durathon Battery Management System, which controls and protects the battery
and relays information for monitoring the battery’s condition.

PERFORMANCE

Sodium-nickel-chloride batteries have been produced with power ratings between 5 and 500 kW
with up to 100 kWh of energy. ZEBRA units have 85% to 90% round trip efficiency, 20-ms
response times, and expected cycle lives of up to 3,000 cycles at 80% DoC [0239].

Some advantages over NaS chemistry include tolerance of overcharge and discharge, higher cell
voltage, and potentially better safety characteristics. In addition to its high tolerance of short
circuits, the failure of one cell in a ZEBRA battery does not cause complete failure of the battery
[0239].

Typical performance for sodium-nickel-chloride battery technology

Parameter Range
Power Rating Fully scalable
Discharge at Rated Power generally < 4 hours
Round Trip Efficiency 85% - 90%
Response Time milliseconds
Self Discharge per day 15% per day
Power Density 220 - 300 kWm3
Energy Density 150 — 200 kWhm?
Cycle Life >2,500 cycles
Depth of Discharge 80%
System Lifetime 12 - 20 years
Cost, power 150 - 300 $/kW
Cost, energy 100 - 200 $/MWh

APPLICATIONS

Developed in the 1970s and commercialized since the mid-1990s, sodium-nickel-chloride
batteries have found application in electric vehicles and hybrid electric buses, trucks, and vans.
The implementation of sodium-nickel-chloride batteries in stationary applications is relatively
new. Demonstration systems combined with distributed renewable generators (large PV plants
and micro wind turbine) as well as for grid support have been designed and are in field test
phase.
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MATURITY

Much of the early research has been with electric vehicles in mind; however, sodium-nickel-
chloride battery systems are in development for renewable integration and load leveling
applications [0239]. In 2010, GE introduced a Na-NiCl, battery under the Durathon brand name.
It also referred to the technology as sodium-metal halide battery. Originally developed for train
locomotives, the Durathon product was advertised as having a 20-year lifetime and at least 3,500
charge cycles. Although Na-NiCl is a relatively mature technology, only a few manufacturers
have products in commercial production. Other sodium-metal halide chemistries allow
substantially lower operating temperature and lower discharge rates.

CASE STUDY

The GE Durathon battery has deployed a significant quantity of smaller scale units to back up
cellphone towers and other telecom sites, with about $63 million in orders placed as of 2012. GE
has also put 50-kWh versions of its Durathon batteries to use in some of its wind power
deployments, and in 2013 it had announced a 500-kWh demonstration system to back up the
nonprofit Discovery Science Center in Santa Anna, California [0365].

RISKS/BARRIERS

If the battery is not required for an extended period, the heater can be switched off and the
battery allowed to solidify. This freezes in the state of charge; no charge is lost while the battery
is frozen. Unlike the earlier sodium-sulfur battery, an unlimited number of freeze-thaw cycles
can be performed without damage or loss of capacity [0335]. Once solid, it can take up to

12 hours to reheat and charge, depending on the battery pack temperature and power available
for reheating. After shutdown, a fully charged battery pack loses enough energy to cool and
solidify in 3 to 4 days.

COST/PERFORMANCE

Recent technology improvements and cost reductions in Li-ion batteries have yielded a room
temperature battery with higher performance at a lower cost than sodium-nickel-chloride
batteries. In January 2015, GE announced a significant scale-back at its Durathon (sodium-nikel-
chloride) manufacturing facility in Schenectady, New York.

SUITABILITY FOR SOUTH AFRICA

Although able to operate in relatively harsh climates, the cost and performance of the current
sodium-nickel-chloride battery is not currently competitive for stationary utility-scale energy
storage applications.

A.8 ZINC-AIR BATTERIES

A metal-air electrochemical cell consists of the anode made from pure metal and the cathode
connected to an inexhaustible supply of air. For the electrochemical reaction, only the oxygen in
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the air is used [0252]. Zinc—air is one of these metal-air electrochemical technologies. These
batteries use the oxygen in ambient air to oxidize zinc. These batteries have the potential for high
energy densities and low production costs.

TECHNOLOGY

Zinc-air batteries are a metal-air electrochemical cell technology. Metal-air batteries use an
electropositive metal, such as zinc, aluminum, magnesium, or lithium, in an electrochemical
couple with oxygen from the air to generate electricity. Because such batteries only require one
electrode within the product, they can have very high energy densities. In addition, the metals
used or proposed in most metal-air designs are relatively low cost. This has made metal-air
batteries potentially attractive for electric vehicle and power electronics applications in the past,
as well as raising hopes for a low-cost stationary storage system for grid services. Zinc-air
batteries take oxygen from the surrounding air to generate electric current. The oxygen serves as
an electrode, while the battery construction includes an electrolyte and a zinc electrode that
channels air inside the battery as shown below [0235].
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Schematic for zinc-air battery cell [0235] (courtesy ReVolt)

The zinc-air battery produces current when the air electrode is discharged with the help of
catalysts that produce hydroxyl ions in the liquid electrolyte. The zinc electrode is then oxidized
and releases electrons to form an electric current. When the battery is recharged, the process is
reversed, and oxygen is released into the air electrode [0235].
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Anode: Zn + 40H™ — Zn(OH)s* + 2e” (Ep = - 1.25V)
Fluid: Zn(OH)s*™ — Zn0O + H20 + 20H"

Cathode: 1/2 O; + H,O + 2e” — 20H (E; = 0.34 V pH=11)
Overall: 2Zn + 0; — 27n0 (Eg = 1.59 V)

Cell reactions for zinc-air battery

PERFORMANCE

Zinc-air batteries have up to three times the energy density of Li-ion, its most competitive battery
technology. Unlike lithium-ion, however, zinc-air batteries neither produce potentially toxic or
explosive gases, nor do they contain toxic or environmentally dangerous components. Zinc-
oxide, which is the main material in a zinc-air battery, is 100% recyclable [0235].

One early developer, Eos Energy Storage, has indicated that it intends to sell its initial
rechargeable zinc-air battery products for $1000 per kilowatt for a 6-hour battery, or $160/kWh.
Eos’ stated goal is over 10,000 cycles at “a full-duty cycle and at full depth of discharge.” The
first battery pack will be capable of storing 6 MWh of power, and the system will fit in a 40-ft
storage container [0368].

Typical performance for zinc-air battery technology

Parameter Range
Power Rating Fully scalable
Discharge at Rated Power hours
Round Trip Efficiency 50% - 70%
Response Time <second
Self Discharge per day % per day
Power Density 50 - 100 kWm3
Energy Density 130 — 200 kWhm3
Cycle Life >1,000 cycles
Depth of Discharge 100%
System Lifetime >1 year
Cost, power 1,750 - 1,900 $/kW
Cost, energy 325 - 350 $/kWh

APPLICATIONS

In addition to EV applications, zinc-air batteries are expected to have strong potential for longer
energy intensive applications including off-grid and microgrid. For utility-scale applications
Zinc-Air can support T&D deferral, energy arbitrage, and renewable integration.
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MATURITY

Zinc-air technology is still in the early R&D phase for stationary storage systems for grid service
markets. Despite substantial technical obstacles faced in the past, this technology holds a great
deal of potential because of its low capital cost for grid support and potentially for electric
transportation applications.

A few early-stage companies are attempting to bring energy-dense, high-operating-efficiency,
better DoC stationary systems to the market, particularly for utility T&D grid support and
renewable energy integration. R&D is under way by several companies, with some research still
in the university laboratory stage [0235].

CASE STUDY

The Eos Energy System battery is about half the size of a shipping container and provides

1 MWh of storage. Con Edison, National Grid, Enel, and GDF Suez began testing the battery for
grid storage. Con Edison and City University of New York are testing a zinc-based battery from

Urban Electric Power as part of a New York State Energy Research and Development Authority
program.

1-kW zinc-air prototype [0368]

Pacific Gas and Electric Company (PG&E) announced on December 2, 2015, that it had awarded
to Convergent Energy + Power, a 10-MW, 40-MWh energy storage project that will use the zinc-
hybrid cathode (ZnythTM) battery technology developed by Eos Energy Storage [0368].
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RISKS/BARRIERS

DEVELOPMENTAL CHALLENGES

The challenge for researchers has been to address issues such as electrolyte management,
avoiding carbon dioxide (CO2) impacts from the air on the electrolyte and cathode, thermal
management, and avoiding Zn dentrite formation. Methods are also being investigated to address
issues with the air electrolyte not deactivating in the recharging cycle and slowing or stopping
the oxidation reaction. The cessation of the oxidation reaction reduces the number of times that a
zinc-air battery can be recharged [0235].

Despite the many advantages, metal-air batteries also pose several historical disadvantages. The
batteries are susceptible to changes in ambient air conditions, including humidity and airborne
contaminants.

CosT

The air electrode — a sophisticated technology that requires a three-way catalytic interface
between the gaseous oxygen, the liquid electrolyte, and the solid current collector — has been
difficult and expensive to make. However, the technology is far more stable and less dangerous
than other battery technologies.

COMBUSTION

Zinc corrosion can produce potentially explosive hydrogen. Vent holes prevent pressure buildup
within the cell. Manufacturers caution against hydrogen build-up in enclosed areas. A short-
circuited cell gives relatively low current.

SUITABILITY FOR SOUTH AFRICA

Zinc-air is an emerging technology and is still in the R&D phase. It has very high potential, but it
must first be proven and demonstrated at smaller scales [0240].

A.9 LIQUID METAL BATTERY

An early-phase developmental high-temperature liquid metal battery comprises two liquid metal
electrodes separated by a molten salt electrolyte that self-segregate into three layers based on
density and immiscibility [0369].

TECHNOLOGY

Similar to a conventional battery, a liquid metal battery has two electrodes with an electrolyte
between them. During discharging and recharging, positively charged metallic ions travel from
one electrode to the other through the electrolyte, and electrons make the same trip through an
external circuit. In a liquid metal battery, however, all three layers are liquid. The negative
electrode—the top layer in the battery—is a low-density liquid metal that readily donates
electrons. The positive electrode—the bottom layer—is a high-density liquid metal that readily
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accepts those electrons. The electrolyte—the middle layer—is a molten salt that transfers
charged particles but will not mix with the materials above or below. Because of the differences
in density and the immiscibility of the three materials, they naturally settle into three distinct
layers and remain separate as the battery operates.

R .
— Negative current
Ceramic insulator collector

Load
(Source)

5 @ Positive current collector

Molten metal battery [0304]

This approach provides a number of benefits. Because the components are liquid, the transfer of
electrical charges and chemical constituents within each component and from one to another is
ultrafast, permitting the rapid flow of large currents into and out of the battery. When the battery
discharges, the top layer of molten metal gets thinner and the bottom one gets thicker. When it
charges, the thicknesses reverse. No stresses are involved; the entire system is very pliable and
assumes the shape of the container. While solid electrodes are prone to cracking and other forms
of mechanical failure over time, liquid electrodes do not degrade with use.

When the battery is charged, ions from the top metal that have been deposited into the bottom
layer are returned to the top layer, purifying the electrolyte in the process. All three components
are reconstituted. In addition, because the components naturally self-segregate, membranes or
separators, which are subject to wear, are not necessary. A liquid battery could perform many
charges and discharges without losing capacity or requiring maintenance or service. The self-
segregating nature of the liquid components could also facilitate simpler, less-expensive
manufacturing compared to conventional batteries [0304].

PERFORMANCE

This technology is still in the R&D phase, but Ambri scientists claim to have built more than
2,500 liquid metal battery cells and have achieved thousands of charge-discharge cycles with
negligible reduction in the amount of energy stored.
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A significant advantage to the proposed technology will be the cost. A recent paper written by
Massachusetts Institute of Technology (MIT) scientists concluded liquid metal batteries currently
produced at the laboratory-scale generally have cell electrode materials energy costs of $50/kWh
to $100/kWh and power costs of $50/kW to $400/kW. When allowing for battery balance of
system costs (typically on the order of four times the material costs), liquid metal batteries have
the potential to outperform lead-acid, NaS, NiCd, Li-ion, and various flow cell devices on both a
cost per energy and cost per power basis, all before accounting for unknown economies of scale
[0369].

In addition, due to the unique design of the three-liquid-layer system, which enables rapid
charge—discharge and long life imparted by robust liquid electrodes, continuous operational
lifetimes in excess of 20 years might be possible [0369].

Potential performance for liquid metal battery technology

Parameter Range
Power Rating Currently bench scale
Discharge at Rated Power Minutes — hours
Round Trip Efficiency 80%
Response Time milliseconds
Self Discharge per day almost zero
Power Density —
Energy Density —
Cycle Life 2,700 cycles
Depth of Discharge 100%
System Lifetime 20 years*
Cost, power 200 - 1,600 $/kW*
Cost, energy 200-400 $/kWh*
*Speculative estimates of future performance.

APPLICATIONS

Specific applications for this technology cannot be fully evaluated until the final cost and
performance metrics are understood for commercial product. A liquid battery should be
inexpensive and exhibit a long cycle life without performance degradation. The technology will
be able to respond quickly to charge/discharge and its electrodes can operate at electrical currents
tens of times higher than any previous battery, making it capable of quickly absorbing large
amounts of electricity.

MATURITY

Initial development of a liquid metal battery started in 2006 at MIT in Boston, where initial
success with bench scale prototypes led to more than $11 million from funders including the US
DOE’s ARPA-E program [0304].
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A spinoff from MIT, Ambri was founded in 2011 and is an early-stage company. Ambri is
headquartered in Cambridge, Massachusetts, and recently opened a manufacturing facility in
Marlborough. In 2014, Ambri had hoped to deploy five prototype systems for testing around the
United States in the next year. In September 2015, however, Ambri announced that it had not
met the technology challenges necessary to deliver commercial prototypes and that a reduction in
staff and slowed commercialization path would allow more time to solve the remaining
engineering challenges. Thus liquid metal battery technology is a relatively immature and its
commercial entry may be five or more years away.

CASE STUDY

No case studies are available; this technology is in R&D and early development.

RISKS/BARRIERS

This is a relatively immature technology that requires refinement and improvement to reach
commercial maturity.

BATTERY SEAL

A mechanical seal is necessary to stop air from leaking into each individual cell. An effective,
low-cost seal that can be designed into the final battery manufacturing has not yet been achieved
and 1s necessary to achieve extended multiyear high-temperature battery operation [0303].

HIGH TEMPERATURE

High operating temperatures require the battery to have active heating systems that increase costs
and reduce round trip efficiency. Improvements to liquid metal chemistry are necessary to
increase performance while allowing reduced operating temperatures.

SUITABILITY FOR SOUTH AFRICA

This is a promising technology, but it is still in the R&D phase. When commercially mature in 5
to 10 years, this technology has the potential for application internationally and in South Africa.

A.10 REDOX FLOW BATTERIES

A redox flow battery (RFB) is a rechargeable battery in which the energy is stored in one or
more electrolyte species dissolved into liquid electrolytes. The electrolytes are stored externally
in tanks and pumped through electrochemical cells that convert chemical energy directly into
electrical energy and vice versa, on demand. The power density is defined by the size and design
of the electrochemical cell; the energy density or output depends on the size of the electrolyte
tanks [0241].
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TECHNOLOGY

Flow batteries are reaction stacks separated from one or more of the electrolytes held in external
storage tanks. Either one or both active materials are in solution in the electrolyte at all times.
Flow batteries have unique characteristics in terms of the power (rate at which energy changes)
and energy (volume of energy) they provide. Power (in kW) is a function of the number of cells
that are stacked; energy (kWh) is a function of the electrolyte volume, which is circulated by
pumps. Flow batteries are generally less affected by overcharge or discharge. This means they
can be used without significant degradation of performance. This is even the case when using the
majority of energy capacity (deep discharge) uncommon for most battery types and a distinct
advantage for this type of battery. On the other hand, tanks, piping, and pumps associated with
electrolyte storage and flow add costs and maintenance to the plumbing and pipe work ads to the
cost, and the electrolyte may be prone to leaks and must be contained [242].

Until now, membrane materials have been susceptible to premature degradation and
contamination and/or are expensive. Flow batteries are often used for storing and discharging
long durations of energy supply (typically between 2 and 10 hours). Leading chemistries at the
moment include vanadium redox and zinc bromine redox flow batteries.

Redox flow batteries (RFB) can be divided into two categories. In a true redox flow battery, the
active chemical species used to store energy remain dissolved in solution. This allows for the
separation of power and energy capacity during battery design as the power is determined by the
reaction cell and the energy is determined by the volumes of electrolyte available. Examples of
true RFBs include the vanadium-vanadium and iron-chromium systems.

In a hybrid redox flow battery, at least one chemical specie is deposited as a solid in the
electrochemical cells during charge. This prevents the complete separation of power and energy
characteristics. Examples of hybrid RFBs include the zinc-bromine and zinc-chlorine systems.

Redox flow batteries represent one class of electrochemical energy storage devices. The term
“redox” refers to chemical reduction and oxidation reactions employed in the RFB to store
energy in liquid electrolyte solutions that flow through a battery of electrochemical cells during
charge and discharge.

During discharge, an electron is released via an oxidation reaction from a high chemical potential
state on the negative or anode side of the battery. The electron moves through an external circuit
to do useful work. Finally, the electron is accepted via a reduction reaction at a lower chemical
potential state on the positive or cathode side of the battery. The direction of the current and the
chemical reactions are reversed during charging.

The total difference in chemical potential between the chemical states of the active elements on
the two sides of the battery determines the electromotive force (emf or voltage) generated in each
cell of the battery. The voltage developed by the RFB is specific to the chemical species
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involved in the reactions and the number of cells that are connected in series. The current
generated by the battery is determined by the number of atoms or molecules of the active
chemical species that are reacted within the cells as a function of time. The power delivered by
the RFB is the product of the total current and total voltage developed in the electrochemical
cells. The amount of energy stored in the RFB is determined by the total amount of active
chemical species available in the volume of electrolyte solution present in the system.

Electrode Semi-permeable
membrane

<

Electrolyte Tank

Schematic for typical of flow battery [0245]

The separation of power and energy also provides design flexibility in the application of RFBs.
The power capability (stack size) can be directly tailored to the associated load or generating
asset. The storage capability (size of storage tanks) can be independently tailored to the energy
storage need of the specific application. In this way, RFBs can economically provide an
optimized storage system for each application. In contrast, the ratio of power to energy is fixed
for integrated cells at the time of design and manufacture of the cells. Economies of scale in cell
production limit the practical number of different cell designs that are available. Hence, storage
applications with integrated cells will usually have an excess of power or energy capability.

An additional advantage of flow batteries is that flow can easily be stopped during a fault
condition. As a result, system vulnerability to uncontrolled energy release in the case of RFBs is
limited by system architecture to a few percent of the total energy stored. This feature is in
contrast with packaged, integrated cell storage architectures (lead-acid, NaS, Li-ion) in which the
full energy of the system is connected at all times and available for discharge.

One of the primary barriers to the deployment of flow battery systems has been the reluctance of
the utilities to allow the interconnection of untried/unproven storage devices on the utility grid.
Much of this reluctance is based on the early failures of flow battery systems that were
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introduced before they were fully ready to perform a successful demonstration. The rush to bring
poorly designed and untried flow battery systems to market has contributed heavily to this
reluctance. Another barrier to the wide deployment of flow battery systems is the issue of
bringing large quantities of potentially dangerous liquid electrolytes to locations that could
expose the public to these chemicals in the event of a spill. The public perception of the danger
in having bromine chemicals nearby is somewhat widespread. This “not-in-my-backyard” issue
has been a major obstacle in the deployment of large flow battery systems [0373].

A.11 VANADIUM REDOX FLOW BATTERY (VRFB)

TECHNOLOGY

The vanadium redox flow battery (VRFB) is based on redox reactions of different ionic forms of
vanadium. During battery charge, V3+ ions are converted to V2+ ions at the negative electrode
through the acceptance of electrons. Meanwhile, at the positive electrode, V4+ ions are
converted to V5+ ions through the release of electrons. Both of these reactions absorb the
electrical energy put into the system and store it chemically. During discharge, the reactions run
in the opposite direction, resulting in the release of the chemical energy as electrical energy
[0235].

Diischargs
— = .
Positive electrode: 7+ VF* +a

Charge

Megative electrode: | V¥ +e
Charge

VRFB cell electrochemistry [0242]

As a true RFB, the active chemical species (vanadium) are fully dissolved at all times in
electrolyte solutions and the power and energy ratings of a VRFB are independent of each other
and each may be optimized separately for a specific application.

ELECTROLYTE

Both electrolytes in the VRFB are composed of vanadium ions in an aqueous sulfuric acid
solution at very low pH. The acidity of the sulfuric acid is comparable to that of the electrolyte
found in lead-acid batteries, with a pH of between 0.1 and 0.5 [0242]. The acidity of the
electrolyte serves two purposes in the battery: to increase the ionic conductivity of the
electrolyte, and to provide hydrogen ions to the reaction at the positive electrode. In 2011,
Pacific Northwest National Laboratory (PNNL) patented a new electrolyte formulation that
contains a mixture of hydrochloric and sulfuric acid. PNNL discovered that this increased the
batteries’ energy storage capacity by 70% and allowed the battery to work in both colder and
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warmer temperatures, between —5° and +50°C, greatly reducing the need for costly cooling
systems [249].

ELECTRODES

The electrodes used in VRFB are composed of high-surface area carbon materials. These
materials operate across a wide range of voltage potentials with minimal hydrogen and oxygen
evolution, are chemically stable with respect to the acidic electrolytes at both the anode and
cathode of a cell, and are available at reasonable costs. Carbon materials have a very wide range
of characteristics depending on the methods of manufacturing and preparation.

MEMBRANE

The two half-cells in each cell are separated by a proton exchange membrane (PEM). The
membrane physically separates the two vanadium-based electrolyte solutions, preventing self
discharge while allowing for the flow of ions to complete the circuit. Several membranes can be
used in vanadium redox batteries.

CELL STACKS

In practice, vanadium redox batteries are constructed by stacking several cells together in series
to form a battery stack. Electrodes are placed on either side of a bipolar plate, which separates
each cell from the next cell. The bipolar plate acts as the current conducting mechanism between
the negative electrode of one cell and the positive electrode of the next. The positive electrode of
the most positive cell in the stack and the negative electrode of the cell at the other end of the
stack form the positive and negative ends of the battery, and are connected to the power
conditioning system. The cells in the battery are electrically connected in series, but in most
designs the electrolyte flows through the cells in parallel. The number of cells used in the
complete battery depends on the desired voltage level of the final battery.

ELECTROLYTE TANKS

The vanadium electrolytes are stored in separate large electrolyte tanks outside the cell stack.
The tanks must be composed of materials that are resistant to corrosion in the very low pH
environment. In the past, off-the-shelf plastic or fiberglass tanks, such as those used to store
gasoline, have been used to store electrolyte.

PUMPS, PIPING, AND AUXILIARY

Pumps, valves, pipes, and other piping components must be corrosion resistant and stable in low
pH environments. For this reason, pumps using plastic impellers are used in most installations.

Similarly, valves must be rated for low pH environments. For piping, most developers use
standard polyvinyl chloride (PVC) piping, which is inexpensive and readily available. Laying out
pipe can be a labor intensive process, however. At least one major developer has made an effort
to cut down on the amount of piping used, using prefabricated piping wherever possible and
minimizing placement of valves.
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PERFORMANCE
Typical Performance for Vanadium REDOX Battery Technology
Parameter Range

Power Rating Fully scalable

Discharge at Rated Power 4 —12 hours

Round Trip Efficiency 60% - 85%

Response Time milliseconds

Self Discharge per day Small

Power Density <2 kWm3

Energy Density 16 — 35 kWhm3

Cycle Life >20,000 cycles

Depth of Discharge 100%

System Lifetime 10 - 20 years

Cost, power 500 - 1,500 $/kW

Cost, energy 150 - 1,000 $/kWh
APPLICATIONS

Due to its relative mechanical complexity and economies of scale, the vanadium redox battery is
most suited for utility-scale power systems in the 100-kW to 10-MW size range in applications
having low power/energy ratios (long discharge durations). Transmission and distribution
applications with these characteristics include load shifting (peak shaving), renewables time
shifting, fluctuation suppression, forecast hedging, mitigating transmission curtailment, spinning
reserve, power quality (especially long duration), voltage support, and frequency excursion
suppression [0239].

CONSTRUCTION AND INSTALLATION

Newer systems being produced are based on standardized design of modular or containerized
construction. Both approaches reduce shipping and installations costs.

OPERATION AND MAINTENANCE

The normal operating temperature of a VRB ranges from about 10° to 40°C. Active cooling
subsystems are employed if ambient temperatures exceed 40° to 45°C.

For new installations, monthly visual inspections of piping and tanks are required, with detailed
inspection at 6-month intervals. Pumps and HVAC systems require inspection every 6 months.
Pump bearings and seals may require replacement at 5-year intervals. Electronic parts such as
boards, sensors, relays, and fuses, may require replacement as necessary.

Without extended field experience, the system maintenance requirements have not been
thoroughly established. However, a typical system has only two moving parts — pumps on the
positive and negative sides. Thus, maintenance costs are relatively low. Further, the VRB system
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operates at atmospheric pressure and the temperature never exceeds 40°C. Primary maintenance
items are annual inspections and replacement of pump bearings and impeller seals at intervals of
about every 5 years. As necessary, smaller parts, such as electronic boards, sensors, relays, and
fuses are replaced [0242].

DECOMMISSIONING AND DISPOSAL

The cell stack is generally environmentally benign. The only material in the stack that might be
considered toxic is the ion exchange membrane, which is composed of highly acidic (or alkaline)
material. During decommissioning, users can dispose of the membranes using the same
processes used to handle highly corrosive substances. In fact, membranes are somewhat simpler
to handle because they are solid and do not require containment.

In considering vanadium electrolyte toxicity, it should be noted that the electrolyte does not
require change over the lifetime of the battery because it does not degrade or otherwise require
replacement. At the end of life for the battery system, the electrolyte will almost certainly be
recycled to recover its valuable vanadium content. For these reasons, electrolyte disposal is not
likely to be a significant obstacle to the adoption of VRFBs.

MATURITY

The VRFB is the most technically mature of the flow-type battery chemistries. The first
operational VRFB was successfully demonstrated in the late 1980s, and early commercial
systems were deployed by SEI in the early 2000s. Several manufacturers (Vionx, and UniEnergy
Technologies [UET]) are employing advanced designs are at an early stage of field deployment
for larger scale systems (500 kW to 1 MW with 6 hours of storage).

CASE STUDY

One of the longest operating VRB facilities is the Castle Valley, Utah facility. Built by VRB
Power Systems, it was sized to provide 250 kW for 8 hours. The battery system was
commissioned in November 2003, operational in May 2004, and decommissioned in March
2008. The system successfully demonstrated both peak shaving and voltage support functions
[0365].
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UET’s Uni.System: 500 kWac and 4- to 12-hour discharge (up to 6 MWhac) (courtesy UET)

A 1-MW/3.2-MWh UniEnergy Technologies (UET) vanadium flow battery was installed in
Pullman, Washington, at Washington State University in June 2015 to support WSU’s smart
campus operations. The system will be used for load shifting, frequency regulation, and
conservation voltage regulation [0365].

RISKS/BARRIERS

The VRFB presents several challenges that have been adequately addressed by experienced
manufacturers.

MEMBRANE PERFORMANCE

The VRFB offers a relatively high cell voltage, which is favorable for higher power and energy
density; however, the higher voltage and highly oxidative V>* electrolyte puts more chemical
stress on the materials used in the cell electrodes, membranes, and fluid handling components.
Cross-transport of vanadium ions across the membrane is also reported as a challenge, and
expensive ion-exchange membranes must be used to minimize losses due to cross-membrane
transport. These membranes can be vulnerable to fouling, wherein vanadium ions become
irreversibly trapped in the membrane and increase resistive losses in the cell. On the other hand,
lower cost membranes are under development and will soon be available for use.

ELECTROLYTE COST

Vanadium is a readily available material, used in steel manufacturing and as a chemical catalyst,
which is found naturally and can also be recovered from various waste streams. Although
somewhat volatile, the market price of vanadium as V205 has generally fallen over the past

5 years from a recent high of around $7.50/Ib in November 2009 to under $5.00/1b in April 2015
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due to Chinese overproduction, although the price is predicted to increase to about $6.00/1b over
the next few years [0371].

RELIABILITY

For the VRFB to be successful, it must demonstrate a level of reliability that is comparable to
substation transformers and other T&D equipment. Given that the VRFB incorporates equipment
(e.g., pumps and power electronics) for which there is little or no experience with failure modes
and effects in the substation environment, this may be difficult to verify in the near term.
Extended field experience will be required to validate the reliability of the newer system designs.

SUITABILITY FOR SOUTH AFRICA

VREFB represents a mature and well understood energy storage technology that is well suited for
energy intensive energy storage applications. Advanced vanadium flow battery designs with
higher energy capacity and wide operating temperature ranges are expected to further improve
cost and performance. The relative ease of vanadium electrolyte production and the availability
of vanadium in South Africa further enhances the attractiveness of this specific flow technology.

A.12 IRON-CHROMIUM FLOW BATTERIES

The iron-chromium (Fe-Cr) flow battery is a redox flow battery (RFB). The active chemical
species are fully dissolved in the aqueous electrolyte at all times. Like other true RFBs, the
power and energy ratings of the Fe-Cr system are independent of each other, and each may be
optimized separately for each application [0310].

TECHNOLOGY

During the discharge cycle, Cr** is oxidized to Cr’" in the negative half-cell and an electron is
released to do work in the external circuit through the negative and positive terminals of the
AC/DC converter. In the positive half-cell during discharge, Fe** accepts an electron from the
external circuit and is reduced to Fe?". These reactions are reversed during charge, when current
is supplied from the external circuit through the AC/DC converter. Hydrogen (H") ions are
exchanged between the two half-cells to maintain charge neutrality as electrons leave one side of
the cell and return to the other side. The hydrogen ions diffuse through the separator, which
electronically separates the half cells. In early implementations of the Fe-Cr RFB, diffusion of
the iron and chrome ions across the separator created an imbalance between the positive and
negative electrolytes, resulting in an irreversible system capacity loss. Modern electrolyte
formulations using mixed iron and chromium on both sides of the separator have eliminated the
irreversible loss and have enabled the use of low-cost, porous separator materials. These porous
separators have also eliminated the “membrane fouling” failure mode that occurs with ion
exchange membranes used in early Fe-Cr and some other current RFB technologies [0310].
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Discharging: Fe* + e < Fe?(reduction)

Cr¥ & Cr¥* + e (oxidation)

Charging; Fe** & Fe* + e (oxidation)

Ci¥ + e = Cr¥ (reduction)

Fe-Cr cell electrochemistry [366]

PERFORMANCE

The standard cell voltage is 1.18 V and cell power densities are typically 70 to 100 mW/cm?. The
comparatively low cell voltage results in a low energy density, but developers can still meet the
EPRI footprint target of 500 ft*> per MWh of storage. The DC/DC efficiency of this battery has
been reported in the range of 70% to 80%.

One notable attribute that system performance is enhanced at higher operating temperatures in
the range of 40° to 60°C (105° to 140°F), which makes Fe-Cr RFB very suitable for warm
climates and practical in all climates where electrochemical energy storage is feasible.

Typical Performance for Iron-Chromium Battery Technology

Parameter Range
Power Rating Fully scalable
Discharge at Rated Power generally > 4 hours
Round Trip Efficiency 70% - 80 %
Response Time milliseconds
Self Discharge per day Small % per day
Power Density** kWm3
Energy Density** kWhm3
Cycle Life* cycles
Depth of Discharge 100%
System Lifetime 10 - 20 years
Cost, power 1,200 - 1,900 $/kW
Cost, energy 300 - 400 $/kWh
**Not reported but similar to other flow battery technologies.

APPLICATIONS

Iron-chromium flow batteries like other flow batteries are suited for longer duration, energy-
intensive applications.
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MATURITY

Fe-Cr flow batteries were pioneered and studied extensively by NASA in the 1970s—1980s and
by Mitsui in Japan. Fe-Cr flow batteries have been used successfully for telecom backup at the
5-kW — 3-hour scale. For utility scale applications however, this technology is still considered to
be in the R&D demonstration phase.

CASE STUDY

ENERVAULT TURLOCK

EnerVault’s 250-kW/1-MWh (4-hour) Fe-Cr RFB system was used to reduce demand use
charge. The system was operated in combination with a 150-kW PV system to power a large
260-kW irrigation pump. The project was funded under a DOE ARRA Storage Demonstration
grant. Located in Denair, California, the project was commissioned in May 2014 and operational
for approximately 1 year [0365].

RISKS/BARRIERS

HYDROGEN EVOLUTION

The standard potential of the Cr*" — Cr** couple is near the hydrogen evolution potential. Care
must be taken in the design of Fe-Cr RFBs to minimize parasitic side reactions and then to
reverse the associated capacity loss and electrolyte imbalance. Current developers of Fe-Cr RFBs
appear to have mitigated this side reaction and implemented effective rebalancing subsystems
with minimal system efficiency loss [0310].

SUITABILITY FOR SOUTH AFRICA

Like other flow batteries, Fe-Cr RFB systems have good potential for longer duration, energy-

EnerVault 250kW/1MWh Iron-Chromium Flow Battery System
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intensive grid applications; however, Fe-Cr has not advanced significantly since R&D efforts
and an initial demonstration 2014. In the near future, the flow battery market globally and in
South Africa will likely be dominated by VRFB or Zn-Br technologies that are currently being
deployed by multiple companies.

A.13 ZINC-BROMINE (ZN-BR) FLOW BATTERIES

Zinc-bromine is a type of RFB that uses zinc and bromine in solution to store energy as charged
ions in tanks of electrolytes. The Zn-Br battery is charged and discharged in a reversible process
as the electrolytes are pumped through a reactor vessel [0240].

TECHNOLOGY

The Zn-Br flow batteries are the most developed example of hybrid RFBs. A Zn-Br battery
consists of a zinc negative electrode and bromide positive electrode. An aqueous solution of zinc
bromide is circulated through the two compartments of the cell from two separate reservoirs.
During charge, zinc metal is plated as a thick film on the anode side of the electrode. Meanwhile,
bromide ions are oxidized to bromine on the other side of the electrode. During discharge, the
zinc metal (plated on the anode during charge) releases two electrons and dissolves into the
aqueous electrolyte. These two electrons return to the cathode and reduce bromine molecules to
bromide ions [0245].

Discharge
Positive: Bry(aq) + 2¢ 2Br'(aq)

Charge

Discharge
Negative: Zn Zn*"(aq) + 2¢°

Charge

Zn-Br cell electrochemistry [0242]

ELECTRODES

The cell electrodes are generally composed of carbon plastic and are designed to be bipolar. Thus
a given electrode serves both as the cathode for one cell and the anode for the next cell in series.
Carbon plastic must be used because of the highly corrosive nature of bromine. The positive
electrode surface is coated with a high-surface-area carbon to increase surface area [235].

ELECTROLYTE

The two electrolytes (anolyte and catholyte) will have the same zinc and bromine ion
concentrations at any given time during the charge/discharge cycle and differ only in the
concentration of elemental bromine. Because of the limited solubility of elemental bromine, the
catholyte will contain organic amine, which reacts with the bromine to form dense, viscous
bromine-adduct oil that tends to settle to the bottom of the catholyte tank. Adequate mixing of
the catholyte solution is therefore necessary to enable discharge [0235].
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SEPARATOR

A membrane provides a porous separator between the electrolyte streams in the cells. This
membrane can be either selective or non-selective. A selective membrane allows the passage of
zinc and bromine ions while preventing the transfer of elemental bromine. Selective membranes,
however, can be more costly and less durable so nonselective membranes are generally used.
Nonselective micro-porous membranes allow the passage of elemental bromine however, the
flow of the catholyte sweeps the bromine (in the form of polybromine) from the positive
electrode quickly, freeing up the surface area for further reaction. It also allows the polybromine
to be stored in a separate tank to minimize self-discharge.

PACKAGING

Zn-Br flow batteries are generally constructed as module ranging from 5 kW to 1,000 kW, with

Zinc-bromine flow battery cell configuration [0245]

variable energy storage duration from 2 to 6 hours, depending on the service requirements and
need.

PERFORMANCE

The Zn-Br redox battery offers one of the highest cell voltages and releases two electrons per
atom of zinc. These attributes combine to offer the highest energy density among flow batteries.
The zinc-bromine cell has a nominal voltage of 1.8 V.

Self-discharge arises largely from bromine crossover to the anode side. Testing has shown the
effect to be about 1% per hour on a watt-hour basis. Self discharge can be minimized by stopping
electrolyte circulation during stand periods, limiting the degree of crossover to bromine that is in
the cell when circulation ceases [0242].

Typical Performance for Zinc-Bromine Battery Technology

| Parameter \ Range
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Power Rating Fully scalable
Discharge at Rated Power 4 - 12 hours
Round Trip Efficiency 65% - 80%
Response Time milliseconds
Self Discharge per day Small
Power Density <25 kWm3
Energy Density 30 — 65 kWhm?
Cycle Life 10,000-15,000cycles
Depth of Discharge 100%
System Lifetime 10 - 20 years
Cost, power 600 - 2,500 $/kW
Cost, energy 150 — 1,000 $/kWh

APPLICATIONS

Zn-Br flow batteries exhibit the dual advantages of low cost and high energy density and are best
suited for applications requiring high energy density (such as load shifting), as opposed to high
power density.

CONSTRUCTION AND INSTALLATION

Integrated Zn/Br ESSs have been tested on transportable trailers (up to 1 MW/3 MWh) for
utility-scale applications. Multiple systems of this size could be connected in parallel for use in
much larger applications. Smaller Zn-Br systems are also being supplied at the 5-kW/20-kWh
community energy storage (CES) scale and are now being tested by utilities, primarily in
Australia.

OPERATION AND MAINTENANCE

Zn-Br flow battery operations are typically fully automated. Maintenance is similar to any piece
of mechanical/process equipment. Most systems require scheduled conditioning for morphology
control and dendrite removal (stripping) about once a week. Annual preventive maintenance,
testing, and reconditioning of electrolytes may be required approximately every 5 years.

DECOMMISSIONING AND DISPOSAL

Bromine is a toxic material and should be recovered in the event of a spill or if the unit is
decommissioned. Zinc-bromine is corrosive and should be handled appropriately. Zinc is
considered a transition-metal contaminant in some locales and thus should be properly recovered
when the unit is decommissioned.

MATURITY

Although initially patented in 1885, the zinc-bromine flow battery was not developed as a hybrid
flow battery system until the early 1970s. Since 2009, small projects comprising 5-kW/2-hour
systems have been deployed in rural Australia as an alternative to installing new power lines.
Larger scale Zn-Br flow batteries are generally in an early stage of field deployment and
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demonstration trials, although several companies (e.g., Redflow, Primus Power, and EnSync) are
introducing commercial products.

CASE STUDY

A Primus 250-kW/1-MWh EnergyPod Zn-Br flow battery was installed at Marine Corps Air
Station Miramar in May 2015 and is integrated with an existing 230-kW PV system. The
combined microgrid system will demonstrate several capabilities, including reducing the peak
electrical demand typically experienced in weekday afternoons and providing power to critical
military systems when grid power is not available.

The National Grid Distributed Energy Storage Systems Demonstration will use two 500-kW / 6
hour Zn-Br energy storage systemESSs manufactured by Vionx to lower peak energy demand
and reduce the costs of power interruptions. One ESS will be installed next to a 605-kW PV
array in Everett, Massachusetts. A second ESS will be installed next to a 600-kW wind turbine
on a customer site in Worcester, Massachusetts. These systems are schedule to be operational in
2016 and are intended to demonstrate competitively priced, grid-scale, long-duration advanced
flow batteries for utility grid applications [0365].

Concept for Primus Power 1.5-MW / 7.5-MWh EnergyPod system (courtesy Primus)

RISKS/BARRIERS

Historically, Zn-Br flow battery technology has faced several challenges; however, several
companies are introducing commercial products that appear to address these issues.

CORROSIVE

The relatively high cell voltage and the highly corrosive nature of elemental bromine in the
electrolyte produce a harsh chemical environment; therefore, higher cost cell electrodes,
membranes, and fluid handling components are necessary to withstand the tough operating
conditions. In general, the life of a Zn-Br system is limited not by the number of operating cycles
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or the cycle duty, but by the number of hours that the storage system has been in operation. The
expected lifetime of Zn-Br is about 6,000 hours, which is approximately equivalent to 2,000
cycles at continuous operation and 100 percent depth of discharge [0239]. Manufacturers
indicate that improved materials and designs have resulted in extended lives for newer products.

DENDRITE FORMATION

An important factor affecting efficiency is the uneven buildup of zinc across electrodes and cells
during charging. To remedy this problem, the battery is fully discharged, a process called
stripping, which dissolves all zinc in the electrolyte before it is redeposited during charging. This
must be done every 5 to 10 charge-discharge cycles [0239].

Toxicity

Bromine is a highly toxic material through inhalation and absorption; as a result, the possibility
of a hazardous environmental event or personnel exposure must be addressed through adequate
design features and operational practices. Maintaining a stable amine complex with the bromine
is key to system safety. Active cooling systems are provided by system manufacturers to
maintain stability of the bromine-amine complex if ambient temperatures exceed 95°F.

SCALE-UP

Manufacturers have experienced difficulty in 10-kW to 25-kW modules up to the two-tank/two-
pump systems in the range 500 kW to 1 MW. Zn-Br scale-up has generally been combining
many smaller modules, which leads to systems with a multitude of pumps and tanks at the
megawatt system scale. This approach somewhat defeats the economy of scale produced by flow
batteries.

RELIABILITY

Although smaller Zn-Br flow batteries have been in service for up to 6 years, several larger
systems are coming on the market for which long-term reliability and performance have yet to be
fully evaluated.

SUITABILITY FOR SOUTH AFRICA

Zn-Br flow batteries offer an economical, low-vulnerability means for grid scale electrical
energy storage. These batteries also offer greater flexibility to independently tailor power rating
and energy rating for a given application than other electrochemical means for storing electrical
energy. Zn-Br flow batteries are suitable for energy storage applications with power ratings from
kilowatts up to multiple megawatts and are most efficient for storage durations of 4 to 12 hours.
This technology shows strong potential for energy storage application in South Africa.
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A.14 FUEL CELLS

Fuel cells are similar to flow cells. Most fuels cells are fuel-to-power applications with no

“charge cycle” that re-creates the fuel state. However, several regenerative fuel cell technologies

could provide a power-to-power application.

TECHNOLOGY

A fuel cell converts the chemical energy from a fuel into electricity through a chemical reaction

of positively charged hydrogen ions with oxygen or another oxidizing agent. Fuel cells differ

from batteries in that they require a continuous source of fuel and oxygen or air to sustain the
chemical reaction, whereas in a battery the chemicals present in the battery react with each other
to generate an electromotive force (emf). Similar to flow batteries, fuel cells can produce
electricity continuously for as long as these inputs are supplied.

Many types of fuel cells are available, but
they all consist of an anode, a cathode, and
an electrolyte that allows positively
charged hydrogen ions (or protons) to
move between the two sides of the fuel
cell. The anode and cathode contain
catalysts that cause the fuel to undergo
oxidation reactions that generate
positively charged hydrogen ions and
electrons. The hydrogen ions are drawn
through the electrolyte after the reaction.
At the same time, electrons are drawn
from the anode to the cathode through an
external circuit, producing direct current
electricity. At the cathode, hydrogen ions,
electrons, and oxygen react to form water.

Electron ; -
Flow A\
T Load
- l
Hydrogen (@] ©T | @
(o]
%% | 5
aimnai : o o - ®
®lo o @ Hydrogen @
o BB lons B
%
0 . _)
[ (]
Anode Electrolyte

Simplified schematic for alkaline and PEM fuel cell

[0356]

Anode: The negative post of the fuel cell conducts the electrons that are freed from the hydrogen
molecules so that they can be used in an external circuit. It has channels etched into it that

disperse the hydrogen gas equally over the surface of the catalyst.

Cathode: The positive post of the fuel cell has channels etched into it that distribute the oxygen
to the surface of the catalyst. It also conducts the electrons back from the external circuit to the
catalyst, where they can recombine with the hydrogen ions and oxygen to form water.

Electrolyte: A proton exchange membrane. This specially treated material, which looks
something like ordinary kitchen plastic wrap, only conducts positively charged ions. The
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membrane blocks electrons. For a proton exchange membrane fuel cell (PEMFC), the membrane
must be hydrated in order to function and remain stable.

Catalyst: In a PEM fuel cell, hydrogen is oxidized at the anode and electrocatalyzed by platinum
or platinum alloys; at the cathode, oxygen is reduced, again with platinum or platinum alloys as
electrocatalysts a special material that facilitates the reaction of oxygen and hydrogen. It is
usually made of platinum nanoparticles very thinly coated onto carbon paper or cloth. The
catalyst is rough and porous so that the maximum surface area of the platinum can be exposed to
the hydrogen or oxygen. The platinum-coated side of the catalyst faces the proton exchange
membrane (PEM).

Reaction Stack: A single fuel cell generates a tiny amount of direct current. In practice, many
fuel cells are usually assembled into a stack.

Electrolyser: Electrolysis cells are characterized by their electrolyte type. Two types of low
temperature electrolysis are commercially available: alkaline and proton exchange membrane
(PEM).

A PEM electrolyser uses an ionically conductive solid polymer. When potential difference
(voltage) is applied between the two electrodes, negatively charged oxygen in the water
molecules give up their electron at the anode to make protons, electrons, and O: at the anode.
The H+ ions travel through the proton-conducting polymer toward the cathode, where they take
up an electron and become neutral H atoms that combine to make Ho at the cathode. The
electrolyte and two electrodes are sandwiched between two bipolar plates. The role of bipolar
plate is to transport water to the plates, transport product gases away from the cell, conduct
electricity, and circulate a coolant fluid to cool down the process [0359].
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Schematic of PEM electrolyser [0360]
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As with fuel cells, many electrolyser single cells may be connected in series to make the core
component of an electrolyser system, the cell stack, in which both hydrogen and oxygen are
produced.

Most basically, a PEMB fuel cell could be part of a power-to-power application if paired with an
electrolyser system to generate hydrogen and oxygen through the electrolysis of water. Two sets
of reaction stacks (fuel cell and electrolysis) are required due to the different operating
conditions and optimized design.
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Concept for a hydrogen renewable energy system [0241]

South Africa’s National Hydrogen and Fuel Cell Technologies Research, Development and
Innovation strategy, branded as Hydrogen South Africa (HySA) was formed in 2008 and
includes three Centers of Competence (CoC) [0357]:

» HySA Systems: CoC on hydrogen systems integration and technology validation, hosted by
the University of the Western Cape.

» HySA Catalysis: CoC on hydrogen catalysis, co-hosted by the University of Cape Town and
MINTEK.

» HySA Infrastructure: CoC on hydrogen generation, storage and distribution, co-hosted by the
North West University and the Council for Scientific and Industrial Research (CSIR).

These centers are working on three potential products:

P A portable power source for use as a back-up power source as a quieter and cleaner
alternative to generators.

» A combined heat and power (CHP) source based on fuel cells, to supply decentralized power
and heating for buildings and industries.
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» Fuel cell powered vehicles that could provide an alternative to hybrid and pure electric
vehicles.

UNITIZED REGENERATIVE FUEL CELL

As an ESS, the unitized regenerative fuel cell (URFC) system “charges” and “discharges” like a
rechargeable battery. While charging, the URFC operates the electrolysis process, which splits
water into hydrogen and oxygen. While discharging, the URFC operates the fuel cell process,
which combines hydrogen and oxygen and produces electricity [0358].

The gases produced during electrolysis are expelled from the cell stack by the production of still
more gas inside the cell stack. The continued production of gases by the cell stack pushes the
gases into the reactant storage tanks, gradually pumping the gases to higher and higher pressure
where they are stored. In addition to the oxygen and hydrogen, a certain level of water vapor also
accompanies these gases when they are expelled from the cell stack.

AT U A N R A
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Concept for unitized regenerative fuel cell [0358]

The URFC system is generally based on the hydrogen PEMFC. Both the fuel cell and
electrolyser stacks can be said to consist of the same major parts: membrane, catalyst, bipolar
plates, and end plates. The objective is to use bifunctional electrodes that can switch roles during
charge and discharge without losing efficiency (similar to a rechargeable battery).

PERFORMANCE

Because the main difference among fuel cell types is the electrolyte, fuel cells are classified by
the type of electrolyte they use and by the difference in startup time ranging from 1 second for
proton exchange membrane fuel cells (PEM fuel cells, or PEMFC) to 10 minutes for solid oxide
fuel cells (SOFC). Individual fuel cells produce relatively small electrical potentials, about 0.7 V,
so cells are “stacked,” or placed in series, to create sufficient voltage to meet an application’s
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requirements. In addition to electricity, fuel cells produce water, heat and (depending on the fuel
source) very small amounts of nitrogen dioxide and other emissions. The energy efficiency of a
fuel cell is generally between 40% and 60%, or up to 85% efficient in cogeneration if waste heat
is captured for use. Because this study is concerned with power-to-power applications, the fuel
cell technologies of interest are those that can be reversed to regenerate the fuel during a charge
cycle that was consumed during discharge. Although any fuel cell can theoretically be reversed,
a limited number cell designs can be operated efficiently in both directions.
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Parameter Range
Power Rating Multi-MW
Discharge at Rated Power hours — days
Discharge Efficiency 40% - 60%
Response Time milliseconds
Self Discharge per day almost zero
Power Density 500 — 3000 kWm3
Energy Density 500+ kWhm3
Cycle Life 20,000 cycles
Depth of Discharge 100%
System Lifetime 5-15years
Cost, power 10,000+ $/kW
APPLICATIONS

A cost-efficient regenerative fuel cell (power to power) system is unlikely to be commercially
available within the next 5 to 10 years. A number of electrolysis systems generate and store
hydrogen for shipment or injection into the local natural gas grid. Numerous fuel cells systems
are available that can be used for enhanced power reliability and black start capability. These are
especially applicable for remote locations and the protection of critical loads such as data
centers.

A utility scale Ha electrolysis/fuel cell system would have to store large quantities of high-
pressure hydrogen. This creates some significant safety requirements that might restrict
deployment locations.

CASE STUDY

Grapzow Power to Gas System. A 1 MW electrolysis system from Hydrogenics is co-located
with a 140-MW wind farm in Germany. The unit produces 210 nm? of H, per hour. The owners
have the option to use the hydrogen in an internal combustion engine to produce electricity or
inject it directly into the local natural gas grid depending on operational needs. The hydrogen
compression and storage system stores up to 27 MWh of energy and dramatically increases the
overall efficiency of the wind park by tapping into wind energy that would otherwise be wasted.
System has been in operation since 2013 [0365]. The storage project is funded by the Germany
Federal Government with funds from the National Innovation Programme for Hydrogen and Fuel
Cell Technology.

Energiepark Mainz. The world’s first multi-megawatt PEM electrolysis-based power-to-gas
(hydrogen storage) project can produce about 6 MW of peak capacity and 4 MW continuous
capacity. The produced hydrogen is compressed by an ionic compressor, stored on site, filled in

PARSONS A-54

PEI/640368/Objective 2, Task 2.1 Deliverable — Final - Public



South Africa Energy Storage Technology and Market Assessment Objective 2, Task 2.1 Deliverable

TDA-IE201511210, 2015-11032A Technology Assessment

trailers, and injected into the natural gas grid. The project is located in Mainz, Germany, and
started operation in 2015 [0365]. This is a power-to-gas project.

RISKS/BARRIERS

CoST AND ROUND TRIP EFFICIENCY

The greatest barrier to a power-to-power system is the high cost of the equipment combined with
the very low round trip efficiencies at which such a power-to-power system could currently
operate.

WATER MANAGEMENT

The greatest challenge for a URFC is the management of liquid water. Water formed in the
cathode chamber during the fuel cell mode must be circulated out of the system, but at the same
time must allow water to be fed back into the electrode chamber to perform electrolysis during
the regenerative mode.

Some research has been conducted related to a URFC that avoids the liquid phase altogether. In
this system, a hydrogen gas tank, oxygen tank, and water reservoir are connected to the URFC
stack. The design is simplified by incorporating static feeds of water, oxygen, and hydrogen in
their vapor phases by operating under a vacuum and using the storage tanks as heat sinks and
sources.

SUITABILITY FOR SOUTH AFRICA

Power-to-power hydrogen storage technology is not sufficiently mature or economical to be a
viable power-to-power technology. The catalyst in hydrogen fuel cells is typically platinum,
which is a significant natural resource in South Africa. There are many applications for
independent fuel cell and electrolyser systems in South Africa and globally.

A.15 FLYWHEELS

Flywheel energy storage systems (FESS) store energy in the form of the angular momentum of a
spinning mass, called a rotor. The work performed to spin the mass is stored in the form of
kinetic energy. A flywheel system converts kinetic energy to AC power through the use of
controls and power conversion systems [0235]. Electric energy input accelerates the mass to
speed via an integrated motor-generator. The energy is discharged by drawing down the kinetic
energy using the same motor-generator.

TECHNOLOGY

The amount of energy that can be stored is proportional to the object’s moment of inertia times
the square of its angular velocity. Flywheels are characterized as having low-speed or high-speed
rotors. Although these categories are somewhat arbitrary, and some designs do not fit neatly into
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one category or the other, they are useful to draw some general distinctions. Both types of rotors
have advantages and disadvantages, and the two find uses in different applications [0242].

Low-speed flywheels typically have steel rotors and conventional mechanical bearings. Higher
speed flywheels may have a composite carbon or fiberglass rotor and more often have magnetic
bearing to reduce friction and allow for higher rotational speeds. High speed flywheels may also
operate in an evacuated container where the vacuum further reduces friction. The flywheel is
connected to a motor-generator that interacts with the utility grid through advanced power
electronics.

Most flywheel systems include a containment or enclosure for safety and increased performance.
The containment is usually a thick steel vessel surrounding the rotor, motor-generator, and other
rotational components of the flywheel. The containment is intended to stop or slow parts and
fragments should the rotational components fail catastrophically, preventing personnel injury and
damage to surrounding equipment.

Vacuum Chamber —

Composite Rim
Radial bearing

HUb%

Magnetic Lift System

Motor/Generator

Radial bearing

Cross section of 100-kW Beacon flywheel (courtesy Beacon Power)

PERFORMANCE

Advanced FESSs have several advantages over chemical energy storage. They have high energy
density and substantial durability that allows them to be cycled frequently with no impact to
performance. They also have very fast response and ramp rates. In fact, they can go from full
discharge to full charge within a few seconds. FESSs are increasingly important to high-power,
relatively low-energy applications. They are especially attractive for applications requiring
frequent cycling given that they incur limited life reduction if used extensively (i.e., they can
undergo many partial and full charge-discharge cycles with trivial wear per cycle).
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Today’s flywheel systems are shorter energy duration systems and are not generally attractive for
large-scale grid support services that require many kilowatt-hours or megawatt-hours of energy
storage. They have a very fast response time (4 ms or less), can be sized between 100 and 1,650
kW, and may be used for durations of up to 1 hour. They have very high efficiencies (over 90%),
with lifetimes estimated at 20 years [0240].

Although flywheels have power densities 5 to 10 times that of batteries—meaning they require
much less space to store a comparable amount of power—there are practical limitations to the
amount of energy (kWh) that can be stored. A flywheel energy storage plant can be scaled up by
adding more flywheel system modules. Typical flywheel applications include power quality and
uninterruptible power supply (UPS) uses, as seen in commercial products. Research is under way
to develop more advanced flywheel systems that can store large quantities of energy.

Most power flywheel products presently available can provide from 100 to 2,000 kW for a
period ranging from 5 to 50 seconds. It should be noted that power systems rated below 500 kW,
particularly those using high-speed rotors, are usually rated in kWgqc. Larger systems, particularly
those using low speed steel flywheels, are usually sold as integrated AC-output systems and are
rated in kVA [0242].

Typical Performance for FESS

Parameter Range
Power Rating Fully scalable
Typical Discharge at Rated Power seconds to minutes
Round Trip Efficiency 90% - 95%
Response Time milliseconds
Self Discharge per day 100%
Rotor Speed, low/high Up to 10,000 / up to 100,000 RPM
Power Density 1,000 - 2,000 kWm3
Energy Density 20 — 80 kWhm3
Cycle Life >100,000 cycles
Depth of Discharge 100%
System Lifetime 15-20 years

Cost , Energy

1,000 — 14,000 $/kWh

Cost, Power

850 - 2,000 $/kW

APPLICATIONS

Because flywheel systems are fast responding and efficient, they are being positioned to provide
ISO frequency-regulation services. Analysis of such flywheel services have been shown to offer
system benefits, including avoiding the cycling of large fossil power systems and lower CO2
emissions [0235].

PARSONS A-57

PEI/640368/Objective 2, Task 2.1 Deliverable — Final - Public



South Africa Energy Storage Technology and Market Assessment Objective 2, Task 2.1 Deliverable

TDA-IE201511210, 2015-11032A Technology Assessment

A number of applications now propose using flywheels as an energy storage medium. These
include inrush control, voltage regulation, and stabilization in substations for light rail, trolley,
and wind-generation stabilization. The majority of products currently being marketed by national
and international-based companies are targeted for power quality applications. Another high
value application in power quality is short-term bridging through power disturbances or from one
power source to an alternate source [0242].

CONSTRUCTION AND INSTALLATION

Flywheel systems are generally modular and scalable. Units are generally housed and require
suitable structural rigidity.

OPERATION AND MAINTENANCE

As with any energy storage technology, hazardous conditions may exist around operating
flywheels. Considerable effort has gone into making flywheels safe for use under a variety of
conditions. The most prominent safety issue in flywheel design is failure of the flywheel rotor
while it is rotating. In large, massive rotors, such as those made of steel, failure typically results
from the propagation of cracks through the rotor, causing large pieces of the flywheel to break
off during rotation. Unless the wheel is properly contained, this type of failure can cause damage
to surrounding equipment and injury to people in the vicinity. Large steel containment systems
are employed to prevent high-speed fragments from causing damage in the event of failure.

In contrast to many other ESSs, flywheel systems have few adverse environmental effects, both
in normal operation and in failure conditions. Neither low-speed nor high-speed flywheel
systems use hazardous materials, and the machines produce no emissions.

MATURITY

Several companies have installed pilot, demonstration, or initial deployments for utility scale
applications. Most commercially available systems are intended for smaller/lighter industrial
applications. The largest commercially available systems of this type are in the 2- to 6-kWh
range, with plans for up to 25 kWh [235].

CASE STUDY

The Beacon Power facility in Stephentown, New York, is a 20-MW plant consisting of 200
Beacon Power Series 400 flywheels that provide frequency regulation services to the New York
Independent System Operator. This system was placed in service in June 2011 and can provide
15 minutes of response at rated power [0365].

A second Beacon Power facility, Hazle Spindle in Pennsylvania, is also a 20-MW plant
consisting of 200 Beacon Power Series 400 flywheels that provide frequency regulation services
to grid operator PJM Interconnection. This facility was place in service in July 2014; it also
provides 15 minutes of response at rated power [0365].
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Amber Kinetics installed a 10-kW flywheel storage demonstration project in Fremont, California
(California Independent Systems Operator), capable of delivering 1 hour of stored energy at full

power. It was connected to the transmission system to maintain voltage and frequency as well as
to provide spinning reserve. The system was operational for about 6 months in 2015 [0365].

The ABB PowerStore system, which includes both flywheels and power conversion, has been
installed at several locations in Australia to provide grid stabilization. These applications have
generally been 500 kW with a duration of less than 1 minute [0365].

20-MW (15-minute) flywheel energy storage facility (courtesy Beacon Power)

RISKS/BARRIERS

EQUIPMENT COST

An advanced FESS is a complex mechanical device involving many subsystems, high-
performance materials, and close manufacturing tolerances. Continued improvement and
refinements in design, materials, and manufacturing processes will gradually reduce the capital
costs for these systems.

LONG-TERM PERFORMANCE

Few utility-scale FESSs have been in operation for more than a few years. There will continue to
be some uncertainty with regard to maturity and bankability of this 20-year technology until
more commercial facilities perform suitably into at least mid-life.
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SUITABILITY FOR SOUTH AFRICA

An FESS system might be appropriate for a narrow range of high power, ancillary service,
utility-scale type applications in South Africa. However, the current commercial product
offerings are likely more expensive, less mature, and less bankable than competing technologies.
This situation may change in the next 5 to 10 years as the technology evolves, installed cost
comes down, and system reliability and performance are demonstrated.

A.16 COMPRESSED AIR ENERGY STORAGE

Compressed air energy storage (CAES) systems use off-peak electricity to compress air and store
it in a reservoir — either an underground cavern or aboveground pipes or vessels. When
electricity is needed, the compressed air is heated, expanded, and directed through an expander
or conventional turbine-generator to produce electricity [0235].

A significant aspect of CAES is that air heats up significantly when compressed from
atmospheric pressure to a storage pressure of around 70 bar (1,000 psia). In addition, compressed
air must be heated in order to compensate for cooling effect during expansion. There are many
methods of managing the heating and cooling. This section discusses diabatic and adiabatic
CAES, as well as newer isothermal CAES technology.

Excess electricity 1s
used to compress air

/1 Air I"ﬂ"
v H

Air is pumped underground
and stored for later use

Compressed

- Salt Dome
Cavern

CAES with underground storage (Energy Storage News [0235])
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DiABATIC CAES TECHNOLOGY

In the first-generation applications of CAES, air was compressed to around 70 bar in successive
stages of compression and heat-exchange to achieve a lower final temperature (close to ambient).
Inter and after coolers were used to remove heat from the compressed air and to maintain the
discharge temperature at approximately 160°C and cavern injection air temperature at
approximately 45°C. The removed heat of compression was discharged to the environment.
During the generation cycle, prior to being expanded through a turbine generator, the high-
pressure air was heated in combustors using natural gas fuel, or alternatively using the heat of a
combustion gas turbine exhaust in a recuperator.

Independent of the selected method, very large storages are required because of the low storage
density. Preferable locations are in artificially constructed salt caverns in deep salt formations.
Salt caverns are characterized by several positive properties: high flexibility, no pressure losses
within the storage, no reaction with the oxygen in the air, and the salt host rock. If no suitable
salt formations are present, it is also possible to use natural aquifers; however, tests must be
carried out first to determine whether the oxygen reacts with the rock and with any
microorganisms in the aquifer rock formation, which could lead to oxygen depletion or the
blockage of the pore spaces in the reservoir. Depleted natural gas fields are also being
investigated for compressed air storage; in addition to the depletion and blockage issues
mentioned above, the mixing of residual hydrocarbons with compressed air will have to be
considered.

A concept for small CAES uses compressed air stored in smaller pressurized vessels located near
the compressor. One arrangement envisions compressed air stored in steel pipes buried
underground. When combined with higher pressure, isothermal compression this could provide
for smaller cost efficient CAES units.

ADVANCED ADIABATIC CAES TECHNOLOGY

Advanced adiabatic compressed air energy storage (AA-CAES) is an evolution of traditional
CAES that is designed to deliver higher efficiencies via a zero-carbon process. Operation is
similar to traditional CAES in that energy is stored by compressing air with turbomachinery and
storing in an underground cavern.

In AA-CAES, a thermal ESS is used to capture the heat removed during the compression cycle.
This heat is then stored and used to heat the compressed air prior to expansion, thus eliminating
the need for natural gas. Recovery and reuse of the heat from compression allows a higher
efficiency of up to 70% because there is no longer any need to burn extra natural gas to warm the
decompressed air. An international consortium headed by the German energy company RWE is
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developing the necessary components and the heat storage. The pilot plant is scheduled to start
operations in 2018. Thermal oil and molten salt storage is being investigated in the United States.

One method (LightSail) is to spray fine droplets of water inside the piston during compression.
The high surface area of the water droplets coupled with the high heat capacity of water relative
to air means that the temperature stays approximately constant within the piston: the water is
removed and either discarded or stored and the cycle repeats. A similar process occurs during
expansion.

ISOTHERMAL CAES TECHNOLOGY

Controlling the pressure-volume (P-V) curve during compression and expansion is the key to
efficient CAES. Roughly speaking, the closer the P-V curve resembles an isotherm, the less
energy is wasted in the process.

Rather than employing numerous stages to compress cool, heat, and expand the air, isothermal
CAES technologies attempt to achieve true isothermal compression and expansion in situ,
yielding improved round-trip efficiency and lower capital costs. In principle, it also obviates the
need to store the heat of compression by some secondary means (e.g., oil).

The technology compresses and expands gas near isothermally over a wide pressure range,
namely from atmospheric pressure (0 psig) to a maximum of about 170 bar. This large operating
pressure range, along with the isothermal gas expansion (allowing for recovery of heat not
achieved with adiabatic expansion), achieves a ~7x reduction in storage cost as compared to
classical CAES in vessels.

Isothermal CAES is technologically challenging because it requires heat to be removed
continuously from the air during the compression cycle and added continuously during
expansion to maintain an isothermal process. Heat transfer occurs at a rate proportional to the
temperature gradient multiplied by surface area of contact; therefore, to transfer heat at a high
rate with a minimal temperature difference, a very large surface area of contact is required.

Although no commercial isothermal CAES are currently implemented, several possible solutions
have been proposed based up reciprocating machinery.

OTHER CAES VARIATIONS

One CAES variation that has been proposed is to modify the design of wind turbines to compress
air directly via a mechanical link. In theory, skipping the conversion to and from electricity
should improve efficiency and lower costs. A further variation is to store the compressed air in
inflatable underwater bags. This could provide an alternative to the requirement for a storage
cavern and would allow air to be stored and retrieved at constant pressure, which could improve
operating characteristics.
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CAES PERFORMANCE

CAES power plants are a realistic alternative to pumped-hydro power plants. The capital and
operating expenses for the already operating diabatic plants are competitive, however there have
been few large-scale deployments. First generation systems produce a round trip efficiency
(RTE) of approximately 42%; those with waste heat utilization can be approximately 55%. In the
future, an advanced adiabatic system could provide 70% RTE. When the technology is refined
and commercialized, isothermal CAES could provide an RTE as high as 70%.

Underground CAES storage systems are most cost-effective with storage capacities up to
400 MW and discharge times of 8 to 26 hours.

Typical Performance for CAES

Parameter Adiabatic Cavern Aboveground Storage
Power Rating Up to 400 MW Up to 3-50 MW
Discharge at Rated Power Hours - days Hours
Round Trip Efficiency up to 70% up to 70%
Response Time 1-15min seconds — minutes
Self Discharge per day Small very small
Power Density 0.5-2 kWms? higher than large CAES
Energy Density 2 - 6 kWhm3 higher than large CAES
Cycle Life 10,000 - 30,000 cycles >10,000 cycles
Depth of Discharge 80 — 100% 80% - 100%
System Lifetime 25-40 years 20+ years
Cost, power 400 - 1,000 $/kW 1,000 - 1,500 $/kW
Cost, energy 2-50 $/kWh 100 - 300 $/kWh

CAES plants employing aboveground air storage would typically be smaller than plants with
underground storage, with capacities up to 3 MW and discharge times of 2 to 6 hours.
Aboveground CAES plants are easier to site but more expensive to build (on a $/kW basis) than
CAES plants using underground air storage systems, primarily due to the incremental additional
cost associated with above ground storage [0235].

APPLICATIONS

Large underground systems are most applicable to high-energy storage requirements such as
bulk energy management, backup and seasonal reserves, and renewable integration. These
systems might be hundreds of megawatts with discharge times of 8 to 26 hours [0235].
Isothermal systems or smaller aboveground CAES systems might have capacities up to tens of
megawatts and shorter discharge times of 2 to 6 hours and could support a variety of other
benefits, including an alternative to the battery for industrial applications, such as UPSs and
backup power systems [0307].
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MATURITY

CAES using cavern storage is a commercial and mature technology, however there have only been a
couple deployments; aboveground storage systems are in the demonstration phase. A commercial
isothermal CAES is still in the early stages of R&D and pilot demonstration by several
companies. It will likely be 2 to 5 years however, before standard compression-expansion
equipment and cost-effective tank storage systems are available on the market to support
commercial deployment.

CASE STUDIES

KRAFTWERK HUNTORF CAES

In operation since 1978, the Kraftwerk Huntorf CAES plant in Germany was the first
commercial CAES plant. The 321-MW plant uses nuclear-sourced nighttime power for
compression and produces peak power during the day via a natural gas turbine. The facility
stores the compressed air in two “solution-mined” salt caverns that encompass 310,000 m>.
(Water was pumped into and out of a salt deposit to dissolve the salt and form the cavern.) The
depth of the caverns is more than 600 m, which ensures the stability of the air for several
months’ storage, and guarantees the specified maximum pressure of 100 bar. One cavern is
cycled on a diurnal basis. The second cavern serves as a black start asset if the nearby nuclear
power plant unexpectedly goes down [0365].

MCcINTOSH ALABAMA CAES

The MclIntosh Alabama CAES plant has been in operation since 1991 and uses nuclear-sourced
nighttime power to compress air into a solution mined salt cavern. The pressurized air (~75 bar)
feeds a 110-MW natural gas combustion turbine and is used primarily for peak shaving. The
capital cost of the facility was $65 million (~$600/kW) [0365].

Aboveground facilities for 110-MW McIntosh Alabama CAES plant
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GAINES DISPATCHABLE WIND PROJECT

The Gaines project is a 2.0-MW wind generation project in west Texas. Commissioned in 2012,
the project consists of a wind turbine, a General Compression Advanced Energy Storage
(GCAES™) system that relies on a series of near-isothermal compressor/expanders, a storage
cavern, and other electrical and ancillary facilities. During periods of low demand, the system
can store portions of the energy generated by the wind turbine and later, during periods of
increased demand, release the stored energy [0365].

LIVERPOOL WIND AND ENERGY STORAGE PROJECT

Construction was scheduled to start in April 2016 for the Liverpool Wind Energy Storage
Project, which will demonstrate a 500-kW/3-MWh regenerative air energy storage (RAES)
system (near isothermal) designed by LightSail. The storage will be interconnected to the local
distribution grid and will act as a buffer to the output of a 4.7-MW wind farm consisting of two
Enercon E-92 wind energy converters. Waste heat from a nearby industrial facility will be used
to boost the efficiency of RAES. This project is the first wind + RAES system ever developed, as
well as the first RAES system integrated with an industrial waste heat source.

RISKS/BARRIERS
SITING, PERMITTING, PROJECT DEVELOPMENT

The greatest barrier to CAES is the availability of suitable underground geologic features. This is
compounded by the facility size and resultant project cost, as well as the extended project time
frame necessary for siting, permitting, and construction. Use of existing hard rock mines would
significantly reduce the time for preparation of the storage facility.

AFFORDABLE ABOVEGROUND STORAGE

Aboveground CAES systems require the use of high-pressure air storage systems. Ongoing R&D
for advanced storage technologies such as carbon-fiber composite tanks will likely reduce these
costs in the future.

SUITABILITY FOR SOUTH AFRICA

CAES is a cost-effective technology for large-scale bulk facilities using underground storage,
however suitable locations are very limited and significant geological studies and EIAs will have
to be conducted.

Smaller scale aboveground systems are increasingly cost effective for specific applications and
sites. Aboveground equipment, including compressors and turbine-expander equipment, is likely
manufactured by large international equipment manufacturers in Europe, United States, or Asia.
Small CAES facilities using aboveground storage in tanks would be an attractive option for
South Africa in that they could be easily sited. South Africa could easily provide for local
manufacture of aboveground storage tanks based on an economically competitive
design/technology.
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A.17 LIQUID AIR ENERGY STORAGE

Liquid air energy storage (LAES) uses excess or off-peak electricity to power an air liquefier to
produce liquid air. The liquid air is then stored in insulated tanks at low pressure. When the
energy is needed, the liquid air is pumped into a heat exchanger and is heated to a gaseous state
at high pressure. The gas is then used to drive a turbine.

TECHNOLOGY

LAES, also referred to as cryogenic energy storage (CES), is a long-duration, large-scale energy
storage technology that can be located at the point of demand. The working fluid is liquefied air
or liquid nitrogen (~78% of air is nitrogen). LAES systems share performance characteristics
with pumped hydro and can harness industrial low-grade waste heat/waste cold from co-located
processes. Size extends from about 5 MW to >100 MW and, with the ability to decouple power
and energy capacity, the systems are very well suited to long-duration applications.

Although novel at a system level, the LAES process uses components and subsystems that are
mature_technologies available from major original equipment manufacturers. The technology
draws heavily on established processes from the power generation and industrial gas sectors,
with known costs, performance and life cycles all ensuring a low technology risk. LAES
involves three core processes [0310]:

» Charging the system. The charging system is an air liquefier, which uses electrical energy to
draw air from the surrounding environment, clean it, and then cool the air to subzero
(=190°C) temperatures until the air liquefies. In this process, 700 liters of ambient air become
1 liter of liquid air.

» Energy Storage. Liquid air is stored in an insulated tank at low pressure, which functions as
the energy store. This equipment is already globally deployed for bulk storage of liquid
nitrogen, oxygen, and liquefied natural gas. The tanks used within industry could store
gigawatt-hours of energy.

» Power Recovery. When power is required, liquid air is drawn from the tank(s) and pumped
to high pressure. The air is evaporated and superheated to ambient temperature. This
produces a high-pressure gas, which is then used to drive a turbine.
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PERFORMANCE

This technology is geared toward larger and longer duration applications. LAES will not have
the fast ramping times of some other forms of energy storage, however, LAES can be ready in
about 2 to 5 minutes, compared to about 10 minutes for conventional gas peaker plants [0245].
LAES can have a very high energy density. Like pumped hydro, power density for LAES varies
significantly by application.

Typical Performance for LAES Technology

Parameter Range
Power Rating 10 — 200MW
Discharge at Rated Power 2 -10 hours
Round Trip Efficiency*** 20% - 70%
Response Time 2-5min
Self Discharge per day Small
Power Density** “*kWm3
Energy Density 4 times > CAES
Cycle Life 20,000 cycles
Depth of Discharge 80 — 100%
System Lifetime 30+ years
Cost, power 900 - 1,900$/kW
Cost. energy 260 - 530 $/kWh
**Not determined or N/A, ***with waste heat/cold

APPLICATIONS

LAES has the potential for large-scale, long-duration energy storage and is expected to be a
competitive storage alternative in applications above 50 MW and for storage durations from 2 to
20 hours. The system can be built either as a pure power-to-power storage or combined with
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usage of industrial waste heat or fuel; in the latter case, it can also be run as a gas turbine peaker
(even when the storage is empty).

The main advantage in comparison with classic large-scale alternatives (pumped hydro/
compressed air energy storage) is that no geology is involved. This advantage, combined with
the high energy density afforded by liquid air, offers more flexibility in siting LAES, erection
time is short, and it is much less prone to public resistance and geological risks.

General Electric is evaluating the integration of utility-scale liquid air ESSs into the design of its
gas peaker plant offerings [0305].

MATURITY

This technology has been successfully demonstrated and, following refinements, may start initial
commercial deployment at scale in the next 5 years.

Concept for 200-MW/1.2-GWh LAES gigaplant (courtesy Highview Power)

CASE STUDY

For 3 years, Highview Power Storage operated a grid-connected 350-kW/2.5-MWh pilot plant
with Scottish & Southern Energy next to the utility’s 80-MW Slough Heat and Power Biomass
Plant just outside London and subjected it to a full testing regime, including performance testing
for the US PJM electricity market. The plant was recommissioned at the end of 2015 and has
now been relocated to a new site at the University of Birmingham, where it will be used for
further testing and research.
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350-kW/2.5-MWh LAES Pilot Plant (courtesy Highview Power)

RISKS/BARRIERS

HEAT INPUT

In order to be competitive from a return trip efficiency standpoint, LAES requires some form of
waste heat input. Heating liquid air by itself has an RTE of less than 50%; when combined with
waste heat from a power plant or industrial process, efficiencies can approach 80% [0305].
Therefore, future applications will have to be sited next to existing facilities or built in
conjunction with new facilities that have sizable quantities of waste heat (e.g., thermal plants,
steel mills, liquefied natural gas terminals, and other industrial processes).

SUITABILITY FOR SOUTH AFRICA

This emerging technology could have useful applications in South Africa where high capacity
and long discharge energy storage is desired at specific points of demand. Fabrication and
assembly of the large air storage tanks and piping necessary for utility-scale facilities could be
locally supplied to reduce transportation costs.
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Appendix B US and South Africa Company Profiles
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1Energy Systems Inc. Ce n e r
POINT OF CONTACT ' gy
5¥S51EMS
Daniel Malarkey

VP, Business Development and Public Policy
615 Second Ave., Ste. 620

Seattle, WA 98104

Tel: +1 (888) 452-7715

Email: danielm(@1energysystems.com

Web: http://www.lenergysystems.com/

COMPANY DESCRIPTION

Located in Seattle, Washington, 1 Energy Systems (1Energy) is a small software company that
provides software for grid-connected energy storage systems (ESSs) and other electric energy
assets. 1Energy provides upfront design services, a software control and optimization platform,
and system integration services for its utility customers. Founded in 2011, it currently has more
than 20 employees and brings in approximately $10 million in annual revenue.

TECHNOLOGY

1Energy provides control system software and power system engineering services that assist
electric utilities in the integration of distributed energy resources into the grid. It is a founding
member of the Modular Energy Storage Architecture (MESA) effort to create open standards
around energy storage communications and control. 1Energy’s expertise is derived from
extensive distribution and power systems engineering experience and a long track record
developing innovative technology for business and energy customers. 1Energy does not make
hardware (battery modules or power conversion systems [PCSs]), instead choosing to partner
with leading suppliers in these areas.

ENERGY STORAGE PRODUCTS/SERVICES

1Energy provides control software based on upfront design services to help customers accurately
specify the system they need based on the technical requirements of the circuit where the ESS
will be installed. It also provides integration services to ensure that the system gets properly
installed, configured, tested, and commissioned. 1Energy does not provide turnkey ESS services,
but rather works with a variety of battery and PCS vendors. This approach gives the customer the
opportunity to procure these expensive components directly. One way to characterize 1Energy’s
role is that of a software provider and an owner’s rep for the utility customer.

1Energy has two software products:

INTELLIGENT CONTROLLER (1E-IC)™

The 1Energy Intelligent Controller (1E-IC) is a Windows-embedded-based system that installs
on a hardened PC that is located on site with the ESS. The product is based on the MESA open
standard and includes more than a dozen operating modes (peak shaving, spinning reserves,
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frequency regulation, etc.) with the capability to extend to new, customer-driven ones if desired.
The software interacts with the power conversion hardware and the battery modules themselves
to direct the operation of the system and to integrate it with the utility’s supervisory control and
data acquisition (SCADA) or other grid management software. The 1E-IC currently controls a
variety of battery chemistry types and power/energy ratios ranging from 1MW/500kWh to
20MW/20MWHh. The software is capable of controlling even larger systems.
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1E-IC provides a suite of operating modes to address a wide variety of utility needs.

DISTRIBUTED ENERGY RESOURCE OPTIMIZER™ (1E-DERO™)

The 1Energy Distributed Energy Resource Optimizer (1E-DERO) is a Windows-server-based
system that installs in a utility’s data center. It optimizes a fleet of ESSs as well as other
distributed energy resources such as solar and demand response. 1E-DERO takes in information
about energy prices in the wholesale market, weather, the state of charge of ESSs on the grid,
and other information, and generates a schedule for the fleet of resources, which optimizes the
fleet’s technical and economic value to the customer. This “fleet schedule” is then intelligently
allocated to the individual resources in the system. The product is in an emerging category called
Distributed Energy Resource Management Systems (DERMSs).

When combined, the 1E-IC™ offers a powerful suite of local operating modes that complement
1E-DERO™’s bulk power applications for distributed fleet optimization. This combination
provides a safe, reliable, and effective platform for utility control of energy storage fleets and
other distributed resources.

O&M REQUIREMENTS

All ESSs need to be regularly maintained to support their warranties. 1Energy’s software has a 1-
year warranty at purchase and then support and maintenance can be purchased at 10 to 20
percent of the software’s original purchase price per year thereafter. Support and maintenance
keep the software updated and secure as well as help to troubleshoot and fix any problems that
arise after commissioning.
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1Energy systems are substation-hardened, rack-mounted computers with preinstalled software
based on a Windows Embedded Standard 7 operating system, configured using the Industrial
Automation configuration as a base and then customized for secure ESS operation. The
controller software, including the graphical human-machine interface (HMI), is consistent with
control room standards and designed for touch or
keyboard/mouse interface.

DEPLOYMENT

1Energy systems do not have specific deployment
requirements. The 1E-IC is generally located at the
ESS site and provides a standard MESA interface to
all ESSs regardless of battery type.

The 1E-DERO is installed in a utility data center and
works with any DNP3-enabled ESS control system.

1Energy has been fielding megawatt scale ESSs Field-deployed 1Energy 1E-IC system.
since 2012. It has worked with five different
utilities and an independent power producer to deploy a total of seven projects to date.

MESA-1a Snohomish PUD 1MW 0.5 MWh Li-ion
MESA-1b Snohomish PUD 1MW 0.5 MWh Li-ion
Rankin Duke Energy 1.25 MVA 0.3 MWh NaNiCl
Cochrane AES (Chile) 20 MW 5 MWh Li-ion
MESA-2 Snohomish PUD 2 MW 7 MWh VRFB
Glacier :ﬂgf;yswnd 2MW 44 MWh Li-ion
Bainbridge Eﬁgg‘vs“”d 0.5MW  1MWh Zinc Flow
AM-1 Austin Energy 1.5 MW 3.0 MWh
TOTALS +28 MW + 20 MWh

1Energy 1E-IC system deployments.

SOUTH AFRICAN PRESENCE/EXPERIENCE

1Energy’s international project experience to date is limited to a project for AES in Chile, but it
is in talks with an international industrial company about partnering for wider distribution and
support.
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Adara Power

ADARA

P O W E R

POINT OF CONTACT ,

Neil Maguire

CEO

1650 Centre Point Dr.

Milpitas, CA 95035

Tel: +1 (844) 223-2969

Email: neil@adarapower.com
Web: http://www.adarapower.com

COMPANY DESCRIPTION

Founded in 2013, Adara Power (formerly JuiceBox Energy) is a Silicon Valley—based company
that develops advanced energy storage and management systems to meet the growing demand
for renewable energy storage. Located in Milpitas, California, Adara is a privately owned startup
with six direct employees and a network of 100 certified installers. The company has its roots in
automotive electric vehicle (EV) and battery management controls.

TECHNOLOGY

Adara’s expertise involved the development of a state-of-the-art power control system
specifically designed to operate in conjunction with an off-the-shelf power inverter. Adara
packages its control system in a custom cabinet along with third-party lithium-ion nickel
manganese cobalt (NMC) battery modules in an indoor/outdoor UL-rated enclosure. It distributes
system “kits” for installation by qualified installers. The Adara system is simple and yet
extremely flexible in configuration. A significant advantage to the Adara systems are that they
can be AC- or DC-coupled to photovoltaic (PV) solar arrays and on loss of power can switch to
discharge in 8 milliseconds (quick enough to prevent dropping electrical loads). The lithium ion
battery allows for 98% RTEpc and overall 84% RTEac. The systems are warranted for 4,000
cycles at 70%-75% depth of discharge (DOD).

The Adara Power controller is the brains of the system. Adara has developed a system controller
that integrates a full-featured, commercially available inverter/charger and can be deployed in
parallel for higher power and energy needs. The system is designed to operate grid-tied, grid-
isolated, and off-grid configurations. Each configuration delivers years of dedicated peak
shifting, backup power, and energy efficiency, and enables participation in emerging transactive
energy exchanges. It constantly monitors the state of the battery, the PV output, and the building
load from the inverter, and it determines the mode of operation based on customer bill rates and
other priorities. A balance between rates of charge and discharge, operating temperature, DOD,
and number of cycles must be achieved to ensure long life.

The power control system is mounted in the Adara custom enclosure along with the battery
modules. Adara has selected a lithium-ion NMC battery chemistry based on its long life, high-
energy density, and safety. NMC is the leading automotive cell chemistry. Although the NMC is
capable of high rates of discharge, Adara Power controls the discharge and charge current
depending on the cell temperatures and other conditions to ensure long life.
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Example of typical Adara wiring schematic.

Adara ESSs are connected to the cloud through a robust and secure cellular connection. Installers
and homeowners do not have to deal with fire walls or router issues. The data is securely
managed and used to provide the homeowner with status, reporting, and control via our mobile
app. The connectivity enables Adara Power to roll out firmware updates and provide monitoring
services for customers.

ENERGY STORAGE PRODUCTS/SERVICES

Adara’s current residential product can be installed separately, with a rooftop PV system, or
retroactively in a residence that already has a rooftop system, but is looking to maximize self use
of the solar-generated power. Adara currently manufactures a stackable 5.5kW/8.6 kWh lithium-
ion ESS for residential and small-scale commercial buildings.

The Adara ESS contains an array of lithium-ion batteries with a battery management system for
safe, reliable, long-lasting control of the lithium-ion cells. It also contains a system controller to
manage the inverter/charger interface to ensure control of charge and has redundant protection
mechanisms to prevent over-voltage, over-current, under-voltage, and over-temperature
conditions. To provide optimal performance, Adara builds its control system around a
commercially available inverter; in this case, a Schneider Conext XW+ 5548/6848 NA also
known as the XW+ 7048/8548E for overseas markets. The inverter is mounted along with a
wiring connection box next to the Adara cabinet. A cellular gateway to a secure cloud-based
repository enables remote monitoring, updates, and control.

Adara has plans to expand to a larger commercial system for commercial/light industrial
applications, which will require the refinement of its power control system around a large
commercial inverter.
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Adara Power’s battery/controller cabinet (left) with inverter/wiring box (center)
and solar controller (right).

O&M REQUIREMENTS

Adara provides training for installation and basic maintenance of its systems to each authorized,
qualified installer. No routine or periodic maintenance is required for Adara systems, and each
system is monitored remotely. Different operating schemes and algorithms can be remotely
“pushed” to an individual system as needed by the customer’s specific situation. A local
qualified technician is dispatched to address any situations that cannot be corrected remotely.

DEPLOYMENT

Adara builds “kits” that contain the battery/control cabinet, inverter, wiring box, cellular modem,
and other necessary components. These components are palletized and shipped to commercial
installers. Adara systems are typically installed in a garage, outdoor wall, or storage area, and
can be wall- or floor-mounted. These systems can be installed by a two-person crew in 2 days or
less.

As of April 2016, Adara had 27 systems installed in eight states across the United States. Its goal
is to install a demonstration system in conjunction with large installers in many areas across the
country and to allow the installers to generate additional sales.

SOUTH AFRICAN PRESENCE/EXPERIENCE:

Distribution and installation of Adara systems is currently limited to the United States. However,
Adara intends that its business model will be expanded in the near future to include other
countries through existing solar/wind system installers. It seeks local partners that can source the
local manufacture of the sheet metal enclosure, receive battery modules directly from its Asian
supplier, and put together “kits” with its control system from California.
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AES

(9 AES

Kiran Kumaraswamy

AES Market Development Manager
4300 Wilson Blvd.

Arlington, Virginia 22203

Phone: +1 703 682 6318

Web: www.aesenergystorage.com

COMPANY DESCRIPTION

Associated Energy Services (AES) is a significant player in the Energy Storage Market and has
been a pioneer in energy storage, having installed its first utility-scale facility of 12
interconnected megawatts (MW) in 2009 in the Atacama desert of Northern Chile. Since then,
AES Storage has installed an additional 74 MW in Chile and the United States, with an
additional 80 MW under construction globally, with projects in the United States, Northern
Ireland, the Netherlands, Chile, and the Philippines. Another 218 MW are in the late stages of
development [0375-Forbes].

TECHNOLOGY

AES provides its Advancion integrated platform, which combines physical architecture, a
controls system, and software that sits on top of an array of lithium ion batteries. AES also tests
and certifies batteries at its battery testing center, working with various manufacturers to create
modules to the company’s specifications. Depending on the manufacturer, the process can take
from weeks to months.

To date, AES has exclusively used Li-ion batteries in its storage deployments because these
batteries have been in the field for decades, with literally millions of hours in applications
ranging from power tools to laptop computers, as well as hybrid buses [0375-Forbes].

ENERGY STORAGE PRODUCTS/SERVICES

AES specializes in utility-scale lithium ion energy storage systems built around the Advancion
platform. These systems as generally housed in a purpose-built building.

DEPLOYMENT

AES has been focused almost exclusively on providing storage in front of the meter to the
utilities. The following are some of the significant utility-scale projects completed by AES.

INDIANAPOLIS, INDIANA — INDIANAPOLIS POWER & LIGHT COMPANY (IPL)
Size: 20 MW (40 MW Resource)  Online date: May 2016

Service: IPL, a subsidiary of AES Corporation, developed a grid-scale, battery-based energy
storage system to improve reliability and lower costs for its customers. The facility will deliver
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enhanced grid reliability and ancillary services, focused on primary frequency response, with
possible other services as conditions and markets allow.

CARRICKFERGUS, NORTHERN IRELAND — AES KILROOT

Size: 10 MW (20 MW Resource)  Online date: January 2016

Service: The 10 MW array is a crucial first step towards a planned 100-MW energy storage array
adjacent to Kilroot Power Station, which would be among the largest in the world. The array
provides harmonized ancillary service to the System Operator of Northern Ireland (SONI) and
represents a significant investment in the future of Northern Ireland’s energy infrastructure.

THE NETHERLANDS — AES ZEELAND

Size: 10 MW (20 MW Resource)  Online date: December 2015

Service: The AES Zeeland array, which is AES’s first installation on the European continent,
will provide Primary Control Reserve (PCR), matching supply and demand for an integrated
market. Using Advancion® 4, AES Zeeland is supporting the European transmission grid via
regional distribution system operator DELTA Netwerkgroep and transmission system operator,
TenneT.

CUMBERLAND, MARYLAND — AES WARRIOR RUN

Size: 10 MW (20 MW Resource)  Online date: November 2015

Service: Provides frequency regulation in the PJM market. It is the first deployment of
Advancion 4 and features a new, industry-leading compact footprint and optimized design that is
five times denser than prior installations; smaller, more manageable building blocks for
Advancion Arrays; and a digital control system that provides owners with unprecedented control
to maximize revenue and reduce operating costs.

MORAINE, OHIO — DAYTON POWER & LIGHT

Size: 20 MW (40 MW Resource)  Online date: September 2013

Service: The Tait Energy Storage Array provides frequency regulation in the PJM market,
operated by AES’ fast-response architecture that applies patented performance algorithms to
optimize performance, increase efficiency for customers and extend the life of the battery. The
facility put AES’ US energy storage fleet over 100 MW in commercial operation.

NORTHERN CHILE — AES GENER ANGAMOS POWER PLANT

Size: 20 MW (40 MW Resource)  Online date: May 2012

Service: The AES Angamos Storage Array integrates 40 MW of energy storage with a 544-MW
thermal power plant to provide advanced reserve capacity. The storage enables AES Gener’s
Angamos plant to increases power generation by 4% to serve an important mining region in the
country.
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ELKINS, WEST VIRGINIA — AES LAUREL MOUNTAIN

Size: 32 MW (64 MW Resource)  Online date: October 2011

Service: The AES Laurel Mountain Storage Array enables a 98-MW windfarm to be among the
first wind generation facilities to supply critical grid stability services. For more than 2 years, it

has consistently been selected for regulation service from among competitively bid offerings in

PJM, serving as a lower cost, better performing, zero-emissions, renewable energy alternative to
traditional power generation.

ATACAMA DESERT, CHILE — AES GENER LOS ANDES SUBSTATION
Size: 12 MW (24 MW Resource)  Online date: December 2009

Service: The Los Andes Storage Array provides critical contingency services to maintain the
stability of the electric grid in Northern Chile. It is one of the best-performing reserve units in the
region, according to CDEC-SING, the grid operator. The only unit that has responded to all
generator assisted fault restorations, supporting energy-intensive and economically important
mining operations in the region.

SOUTH AFRICAN PRESENCE/EXPERIENCE

As evidenced by the projects listed above, AES has extensive international experience. In South
Africa, AES has a country-specific organization, AES South Africa, which operates and manages
energy and utility plants on behalf of industrial users across various industries throughout the
country. AES’s outsourced operations include the takeover of existing energy and utility
operations, as well as upgrades to or new-build energy plant operations. AES South Africa
headquarters are in Cape Town with regional operations in the Eastern Cape (Port Elizabeth),
Gauteng (Johannesburg), Kwa-Zulu Natal (Pinetown) and the Western Cape (Cape Town). More
than 300 staff are currently employed, including numerous technical personnel befitting the
nature of its business activities, as well as engineers and engineering technicians of varying
disciplines.

SOUTH AFRICA POINT OF CONTACT

Associated Energy Services Pty Ltd.
Unit F5 Pinelands Business Park
New Mill Road

Pinelands, Cape Town

Phone: +27 21 532 3381

Email: contact@aes-africa.com
Web: http://www.aes-africa.com/
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POINT OF CONTACT

Alevo Energy

Christopher Christiansen

EVP

2321 Concord Pkwy South

Concord, NC 28027

Tel: +1 (704) 260-7402

Email: christopher.christiansen@alevo.com
Web: http://alevo.com/

Alevo Analytics

Randell Johnson

Chief Analyst

2321 Concord Pkwy South, Concord, NC 28027
Tel: +1 (203) 982-8263

Email: randell.johnson@alevo.com

COMPANY DESCRIPTION

Alevo is a vertically-integrated global manufacturer and provider of energy storage systems
(ESSs). Alevo Group was founded in 2009 and is headquartered in Martigny, Switzerland. Alevo
launched its first battery manufacturing and Gridbank™ assembly facility at its Alevo campus in
Concord, North Carolina, where it started production in 2015. Alevo has also opened an
electrolyte-manufacturing facility in Martigny that will produce batteries on a smaller scale than
at the Concord facility. In addition to battery ESSs, Alevo Analytics also provides analytics and
services, as well as energy management system (EMS), battery management system (BMS), and
supervisory control and data acquisition (SCADA) software solutions.

Currently, Alevo has more than 230 global employees. It is budgeted to grow to more than 2,500
employees by 2017. Alevo intends to deploy more than 1 gigawatt worth of batteries in the
United States in 2016. Although a relatively new company, Alevo has positioned itself with
standardized initial product offering based on an improved competitive technology.
Manufacturing a relatively standardized product in a large-capacity facility, Alevo intends to
offer a low-cost, high-performance utility scale energy storage solution.

TECHNOLOGY

Alevo manufactures a large prismatic lithium-ion (Li-ion) battery cell that uses a patented sulfur-
based inorganic electrolyte referred to as “Alevolyte,” which Alevo believes to be 10 times more
conductive than the organic chemistry in conventional Li-ion batteries. This allows for a much
higher power output and shorter charge times. Alevo notes a number of significant performance
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improvements based on its design including faster charging time, higher efficiency, long cycle
life, and increased safety.

Alevo battery tray (four modules, each containing eight cells).

ENERGY STORAGE PRODUCTS/SERVICES

Alevo’s main product is Gridbank, a packaged ESS. Each Gridbank is housed in a 40-foot
container and contains 22 Li-ion battery strings. Li-ion battery cells are packaged eight to a
module, four modules to a tray, and 20 trays to a string. The Gridbank container includes a BMS,
DC electrical controls and disconnects, and a chiller and air-handling unit for environmental
control. The Gridbank is connected via underground cabling to an external inverter which is
manufactured by Alevo’s partner, Parker-Hannifin. GridBank containers and/or facilities are
designed by third-party partners.

Gridbank is intended to be source-agnostic in that it can be used across a wide variety of
transmission & distribution, and generation applications and use cases.

Concept of Alevo Gridbank system with external inverter.
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PERFORMANCE

The standard Alevo Gridbank is a 2MW/1MWh storage system. Although only starting full-scale
production in 2015, Alevo claims several strong performance metrics for its batteries including a
cycle life of more than 10 times that of its competition. Alevo has currently tested its battery
technology to 55,000 cycles with testing still continuing. The batteries have greater than 94
percent roundtrip efficiency, and can charge/discharge at the megawatt nameplate rating in 20
milliseconds. The system can be fully charged and discharged in 30 minutes while
simultaneously providing reactive output. A nonflammable inorganic electrolyte is inherently
safer and unlike other Li-ion technology, Alevo’s GridBanks will not catch fire or explode.
Alevo’s chemistry also avoids calendric aging (no loss or reduction in energy storage over time).

O&M REQUIREMENTS

GridBanks are designed as utility-scale ESSs and, as such, they are designed to be very low
maintenance. They are designed to operate in an ambient temperature range of —20 C to +55 C.

Alevo GridBanks do not produce emissions, require no water use, are fully containerized, are
noncombustible and nonflammable, and are designed to be robust, safe, and reliable.

DEPLOYMENT

Alevo has a demonstration GridBank unit installed in Concord, North Carolina. It has also closed
several commercial contracts for GridBanks (for both US and international locations). The Alevo
factory in Concord is currently mass producing batteries, and the initial deployment of
GridBanks for several clients in the United States and other international locations is scheduled
for March 2016.

SOUTH AFRICAN PRESENCE/EXPERIENCE

Alevo is pursuing energy storage and analytics opportunities worldwide. Although GridBanks
are not currently deployed in South Africa, the country is a primary target region. Alevo has been
in conversation with various power providers, solar companies, and potential mining and other
commercial customers in South Africa. Alevo Analytics has also performed a preliminary
assessment of the potential benefits of distributed energy storage to the South African power
system. Alevo does not have an office in South Africa, but several of its partners have a
presence.
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Ambri, Inc. —— A M B R I

SUGGESTED POINT OF CONTACT

David Bradwell

Chief Technical Officer

19 Blackstone St.
Cambridge, MA 02139

Tel: +1 (617) 714-5723
Email: admin@ambri.com
Web: http://www.ambri.com/

COMPANY DESCRIPTION

Ambri (formerly Liquid Metal Battery Corporation [LMBC]) was founded in 2011 and is an
early-stage company focused on developing a transformative energy storage technology based on
the research of Donald Sadoway, MIT professor of materials chemistry. Ambri is headquartered
in Cambridge, Massachussetts, and recently opened a manufacturing facility in Marlborough,
Massachusetts. Ambri technology was considered to have very high commercial potential and
the company was reported to have raised more than $50 million in venture capital from several
high-profile technology venture capitalists and investors.

Ambri reports a strong intellectual property position and claims to have filed or have licensing
rights to more than 35 domestic and international patents and patent applications, and continues
to pursue broad coverage. Ambri declined to participate directly in the United States Trade and
Development Agency (USTDA). Information herein is taken from public sources.

TECHNOLOGY

Ambri is developing a unique liquid metal battery technology where all three active components
are in liquid form when the battery operates. The two liquid electrodes are separated by a molten
salt electrolyte, and these liquid layers float on top of each other based on density differences and
immiscibility. The system operates at an elevated temperature maintained by self-heating during
charging and discharging. The result is a low-cost and long-life storage system. The system is
intended to be low cost through the use of inexpensive, earth-abundant materials and an elegant
design that takes advantage of the economies of scale inherent to electro-metallurgy and
conventional manufacturing.

Ambri claims that the technology can respond to grid signals in milliseconds and that it can store
up to 12 hours of energy and discharge it slowly over time.

Liquid electrodes offer a robust alternative to solid electrodes, avoiding common failure
mechanisms of conventional batteries, such as electrode particle cracking. The all-liquid design
avoids cycle-to-cycle capacity fade because the electrodes are reconstituted with each charge.
The idea behind the battery is to use ultra-low-cost materials that can make cheap, long-lasting
batteries that can be used in power-grid applications. Ambri’s batteries are targeted to cost a third
of what lithium-ion (Li-ion) batteries cost.
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The materials used in the original design were magnesium and antimony separated by a salt but
in order to obtain a higher voltage and lower operating temperature, Ambri has announced that it
is evaluating a new, undisclosed chemistry with the help of ARPA-E funding.

A recent paper in Nature (Sept 2014, #514, pp. 348-350) identified a lithium-antimony-lead
formulation that Ambri may be considering where the battery consists of a liquid lithium
negative electrode, a molten salt electrolyte, and a liquid antimony—lead alloy positive electrode.
These materials self-segregate by density into three distinct layers owing to the immiscibility of
the contiguous salt and metal phases. The all-liquid construction confers the advantages of higher
current density, longer cycle life and simpler manufacturing of large-scale storage systems
(because no membranes or separators are involved) relative to those of conventional batteries.
-

Ceramic insulator

Negative current
collector

— ® Positive current collector

Ambri’s potential Li/Sb/Pb chemistry (source: Nature).

According to the company, “Cells have cycled thousands of times in in-house tests with
negligible fade on full depth of discharge cycling, extrapolating that after 10,000
charge/discharge cycles the batteries will retain 98 percent capacity availability.” Ambri CEO
Phil Giudice said a battery seal, which can withstand the liquid metal battery’s high
temperatures, had shown disappointing results in tests. Ambri is now working on testing out new
types of seals that could hold up under the high operational temperatures.

In September 2015, Giudice announced that Ambri had “not made the technology progress we
had anticipated. As a result, we will not be delivering commercial prototype systems later this
year or early next, as we had originally planned. Consequently, we have reduced our team by 14
colleagues.” That reduction is approximately 25 percent of Ambri staff. Giudice indicated that
the “reduction in staff and slowed commercialization path will provide us more time to solve the
engineering challenges ahead of us before we re-engage in committing to commercial
deployment schedules. Specifically, we are acutely focused on developing a robust high-
temperature seal for our liquid metal battery. Our primary design of this component
demonstrated promising results last fall and this spring, but did not perform sufficiently well
under rigorous verification testing protocols which we ran this summer. We are now pursuing
other seal designs that show initial promise, but it will take more time to confirm their viability.”
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ENERGY STORAGE PRODUCTS/SERVICES

Ambri prototype units started as the “shot glass,” followed by the 3-in, 20-Wh “hockey puck,”
and then by the 6-in, 200-Wh “saucer.” The commercialized product will use a 6-in square.

Ambri will have to develop all manufacturing processes and robotic cell assembly. However,
Ambri claims the technology has a lower manufacturing cost and lower employee-per-square-
foot-of-factory ratio than that of Li-ion battery technology. Ambri’s CTO also suggested that
Ambri's pricing will fall between that of pumped hydro and compressed-air energy storage.

The base unit for Ambri’s system is a fully-sealed liquid metal battery cell. Ambri’s cells are
strung together in a thermal enclosure to form an Ambri Core. The Ambri Core is ‘self-heating’
when operated every couple of days, requiring no external heating to keep the batteries at
operating temperature. The Ambri system comprises multiple Ambri Cores that are strung
together and connected to the grid with power electronics. The configuration of the Ambri
System is modular and can be customized to meet specific customer needs.
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Concept for Ambri 500 kW/1 MWh system (consisting of five Ambri Cores).

O&M REQUIREMENTS

O&M requirements for the Ambri System are not well documented and likely pending the
development of a first commercial unit. It is speculated that the complexity of O&M
requirements may lie between the range of Li-ion and VRFB technologies.

DEPLOYMENT

Ambri had originally planned on commercial deployment in 2016 but that timeframe has been
extended indefinitely as it continues to refine the technical design. Ambri is reported to be
working on prototype storage systems in Massachusetts, Hawaii, New York, and Alaska, with
project partners such as First Wind, Hawaiian Electric, and Con Edison.

SOUTH AFRICAN PRESENCE/EXPERIENCE

Ambri does not appear to have a presence in South Africa nor specific South Africa experience.
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AQUION
ENERGY

Aquion Energy

POINT OF CONTACT

Aquion Energy

32 39th Street, Pittsburgh, PA 15201
Phone +1 412.904.6400

Email: info@aquion-energy.com.
Web: www.aqionenergy.com

COMPANY DESCRIPTION

In 2007, with support from Carnegie Mellon University, Dr. Jay Whitacre began researching
low-cost electrochemical approaches to bulk energy storage. Dr. Whitacre was looking for a way
to create inexpensive and easy to manufacture batteries to meet the challenges of the world’s
growing energy needs and increase the use of renewable power. In 2008, he produced the first
functioning Aqueous Hybrid lon (AHI) battery. The result was promising enough to attract the
attention of VC firm Kleiner Perkins Caufield and Byers and, by 2009, the technology was
developed enough to spin out of Carnegie Mellon’s labs. The operations moved from Carnegie
Mellon to the Lawrenceville neighborhood of Pittsburgh, where Aquion is currently
headquartered. Aquion has manufacturing facilities in nearby Mount Pleasant, Pennsylvania. The
following information is taken from the Aquion website and from publically available Aquion
sales and technical brochures.

TECHNOLOGY

Aquion Energy manufactures batteries that are safe, reliable, sustainable, and cost-effective. The
Aspen batteries are based on Aquion’s proprietary Aqueous Hybrid Ion (AHI™) chemistry,
which has a environmentally friendly electrochemical design, and they are the first and only
batteries in the world to be Cradle to Cradle Certified™. Aspen batteries contain no heavy metals
or toxic chemicals and are nonflammable and nonexplosive.

The Aqueous Hybrid Ion Batteries use a low-cost electrochemical couple that combines a high-
capacity activated carbon anode with a sodium intercalation cathode capable of thousands of
deep discharge cycles over extended periods. The carbon anode provides an electrochemical
double layer capacitor effect. The MnO> alkali ion intercalation material provides a cathode that
is very stable in neutral pH aqueous electrolyte. The Aspen battery uses an electrolyte
comprising Na>xSO4 in water (~1 M). The functional ions are Na, Li, and protons.

In June 2012, Aquion Energy, Inc. completed the testing and demonstration requirements for the
U.S. Department of Energy’s program with its low-cost, grid-scale, ambient temperature AHI
energy storage device. During the 3-year project, Aquion manufactured hundreds of batteries and
assemble them into high-voltage, grid-scale systems. This project helped Aquion move its
aqueous electrochemical energy storage device from bench-scale testing to pilot-scale
manufacturing.
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Aqueous Hybrid Ton (AHI™) chemistry is made from abundant, nontoxic materials

ENERGY STORAGE PRODUCTS/SERVICES

Aspen produces three basic battery modules, all of which use its proprietary AHI™ chemistry.
The Aspen 48S is a basic battery module; the Aspen 48M is a parallel string of twelve Aspen
48S batteries configured as a single, palletized battery unit. Aspen 48Ms can be connected in
series up to 1,000 Vdc. Batteries are provided with a 5-year full warranty plus a 3-year prorated
warranty.

Aquion Aspen Standard Battery Modules

Parameter Aspen 48S Aspen 48M Aspen 24S
Energy (at 20-hr discharge) 2.2 kWh 25.9 kWh
Cycle life 3,000 (with 70% retained capacity)
Operating Temperature -5 to +40°C ambient
Nominal Voltage 48V \ 48V 24V
Usable DoD 100%
Round Trip Efficiency >90%
Dimensions 935 x 330 x 310 mm 1,159 x 1,321 x 1,504 mm | 935 x 330 x 310 mm
Weight 118 kg 1,504 kg 118 kg
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Aquion Aspen 48M: a parallel string of 12 Aspen 48S batteries
configured as a single, palletized battery unit

DEPLOYMENT

Under CEO Scott Pearson, Aquion began low-volume production in the summer of 2011 and
broke ground on full-scale manufacturing facility in nearby Mt. Pleasant in 2012. Aquion has
been shipping commercially since mid-2014.

The DOE Global Energy Storage Data Base [0365] lists ten projects using Aquion batteries that
range from a 20-kW/2-hour system at Natural Energy Laboratory of Hawaii Authority (NELHA)
in Kailua-Kona, Hawaii, to a 450-kW/2-hour system on the Bakken Hale Microgrid at Kiholo
Bay, Hawaii.

SOUTH AFRICAN PRESENCE/EXPERIENCE:

South Africa distribution is supported through Aquions’s European offices. Aquion has two
distributors in South Africa, Mulilo Renewable Energy and Solarworld South Africa, both of
which are located in Cape Town.

SOUTH AFRICA POINT OF CONTACT

Matthias Hermes
Email: mhermes@aquion-energy.com
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ARES

POINT OF CONTACT

Francesca Cava, Vice President of Operations aes
Advanced Rail Energy Storage, LLC — ARES
Address: 854 Jimeno Road, Santa Barbara CA 93103
Phone: (805) 966-6312

E-mail: francesca@aresnorthamerica.com

Web: www. aresnorthamerica.com.

the power of gravity

COMPANY DESCRIPTION

Advanced Rail Energy Storage (ARES) based in Santa Barbara, California, provides a
deployable solution for grid-scale energy storage. ARES facilities are designed to provide grid
security and reliability, support the increased use of renewable technologies, and to provide an
energy storage solution that does not rely on water. Founded in February 2010, ARES has
developed and filed both domestic and international patents for an advanced method of utility-
scale electrical storage.

TECHNOLOGY

ARES is developing a gravity-based potential energy storage technology that leverages the high
efficiencies of rail transport to provide a significant improvement in performance characteristics,
efficiency, and cost relative to other large-scale energy storage technologies.

ARES energy storage technology employs a fleet of electric traction drive shuttle-trains
operating on a closed low-friction automated steel rail network to transport a field of heavy
masses between two storage yards at different elevations. During periods in which excess energy
is available on the grid, ARES shuttle-trains draw electricity from the grid, which powers their
individual axle-drive motors as they transport a continuous flow of masses uphill against the
force of gravity to an upper storage yard. When the grid requires energy to meet periods of high
demand, this process is reversed. The shuttle-trains provide a continuous flow of masses
returning to the lower storage yard with their motors operating as generators, converting the
potential energy of the masses elevation back into electricity in a highly efficient process.

Like pumped hydro storage (PHS), the ARES system requires specific topography, but ARES
claims its system delivers more power for the same height differential. It is also more efficient,
with a round-trip efficiency of more than 85%, compared with 70% to 75% for PHS. An ARES
facility will provide the full range of energy storage capabilities generally associated with
pumped-storage hydro at approximately 60% of the capital cost and at a significantly higher
efficiency. Facility life is expected to span 40 years or more with only routine maintenance.

The components of an ARES Energy Storage System can be deployed to create a robust ancillary
services system that functions as a limited energy storage resource. These high-power short-
duration energy storage systems are designed to provide grid-scale regulation-up, regulation-
down, spinning reserves, VAR support, and grid inertia. The ARES Fast Response Ancillary
Service technology bridges the power gap between large-scale battery and flywheel installations
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and far larger pumped-storage hydro — at a lower life-cycle cost than batteries, a higher energy-
to-power ratio than flywheels, and a greater efficiency and far faster ramp rate than pumped-
storage hydro.

ARES facilities do not require the use of water, which is a significant mitigating factor in the
deployment of new pumped-storage hydro facilities. ARES technology can be deployed with
minimal environmental implications in many locations throughout the United States and around
the world.

ENERGY STORAGE PRODUCTS/SERVICES

ARES envisions that its facilities may be configured to three primary storage functions:

e Smaller ARES facility in the power range of 20 to 50 MW can provide ancillary services
only. This type of facility is called an Ancillary Service Facility.

e Intermediate-scale ARES facilities ranging from 50 to 200 MW can provide ancillary
services and short-duration (4- to 8-hour capacity) storage necessary for renewables
integration.

e (rid-scale ARES Energy Storage Facilities range in from 200-MW transmission storage
systems up to 3-GW regional energy storage hubs. Energy capacity may range from 4 to
16 hours duration at full power output.

DEPLOYMENT

DEMONSTRATION PROJECT

ARES successfully built and operated a '4-scale rail-based energy storage project in Tehachapi,
California in 2013. In the midst of one of the most active wind farm areas in the world, the
demonstration project operates on 850 feet of electrified railroad with an average grade of 6.5%.
The system stores and releases electrical energy by shuttling the 6-ton rail vehicle along the
railroad. The testing has successfully demonstrated ARES’ ability to rapidly input or withdraw
power from the electrical grid in response to fluctuating electrical loads while operating under
various environmental conditions. The ARES Tehachapi facility remains an active test bed and
research facility as ARES continues to develop green energy storage.
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PILOT PROJECT

ARES has proposed to locate a grid-scale ancillary services facility in the Carpenter Canyon area
east of Pahrump, in Nye and Clark Counties, Nevada. ARES proposes to partner with Valley
Electric Association, an electric cooperative based in Pahrump, which will provide
interconnection with California, where ARES plans to sell ancillary services such as frequency
regulation to the California ISO (CAISO).

The ARES REM project will provide 50 MW/12.5 MWh of fast response energy to assist the
balancing of intermittent renewable energy (solar and wind) connected to the regional
transmission grid, thus increasing renewable energy penetration while maintaining grid
reliability.

The system is envisioned to use a nearly 5.5-mile track up an 8-degree slope, gaining about
2,000 feet from top to bottom. It will have up to seven 8,600-ton trains on the track with each
train comprising two locomotives and four rail cars. The entire system, including substation and
control systems, would occupy about 43 acres of public land near Pahrump in Clark and Nye
Counties. ARES expects to begin construction in late 2017 or early 2018, with operations
starting early in 2019.

Artists concept for a 50-MW/12.5-MWh gravity-based potential energy storage system

SOUTH AFRICAN PRESENCE/EXPERIENCE

ARES is focusing its initial development and deployment in California and the southwestern
United States. Concurrently, ARES is in discussion with several utilities in the United States to
develop its technology in different locations, expanded capacity, various applications of its
technology and different terrains. ARES has also been contacted by many other countries as
more and more renewable energy comes on line and the need for energy storage becomes more
apparent. As ARES deploys additional systems, it will look to expand globally including the
emerging South Africa Energy Storage market.
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AXION™** POWER"™
INTERNATIONAL INC.

Axion Power

POINT OF CONTACT

Doug Speece

3601 Clover Lane

New Castle, PA 16105

Tel: +1 (724) 654-9300 x2002
E-mail: dspeece@axionpower.com
Web: http://www.axionpower.com/

COMPANY DESCRIPTION

Axion Power’s headquarters and manufacturing facilities are located in New Castle,
Pennsylvania, and currently include a 75,000-ft? lead-carbon battery-manufacturing plant plus a
50,000-ft> carbon electrode manufacturing plant. Axion currently has fewer than 50 employees
and is transitioning from R&D to commercial operations.

Axion Power is the developer and manufacturer of the PbC® battery and energy management
system. Axion can also provide complete, packaged energy systems using inverters and other
components that have been selected and proven compatible with the PbC technology. Axion also
offers custom system design services to develop energy storage for specific applications.

TECHNOLOGY

Axion Power has developed a lead carbon battery called the PbC battery. Based on absorbent
glass mat (AGM) lead acid technology, the lead negative plate is replaced with a layered
activated carbon electrode. The resulting product shares characteristics of both a battery and a
super capacitor. Compared to lead acid, the PbC battery provides a longer cycle life, ability to
work in a partial state of charge, faster recharge, greater charge acceptance, and self-equalization
in strings. The carbon electrode can operate consistently in a partial state of charge (PSOC)
without negative plate sulfation experienced by lead-acid batteries. The PbC battery will provide
in excess of 2,500 cycles at 83% depth of discharge (DOD) and cycle life increases dramatically
as DOD decreases. The PbC batteries are produced as a six-cell, 12-Vdc module and an eight-
cell, 16-Vdc module. The battery modules are manufactured in standard module sizes to allow
for drop-in replacement of standard lead-acid batteries.

Axion has developed an energy management system (EMS) and complete energy storage
systems (ESSs) based around the PbC technology. Systems are scalable from a few kW up to
multiple MW and can be packaged in a container or assembled in an existing building.
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Axion Power 12-V PbC battery module.

ENERGY STORAGE PRODUCTS/SERVICES

Axion Power is currently offering a number of residential and commercial energy storage
products built around their PbC battery modules. It manufactures the PbC batteries, and
assembles /programs the battery management system (BMS) and EMS.

The commercial product is called the PowerCube and manufactured in three sizes: 100 kW,

500 kW, and 1.25 MW. The 1.25 MW/800 kWh version consists of 1260 Axion PbC 12-V
battery modules, arranged in 21 strings of 60. The system includes a BMS, an EMS, heating,
ventilating, and air conditioning (HVAC), and a safety control/fire suppression system housed in
two NEMA 3R 40-ft ISO shipping containers that are mated together. The battery housing is
connected to an external Dynapower 1.25MW bidirectional inverter.

Dynapower 1.26MW 1] ®e ®
HVAC Inverter (NEMA 3R) Y
= g Ph( v
T~ P~ =

1.25MW

i¥z. PowerCube

® < Axion Power™ International Inc.

3M NOVEC Fire
Suppression Agent

Axion 1.25-MW/800-kWh PowerCube ESS.
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A smaller ESS provides 500 kW/400 kWh using 600 PbC 12-V modules and five Princeton
Power Systems GTIB-100 bidirectional inverters housed in a single 40-ft ISO container. Axion
also makes a 100-kW commercial system. Axion manufactures residential ESSs in 4-kW, 5.5-
kW, 6.8-kW, and 10-kW sizes with scalable battery modules for varying energy sizes.

O&M REQUIREMENTS

The PbC batteries are AGM maintenance-free construction and share the same operational and
safety requirements as standard AGM lead acid batteries. Periodic maintenance checks differ
based on system use, system size, and geographical location. The PbC batteries share the same
safety record and concerns as AGM lead acid and can be recycled through the same existing
channels. The use of carbon for the negative electrode reduces the quantity of lead in the battery.
However, the battery has the normal environmental concerns associated with lead toxicity and
requires recycling for disposal.

DEPLOYMENT

Axion Power is a recent company and has limited commercial deployments. Axion operated a
500-kW PowerCube at its manufacturing facility and participated in the frequency regulation
market from 2011 to 2013 as a behind-the-meter asset.

Axion Power currently has a small number of systems deployed and the batteries are
commercially available. Axion has deployed five systems totaling just over | MW/800 kWh.

SOUTH AFRICAN PRESENCE/EXPERIENCE

Axion is currently pursuing projects in North and South America and evaluating opportunities in
Europe and China. While not currently pursuing energy storage in South Africa, Axion would be
interested in evaluating any potential opportunities.
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Bushveld Energy

POINT OF CONTACT B U SFNI_FI[XE LD
Mikhail Nikomarov

Director

Corner of Fricker and Harries Roads

Illovo Edge Office Block, Building 3, 2nd Floor

Illovo, Johannesburg, Gauteng 2196, Republic of South Africa
Tel: +27 11 268 6555

E-mail: mikhail.nikomarov(@bushveldminerals.com

Web:

COMPANY DESCRIPTION

Bushveld Energy Company (Pty) Limited is a South African energy storage solutions company
headquartered in Illovo, Johannesburg. It uses vanadium redox flow battery (VRFB) technology
to provide energy storage solutions for commercial, industrial, and utility customers across
Africa. It is principally owned by London-listed Bushveld Minerals Resources, which has
significant low-cost vanadium assets in South Africa. This group of companies envisions an
integrated value chain strategy to manufacture vanadium electrolyte and eventually VRFBs in
South Africa.

Currently, Bushveld Energy both develops its own energy storage projects and provides systems
and solutions to developers across Africa, including ongoing projects in Sao Tome, South Africa,
Tunisia, and Uganda.

Bushveld Energy has a core team combining technical expertise, business acumen, and
beneficiation experience. Bushveld’s team understands that mass adoption in African electricity
markets will not be driven by price and hardware sales but rather by business models that address
customer pain points, such as cash flow, reliability of energy supply, and total cost of ownership.
The team includes the following:

e Executive-level experience in the mining and power industry, including managing Eskom
power stations and pumped storage schemes

e Nearly 10 years of senior strategy and policy experience in power sectors across Africa

e More than 15 years of experience in vanadium beneficiation, including involvement in
vanadium electrolyte production and the VRFB development process (and authoring multiple
patents on the process)

e More than 15 years of experience in renewable generation and energy storage in South
Africa, including installation and testing of scale battery applications of | MWh and larger

e Board-level experience at multiple European and African companies, with a track record in
investment, policy development, and local empowerment

TECHNOLOGY

Bushveld Energy exclusively uses the VRFB, a unique electrochemical device that stores
electrical energy in liquid vanadium electrolytes, instead of in electrodes as many other “solid
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state” batteries do. The VRFB then releases the stored energy according to the demands of the
customer, at levels up to multi-megawatt and megawatt-hours (MWh). The battery lasts for more
than 20 years, offers more than 10,000 cycles with 100 percent depth of discharge, while using
safe, nontoxic, and nonflammable chemistry. As a result of its performance superiority, when
used daily, it provides a cheaper means of storing energy than any other battery technology
(including lithium-ion). Furthermore, 70 percent of the VRFB’s chemistry is water and 100
percent of the vanadium is reusable after the battery achieves its lifetime, making VRFBs the
most sustainable battery technology on the market.

Bushveld Energy has executed a Memorandum of Understanding (MoU) with US-based
UniEnergy Technologies (UET) as its technical partner on medium- and large-sized VRFBs
(100 kW to 100 MW), both for immediate deployment in Africa and medium-term
manufacturing in South Africa. Founded in 2012 as part of a larger company group dating to
2006, UET manufactures and installs megawatt-scale energy storage solutions for utility,
commercial/industrial, and microgrid applications.

ENERGY STORAGE PRODUCTS/SERVICES

Bushveld Energy can provide energy storage systems or complete solutions of various sizes, as
small as 5 kW in power to up to 100 MW. Systems can range from 3 hours up to 16 hours in
energy supply, depending on customer needs. VRFBs come in standard shipping containers,
allowing for extremely flexible, modular, and scalable configurations. In addition to providing
the systems to African customers, Bushveld Energy tailors the VRFB size, application, and
supporting equipment to a specific customer’s load profile and needs, while also integrating the
VRFBs into the existing electricity supply configuration. Bushveld can either sell the systems
and solutions outright or offer independent power producer (IPP)-type Build, Own, Operate,
Transfer configuration to a customer, as it is doing with its Tunisia project. In the future,
Bushveld Energy is looking into offering other innovative solutions, including leasing of the
vanadium electrolyte and short-term (3- to 5-year) rental or leasing of the VRFBs. This is part of
Bushveld Energy’s strategy to provide African customers cash flow solutions that decrease their
energy costs from day one, thus removing a key hurdle to the adoption of energy storage.

Smaller systems (5 kW up to 500 kW) are ideal for grid-connected commercial and industrial
customers looking to reduce their demand charges and peak-time electricity costs by using
VRFBs to “time shift” energy between off-peak to peak times, while also receiving the benefit of
uninterruptible power supply (UPS) in case of grid failures or load shedding. Such customers can
also combine the VRFB to better use their rooftop solar installations, further reducing their
energy costs. Similarly, off-grid customers can combine VRFBs with either solar or wind
generation to enable a 100 percent renewable energy solution, while achieving electricity costs
that are below those of diesel or heavy fuel oil (HFO) generation.

Large systems (over 500 kW and up to 100 MW) are ideal for utilities to support their electric
power grids, either in transmission and distribution networks or to address the intermittency,
cyclicality, and frequency challenges posed by increased numbers of grid-connected renewable
energy generators. Large, remote industrial customers currently relying on thermal generation,
such as mines, can also use VRFBs with solar or wind generation to reduce and stabilize their
energy costs.

The company is not considering residential energy storage applications at this time.
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O&M REQUIREMENTS

The containerized configuration of VRFBs allows for quick installation and commissioning,
ranging from 2 days for small systems to 4 weeks for 10 MW and larger configurations.
Performance of every cell is monitored remotely by the manufacturer to allow for instant
response to any issues. Furthermore, a 20-year manufacturer performance guarantee and full
maintenance warranty are available for Bushveld Energy’s solutions (with 25-year options also
possible).

DEPLOYMENT

Bushveld’s partner, UET, already has 10-MW and 40-MWh systems deployed or ordered. UET’s
patented technology is an advanced vanadium flow battery, with a new-generation electrolyte
first developed at the Pacific Northwest National Laboratory with the support of the US
Department of Energy’s Office of Electricity, and then improved, patented, and commercialized
by UET.

Bushveld Energy expects to install a small VRFB (approximately 30 kW) during 2016, which
will nonetheless be the largest in the country to date. It also plans to start procurement of a
500-kW/1-MW sized system for demonstration in South Africa later in 2016, with
commissioning in early 2017. It is also working to deploy a 200-kW/1.2-MWh VRFB to the
Eskom Research and Innovation Center for testing and use.

SOUTH AFRICAN PRESENCE/EXPERIENCE

All of Bushveld Energy’s full-time and part-time personnel are located in South Africa.
Similarly, its group company, Bushveld Minerals, has most of its employees based in South
Africa, with large vanadium assets located near Mokopane and Brits. Bushveld expects to start
manufacturing vanadium electrolyte as early as Q4 2016 (with 2017 more likely) and VRFBs as
early as Q4 2017 (with 2018 more likely), all of which is subject to market growth. The objective
is to supply both electrolyte and VRFBs to South Africa and export to the rest of the African
continent.
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Dresser-Rand DRESSER-RAND.

A Siemens Business
POINT OF CONTACT

Bobby Bailie

Business Development Director, Compressed Air Energy Storage

10205 Westheimer Rd., Ste. 1000

Houston, TX 77042

Tel: +1 (713) 354-5974

Email: rbailie@dresser-rand.com

Corporate Web Page: http://www.dresser-rand.com/

CAES Web Page: http://www.dresser-rand.com/industries/energy-environment/compressed-air-
energy-storage/

COMPANY DESCRIPTION

Dresser-Rand (D-R), a Siemens business, is headquartered in Houston, Texas, and has
manufacturing facilities worldwide. Compressed Air Energy Storage (CAES) components are
primarily produced in Wellsville and Olean, New York. D-R has supported CAES since the mid
1980s. D-R’s involvement with compressed air energy storage dates back to 1991 at the
PowerSouth Plant in McIntosh, Alabama — the first CAES facility ever commissioned in North
America and only the second in the world.

TECHNOLOGY

Drawing on its experience with PowerSouth in Alabama, D-R has developed an integrated
solution it refers to as SMARTCAES®. SMARTCAES is a “one-stop” power island that
includes all rotating equipment and auxiliary equipment necessary for a grid-scale application.
The D-R machinery train also includes all auxiliary subsystems including heat exchange
equipment, pollution abatement systems, plant controls, electrification equipment, integration
with the grid dispatch interface, performance guarantees, equipment warranties, system operating
diagnostics, and emissions controls. This vital integration of multiple components ensures plant
uptime and operational flexibility to meet client needs.

ENERGY STORAGE PRODUCTS/SERVICES

D-R provides at minimum the SMARTCAES power island system, but can also provide an
above-ground turnkey installation (EPC). D-R manufactures the CAES compression and turbo-
expander trains including gear, motor, generator, and variable frequency drives, digital control
systems, recuperators, transformers and switchgear; and associated auxiliary systems.

EXPANDER (GENERATION) TRAIN

Currently, D-R offers both a 135-MW generation train and a 160-MW generation train. The
135-MW variant uses two fired expanders and the 160MW adds an additional unfired expander.
Trains are modular so that multiple generation trains can be used to achieve an overall desired
megawatt output. The fired expanders use one third the amount of fuel compared to a
conventional simple-cycle gas turbine and operate well below 2,000°F (1,093°C). The
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SMARTCAES cycle is extremely flexible. The generation train can ramp up/down at 20 percent
per minute and can go from offline to full generation in less than 10 minutes. The generation
train can operate between 10 and 100 percent of rated capacity with a rather flat heat rate across
the entire operating range.

Conventional three-stage expander train.

COMPRESSION TRAIN

The compression train rating/sizing depends on the desired reservoir charging rate. Compressors
are intercooled between sections by air, water, or a hybrid of both.

The compression train can ramp up/down at a minimum of 30 percent per minute and can go
from offline to full compression load in less than 5 minutes. The compression train can operate
between

65 and 110 percent of motor rating.

Four axial + centrifugal (left) and integrally-geared + centrifugal (right) arrangement.

RESERVOIR

Maximum reservoir pressure is typically 800 to 3,000 psi. Typically, a maximum pressure rating
of above 2,200 psi at the wellhead will justify the 160-MW offering. Operating pressure range
depends on geotechnical limits — typically 400 to 1,000 psi. Reservoir can be salt cavern,
depleted gas field, aquifer, or hard rock mine.
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O&M REQUIREMENTS

O&M depends on equivalent operating hours (EOHs). The compression train requires minimal
maintenance and inspection and is condition-based monitoring. The turbo-expander train
operates at relatively low temperature, so it also requires minimum maintenance and inspection.
Plant life for a CAES system is in excess of 30 years.

DEPLOYMENT

The PowerSouth CAES Plant that was commissioned in 1991 uses D-R’s CAES equipment and
was the first CAES facility ever commissioned in North America (and only the second in the
world). It is still able to meet intermediate and peak electrical production demands after more
than two decades. D-R supplied the 140-ft machinery train, including the centrifugal and axial
compressors, motor, generator, and multistage turboexpanders, as well as the reciprocating fuel
gas booster compressors.

Power South McIntosh AL, CAES plant has been online since 1991

In 2013, D-R received a project award from Apex Compressed Air Energy Storage, LLC to
supply SMARTCAES equipment for a 317MW CAES facility (expansion up to 476 MW) in the
Electric Reliability Council of Texas (ERCOT) power market. It will be the first CAES facility
built in the United States since the PowerSouth Mclntosh facility was commissioned in 1991.

D-R has active North American opportunities in California, Texas, and Utah, and also has
several in Canada.

SOUTH AFRICAN PRESENCE/EXPERIENCE

D-R is pursuing international energy storage projects in Europe (Northern Ireland, Holland,
Denmark, Germany, and the UK), Australia, and Asia. D-R has several opportunities in early
development in South Africa. Both D-R and Siemens have offices in South Africa.
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Dynapower Company

POINT OF CONTACT

Robyn Pratt

85 Meadow Dir.

South Burlington, VT 05403
Tel: +1 (802) 860-7200

Email: rpratt@dynapower.com
Web: www.Dynapower.com

COMPANY DESCRIPTION

Formed in 1963, the Dynapower Company is a leading independent manufacturer of custom
power conversion equipment. Dynapower products are designed and manufactured in its 150,000
ft? vertically integrated facility in South Burlington, Vermont. Dynapower joined the energy
storage market in 2007 and has installed 230 MW of storage projects throughout the world with
another 100 MW in backlog.

TECHNOLOGY

Dynapower manufacturers inverters and control systems, and provides integration services.

ENERGY STORAGE PRODUCTS/SERVICES

Related to energy storage applications, Dynapower manufactures single-port and multi-port
ultrafast, bidirectional inverters for use with energy storage systems (ESSs). These are available
in several general product lines:

e Micro Power Systems (MPS): 30 kVA to 100 kVA

e Compact Power Systems: 600 V, 100 kVA to 2.0 MVA

e PowerSkid™: Medium voltage, 1 to 6 MVA

e IPS Solar Storage System: 500 kW of solar inversion and 500 kW and 250 kWh of
battery storage

PowerSkid: Dynapower’s larger power conversion systems are most applicable to utility scale
ESSs and provide for direct interconnection of battery storage systems to 5 kVac, 15 kVac, and
34.5 kVac class grid. The integrated package combines a medium-voltage step-up transformer,
bidirectional inverter modules, system cooling, controls, and a full complement of switchgear
and protection into a single heavy-duty industrial enclosure. This includes an AC circuit breaker,
AC contactors, AC and DC fusing, DC load break contactors, and a DC manual isolation switch.
The PowerSkid provides power conditioning (voltage and frequency support) for intermittent
loads and renewable generation.

The PowerSkid provides two modes of operation: grid-tied and stand-alone . In the grid-tied
mode, the system controls the AC output real power (P) and reactive power (Q). In stand-alone
mode, the system controls the AC output voltage (U) and frequency (f). The system can be
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started in either mode and the transfer between modes is done dynamically. Advanced control
schemes for multi-unit autonomous and micro-grid applications are available.

The IPS-500 Solar Storage System: This integrated power system is for grid-tied and micro-grid
applications and provides 500 kW of solar inversion and 500 kW and 250 kWh of battery storage
housed in a 23-ft container. The integrated, advanced lithium ion battery storage system provides
flexibility to manage photovoltaic (PV) ramp rate, shift peak loads, and generate revenue in
frequency regulation markets.

The IPS-500 includes an optional solar recombiner and offers maximum power point tracking
(MPPT) for 600V and 1,000V class solar arrays. Integrated storage allows high DC-to-AC power
ratios while minimizing lost PV production due to clipping or site interconnection limits. The
IPS-500 features seamless dynamic transfer functionality, which allows the host site to maintain
uninterrupted power to a set of critical loads during grid outages. The IPS-500 provides reliable
power even when the grid is down and solar generation is variable.

Cut-away view of the Dynapower IPS-500 solar storage system.

Turnkey Services: DynaPower also has the capability to provide turnkey services with the
customer’s preferred battery provider/battery chemistry. It has provided support or integration
services on nearly 40 projects since 2010, with a significant number of projects in Hawaii
involving renewable integration. Dynapower has worked with a large number of storage system
providers and technologies including lithium-ion, lead-acid, lead-carbon, advanced acid,
compressed air, and ultracapacitor storage systems. These systems provide for a variety of use
cases including wind grid smoothing; ramp rate control of renewable assets; integration of hydro,
diesel, wind, and solar; frequency and voltage regulation; peak shaving; and demand response.
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O&M REQUIREMENTS

Dynapower maintenance requirements are typical for power conversion and control equipment
and include annual inspections and periodic replacement of components/refurbishment of
inverters.

DEPLOYMENT

Dynapower currently has 230 MW of installed projects throughout the world and an additional
100 MW in backlog. Its largest single installation is the 36-MW battery storage project in
Notrees, Texas. Completed and shipped in 2012, the installation consists of twenty-four 1.5-MW
inverters and associated lead-acid batteries which support intermittency and service regulation
for the 125-MW Notrees Wind Power project. The current lead-acid storage system is currently
being upgraded to lithium-ion with no change in the Dynapower equipment.

Dynapower maintains a demonstration system at its facility in South Burlington, featuring its
1.5-MW PowerSkid. The facility is attached to Dynapower’s factory and provides power to that
facility during peak energy demand times, preventing facility shutdown during curtailment
periods. The storage system is coupled to Dynapower’s 100-kW wind turbine and 100-kW roof-
mounted solar system. The system provides a development environment for Dynapower and its
partners.

SOUTH AFRICAN PRESENCE/EXPERIENCE

Dynapower has deployed equipment internationally in parts of Asia, Croatia, Italy, Spain, Africa,
Tasmania, Australia, and North America, and has ongoing projects throughout Europe including
Germany. Although Dynapower has not deployed equipment in South Africa, it has expressed
interest in pursuing projects and has established a legal entity and relationships with local
developers.
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Ecoult
POINT OF CONTACT eCO U lt

energy storage solutions

John Buchanan

Director, Ecoult Solutions and Services
Ecoult, c/o East Penn Manufacturing
Deka Rd.

Lyon Station, PA 19536

Tel: +1 (610) 682-6361

Email: john.buchanan@ecoult.com
Web: http://www.ecoult.com

COMPANY DESCRIPTION

Ecoult (Smart Storage Pty Ltd) is an Australian subsidiary of East Penn Manufacturing. East
Penn is based in Lyons, Pennsylvania, where the Ecoult battery is manufactured. Ecoult is a
supplier of energy storage systems and holds the license to distribute the UltraBattery® to the
world market (with the exception of Japan and Thailand). Ecoult has installed megawatt-scale
projects for frequency regulation and solar variability management in the PJM and PNM grids in
the United States. It has also installed megawatt- and kilowatt-scale installations in Australia,
performing diesel optimization (saving over 50 percent diesel on off-grid sites), renewable
smoothing and storage, island micro-grid variability management and small industrial grid-
connected photovoltaic (PV) power management.

TECHNOLOGY

The UltraBattery represents a breakthrough lead-acid technology that brings all the safety and
fully closed-loop sustainability of lead acid into applications requiring high-rate partial state of
charge operation. UltraBattery is unique in that it combines lead-acid battery and ultracapacitor
technology in a single electrolyte. This single electrolyte achieves a hybrid chemistry that
overcomes the problems lead acid has typically faced with partial state of charge operation,
while achieving significant improvements in cycle life, power handling, efficiency, and usability.

Separator Separator

Carbon
Electrode

Lead-Acid Cell Ultracapacitor

iI ‘* IiI I i:b_

&

UltraBattery® E&ﬁi’é‘de

Schematic of Ecoult UltraBattery technology.
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The UltraBattery retains the temperature, stability, energy, and power advantages of a traditional
lead-acid battery, but also has a number of significant advantages. Because of its high-power
capabilities and extended range of charge, the effective size of power-focused installations can
be reduced up to 50 percent compared with other lead-acid technologies.

Cycling in partial state of charge has been a differentiator for chemistries like lithium ion (Li-
ion) and nickel metal hydride (NiMH) cells. Lead acid adoption has been held back due to
sulfation, which occurs when lead sulphate crystals eventually grow to inhibit the cell’s
performance. The UltraBattery is very resistant to the formation of these large crystals and thus
can stay under 80 percent charge for very long periods without going to full charge.

Ecoult maintains that the UltraBattery provides a safe and robust chemistry while achieving
performance standards (high charge/discharge rates, constant partial state of charge use, high
efficiency) equal to or better than Li-ion batteries and at a lower price in large-scale storage
applications (i.e., multiple kilowatt or megawatt installations). Two of the sixteen USDOE
American Recovery and Reinvestment Act of 2009 (ARRA) energy storage grants that were very
successful used UltraBattery with the storage solution being integrated by Ecoult/East Penn.

ENERGY STORAGE PRODUCTS/SERVICES

Ecoult (or its parent company, East Penn Manufacturing) designs most aspects of Ecoult energy
storage products (batteries, cabinets, hardware, printed circuit boards, firmware, software, human
machine interface). The batteries are manufactured on site, and other manufacturing is provided
by contractors (e.g., fabrication being contracted to a fabricator near the installation in the case of
large items like cabinets).

Products

Building block UltraFlex UltraMax UltraRax Services

10.00

Monitored
12UB700 and 2UB700
Building Blocks
UltraFlex (48V) UltraMax & Bundles (480V) UltraRax Bundles (720V & 960V)
« Each Unit up to 28kW Peak « Each Unit 70kW Peak Power + Blocks delivering Peak Power
Power 16kWh @ C/8 over « 3-Unit => 210kW Power 500kW, 600kW and 800kW
« Supports 12V and 2V architecture
Applications: Applications: Applications:
kw | Renewables integration « Distributed Grid services « Grid services Mw
« Diesel and off-grid « Renewables integration * Renewables integration
+Energy shiffing/ cost control  « multifunction energy storage = Multifunction energy storage
* Revenue generation « Microgrids

Ecoult UltraBattery storage products.
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Ecoult provides bespoke engineered systems or off-the-shelf energy storage products in various
sizes from 25 kW to 800 kW (which can be combined to create larger systems). While Ecoult has
not previously provided unbranded or co-branded batteries to OEM manufacturers for
installation in their systems (ESSs, diesel generators, etc.), it is currently engaged in discussions
with various manufacturers.

O&M REQUIREMENTS

Ecoult kilowatt-scale systems are essentially maintenance-free, even in systems where the cells
are involved in complex power control for a PV/diesel/load site. Refresh and other maintenance
functions are automated. Annual inspection is recommended. A visual inspection of the batteries
is required, and a check that all venting and airflow passages are free. All other inspections, if
necessary, can be done remotely over the internet using the site’s monitoring, because every
battery has an on-board monitor.

For megawatt-scale installations, the sites are relatively maintenance-free, but more frequent
inspections would usually be carried out due to the nature of such sites.

DEPLOYMENT

Ecoult has deployed around 8 MW (14 MWh) at six separate megawatt-scale sites. It has also
deployed 10 kilowatt-scale UltraFlex units to date and expects to have around 50 sites installed
by mid-2016.

UltraBattery has similar safety characteristics to other valve-regulated lead-acid batteries (i.e.,
nonflammable, very low levels of electrolyte, extremely high resistance to catastrophic failure).
UltraBattery installations should follow the same standards around ventilation (for hydrogen) as
regular lead-acid battery installations.

Lead-acid batteries have high end-of-life economic value and are the most thoroughly recycled
product on the planet — 98 percent of lead-acid batteries are returned. Almost all of the other 2
percent goes to industrial and agricultural use.

SOUTH AFRICAN PRESENCE/EXPERIENCE

Ecoult systems are installed in the United States, Australia, and (soon-to-be-announced) Ireland.
Ecoult has had discussions with many potential customers and is looking closely at India,
southeast Asia, and Europe. Although Ecoult is not actively pursuing any South Africa projects,
it believes it has a very good product for the temperature ranges seen in South Africa.
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EnSync Energy Systems
POINT OF CONTACT <%>
EnSync
N93 W14475 Whittaker Wy ENERGY SYSTEMS

Menomonee Falls, WI 53051
Tel: +1 (415) 370-4298

Email: rwhisman@ensync.com
Web: http://www.ensync.com/

COMPANY DESCRIPTION

Founded in 1986, EnSync Energy Systems (EnSync) is located in Menomonee Falls, Wisconsin,
and currently employs approximately 70 skilled workers, some of whom are key team members
with up to 30 years of experience providing quality-control testing and commissioning of power
generation, substations, and communications stations. Originally known as ZBB Energy
Corporation, the company name was changed to EnSync in 2015.

EnSync occupies a wide area of the energy storage value chain from the design and manufacture
of various components such as batteries and power conditioning system (PCS) to the design,
deployment, and commissioning of integrated systems. EnSync’s key markets include
commercial and industrial building energy management systems, remote micro-grids, and utility-
scale energy storage systems (ESSs).

TECHNOLOGY

EnSync energy storage products include both zinc-bromide flow batteries and lithium-ion (Li-
ion) based storage solutions. EnSync provides hybrid offerings that combine battery
technologies. In addition, it manufactures advanced energy management and control systems.
Experienced team members work closely with customers to develop and provide custom-
designed, fully-integrated energy storage solutions.

ENERGY STORAGE PRODUCTS/SERVICES

The EnSync flow battery technology provides the bulk energy storage needed in many
applications from support and micro-grids, to smoothing and shifting renewable energy
generation, to providing the necessary energy storage for off-grid or on-grid controllable power
plants using renewable energy.

Agile Flow Batteries. EnSync is currently manufacturing its fourth-generation zinc-bromide
(Zn-Br) flow battery. The Zn-Br technology offers high availability, 100 percent depth of
discharge capability, high-energy density, a small footprint, long life, and 70 percent RTE.
EnSync’s standard offering is a 12.5kW/50kWh modular system. Multiple units can be
interconnected and configured with EnSync’s inverter technology to deliver a utility-scale end-
to-end system for quick and simple installation.
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EnSync flow batteries are often deployed with high-power
(but more shallow discharge) Li-ion batteries at the same
installation. This unique industry-leading hybrid approach
provides the end user with greater flexibility and uses the
strengths of each battery type.

Matrix Energy Management ™ platform. EnSync’s
patented power integration platform creates a customized
ESS. The Matrix and associated equipment offer a
modular, expandable, and flexible power electronics
architecture that allows integration of various types of
renewable energy-generating sources and conventional
energy-generating sources, and various types of energy
storage. The Matrix automatically manages, in real time,
AC- and DC-generating assets along with energy storage
assets and provides single or multiple outputs to meet
customer application needs.

EnSync agile flow battery
Zn-Br; 12.5kW/50 kWh.

The EnSync Energy Management platform features a fully
integrated PCS and battery management system (BMS) to
provide full control, protection, and reporting functions.
EnSync’s patented “AutoSync” modular controls enable simple
integration of all the system inputs, and autonomously manages
and optimizes individual resources. In addition, EnSync has a
common data acquisition and communication point for remote
control.

Local control functionality: Local autonomous functions are
achieved in part by the EnSync “AutoSync” control with the
addition of end-user-specific requirements. Individual units use
parameters received from the local or remote control, and input
from the common DC bus using EnSync’s patented AutoSync
technology to quickly, autonomously, and proactively react as
needed. Individual power units are interconnected to the EnSync
central control that enables secure commands to and from the
outside world through standard communication protocols

including distribution network protocol 3 (DNP3). EnSync’s Matrix Energy
Management system.

EnSync’s proprietary topology and control concept eliminates
the need for complex software algorithms typically used in
hybrid systems with multiple generating sources, including the capability of multiple outputs to
customer loads through a single device, and use in on-grid and/or off-grid applications. The
EnSync Matrix Energy Management platform can provide the active power (kVa) required for
applications, in addition to the reactive power (kVar) for power factor correction, regulation, and
voltage stability.

Agile Hybrid 600. For larger scale commercial systems, EnSync offers an Agile Hybrid
600-kWh system that is housed in a completely self-contained, 480 VAC interconnected
container, designed for drop and deploy where at least 400 kW of PV-generated power is used.
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The system is capable of managing high-frequency, intermittent power input while
simultaneously performing bulk energy storage, all off the same point of connection and without
a complex control scheme. This expands the system’s ability to support fast response and longer
bulk energy use cases. The Agile Hybrid 600 includes 450 kWh of flow battery, 160 kWh of Li-
ion battery, and all supporting BMS, PCS, and other electronics. Multiple Agile Hybrid 600 units
can be connected to create a larger hybrid storage system.

O&M REQUIREMENTS

EnSync’s deployed equipment is designed to require minimal maintenance. Service and
equipment replacement intervals are highly project dependent, based on technology selection,
location, temperature, and duty cycle. EnSync deploys both Zn-Br and Li-ion batteries. Each
technology comes with its own set of safety parameters that must be managed. However, these
technologies are both mature and well understood. EnSync uses lithium iron phosphate (LFP)
battery chemistry due to its favorable thermal profile. These systems are supplied with BMSs
such that the batteries are not exercised beyond limits.

Through EnSync’s remote monitoring process, key parameters are monitored continuously.
EnSync recommends that the end user perform periodic visual observations of the module to
inspect for wear and tear, abnormalities, etc. It also recommends conducting an annual system
inspection consisting of a variety of tasks including visual inspection, filter inspection and/or
change out, mechanical connections inspection and adjustment, and software parameters update,
if needed. Depending on usage, a system refurbishment process, which includes the introduction
of new stack elements, may be desired every 3 to 10 years. The electrolyte for Zn-Br flow
batteries is acidic and has bromine vapors. Personal protection equipment (rubber gloves, safety
glasses, etc.) and neutralizing agents such as baking soda and water are used to mitigate such
risks.

DEPLOYMENT

EnSync has deployed approximately 20 MWh of energy storage across the globe and is an
experienced system integrator and partner. It assembles and ships ESSs as modular or
containerized systems for ease of installation.

EnSync also manufactures a range of power electronic equipment designed for integration of
various energy sources (e.g., PV, wind, generators) to energy storage and AC loads. These
products have been commercially available since 2010. All of EnSync’s products have been
deployed in a number of applications, ranging from grid connection of renewables to off-grid
power supply systems and UPS backups.

SOUTH AFRICAN PRESENCE/EXPERIENCE

EnSync currently has projects in North America, the Caribbean, French Polynesia, Australia,
China, and Japan.
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Eos Energy Storage

POINT OF CONTACT

Ebram Megally

Manager, Business Development and Sales
3 East 80th St.

New York, NY 10075

Tel: +1 (212) 628-7191

Email: emegally@eosenergystorage.com
Web: http://www.eosenergystorage.com

COMPANY DESCRIPTION

Founded in 2008 after the issuance of the patent for its core technology, Eos Energy Storage
(Eos) has worked to develop a technology that meets the fundamental requirements of grid-
connected energy storage. The company specializes in manufacturing low-cost, long-life DC
battery systems for electric utilities, with additional applications in commercial and industrial,
telecom, and residential markets. Eos’ mission is to produce safe, robust, and market-leading
energy storage solutions that are less expensive than incumbent alternatives. Eos is located in
Edison, New Jersey, and in New York, New York.

Eos is a DC battery manufacturer and does not provide turnkey installation services. However, it
is able to recommend one of its Aegis integration partners to provide a turnkey solution. Eos’
Aegis partners include Siemens, NEC, Toshiba, and Alstom/GE.

TECHNOLOGY

Eos’ Znyth™ technology contains Eos Energy Stack™
an inherently safe zinc-based

aqueous electrolyte located and - -
sealed in each individual cell of the i - ﬂ'
battery. The technology allows the g Tk | wJ |

use of inexpensive, widely
available materials and

commoditized manufacturing —_— —

1 : Each
equipment and processes to deliver ‘NC / 15011000
safe, low-cost energy storage. Eos o) | (uh)

does not use flow designs or

pumps as parts of its technology, which is specifically not a zinc-air system. Sealed, static cell
submodules that are roughly the size of a shoe box comprise the basic unit of production and
aggregation. Using Znyth, systems are capable of 75 percent RTE at 100 percent depth of
discharge and of approximately 5,000 cycles for a system life of about 15 years with daily
cycling.

Eos’ rechargeable zinc hybrid cathode (Znyth) technology has a nonflammable electrolyte, is
nonhazardous when fully discharged and is long lasting with low cost. Eos’ battery system
consists of sealed, static batteries containing an aqueous, near-neutral pH electrolyte.
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The Znyth technology employs a bipolar electrode design that optimizes internal battery
connections; the chemistry and design eliminate the need for a membrane separator, cutting out
significant cost and a common source of cell failure. Hybridization of multiple cathode reactions
improves roundtrip efficiency and enables flexible performance such that the battery can provide
short surges of power with immediate response time in addition to multi-hour discharge at
nominal power levels.

After 10 years of development, Eos’ Znyth technology is built on 21 patents and patent
applications with more than 600 claims covering cell configuration and architecture, cathode
design and materials, electrolyte and electrolyte additives, battery management systems (BMSs),
and low-cost manufacturing processes. End of life results in a nonhazardous battery that can be
recycled and or disposed of in nonhazardous waste, further reducing the total cost of ownership
throughout the installation lifetime.

ENERGY STORAGE PRODUCTS/SERVICES

Eos’s base product is the Aurora 1000 | 4000, a DC battery system consisting of four 250-kW
DC subsystems aggregated into a 1-MW system specifically designed to meet the requirements
of grid-scale energy storage including bulk energy services, ancillary services, grid infrastructure
support, energy security, peak shaving, and energy access.

Eos’ systems are designed for a C/4 discharge and have flexibility to surge to C/3 for limited
duration. Eos sells systems for $160/kWh at volume purchasing of 40 MWh or more; orders less
than 40 MWh are priced at $200/kWh.

The Eos Aurora system includes battery modules, a BMS, a containerized solution, and
ventilation equipment per local code. With 4 hours of discharge capability, immediate response
time, and modular construction, the Aurora system can be scaled and configured to reduce cost
and maximize profitability for utilities, project developers, and industrial end-users.

T —y—
74“ == =
Above image: 250kW/1000kWh subsystem —

Eos Energy Storage 250-kW/1,000-kWh
containerized system.

Battery Technology Znyth™ {Zinc hybrid cathode)

Power MW

Energy 4MWh

System Voltage 320-960 min/max Vdc; 768 nominal Vdc
Response Time Millisecond response

Round-Trip Efficiency >75% at 100% Depth of Discharge
Lifetime =5,000 cycles or =15 calendar years
Operating Temperature 1010 45°C

Dimensions 4 containers (40 ft. x. 9.5 ft. x 8 ft)
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_ $160/kWh (>10MW)
@ row Price $200/kWh (<10MW)
@ Long Life 5,000 cycles at 100% DOD

Energy Dense 18 kWh/m? (DC system level)

('. ) Efficiency 75% at 100% DOD

Non-flammable electrolyte; non-

@ Safety hazardous and non-corrosive
when shipped

Eos Energy Storage Aurora
500-kW/2,000-kWh subsystems.

O&M REQUIREMENTS

Eos offers preventative maintenance options that accompany their 5- and 10-year warranties.
Annual scheduled preventive maintenance performed by Eos for the DC system includes the
following:

Thermistor/current/voltage sensor verification
Inspection of the following DC system components: batteries, safety lighting, BMS
hardware, insect/vermin infiltration, fans, wires/cables

e Verification of operation of contactors and E-Stop

e BMS self-test and initiation

e Replacement of filters, as needed

e Report providing status of key equipment components as part of maintenance checks
DEPLOYMENT

The Eos Aurora system is containerized and can be deployed under ambient temperatures of
10°C to 45°C. Using a novel Energy Stack™ approach, Eos enables flexible installation options
where the system can be installed outside in the elements on gravel or a concrete pad with or
without a shade structure and can be arranged according to site-specific needs.

Eos has contracted 20 MWh of demonstration projects and commercial deployments with
commercial operating dates in 2016 and anticipates upwards of 200 MWh commercial
deployments in 2017.

SOUTH AFRICAN PRESENCE/EXPERIENCE

Although it does not have a formal presence in South Africa, Eos is currently working with
project developers internationally, including in South Africa.
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Fluidic Energy FLUIDIC
POINT OF CONTACT

Dennis Thomsen

EVP and Chief Marketing Officer
8455 North 90th St.

Scottsdale, AZ 85258

Tel: +1-480-966-0242

Email: dthomsen@fluidicenergy.com
Web: http://www.fluidicenergy.com

COMPANY DESCRIPTION

Formed in 2006, Fluidic, Inc. (dba Fluidic Energy) has been selling and deploying its intelligent
energy storage solutions since 2011. Fluidic has more than 250 employees worldwide. The
company is headquartered in Scottsdale, Arizona, and has manufacturing facilities in the United
States and Indonesia. Fluidic’s rechargeable zinc-air technology replaces lead-acid batteries and
diesel gen-sets for long-duration applications such as critical backup power and micro- mini-
grids. Fluidic now has more than 75,000 batteries deployed at more than 1,200 locations, with
the majority of those locations in some of the toughest environments in the world.

TECHNOLOGY

Metal air technology is considered the least expensive way to store energy, but until Fluidic’s
breakthrough innovation, metal-air energy storage was only commercially viable in small,
single-use applications such as button cells for hearing aids.

Fluidic’s successful innovation in metal air technology fills a void in the energy storage market
that might just be the catalyst needed for the clean, smart, and accessible energy revolution—
long-duration capabilities. Comparing the Fluidic energy storage technology with other
commercially available technologies such as lithium and lead-acid based batteries is like
comparing a “marathoner” battery with a “sprinter” battery. Fluidic’s technology is the
“marathoner” capable of storing large amounts of energy and discharging that energy over
several days, providing energy autonomy in a variety of applications through its runtimes of up
to 72 hours. The technology is the perfect solution for integration with a renewable and
intermittent power source such as photovoltaic (PV).

Fluidic modules have integrated intelligence and are self-governing to autonomously balance the
Ah discharge of the contributing energy and power cells. This self-governing is central to
Fluidics’ reliable architecture. Each module behaves similar to a large capacity 50-V battery and
can therefore be arranged in parallel to each other, and added or removed from the system based
on the power and capacity needs and changing load profiles.

The Fluidic solution comes with integrated proprietary smart controls that monitor load profile to
selectively dispatch the high-peak-power, high-cycle-life power technology component to
optimize total performance (cycle life, RTE percentage, nominal power, peak power, runtime),
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total cost of ownership and life-cycle cost to the customer. The result is an advanced and cost-
effective energy storage solution.

Fluidic’s intelligent, fully integrated, and internet-connected software controls are continuously
capturing, self-optimizing, self-remediating, learning, and transmitting information to the Fluidic
control centers, enabling exceptional performance management, lower energy costs, and higher
reliability, which far exceeds any other battery technology company.

Fluidic received two separate US Department of Energy grants under its Advanced Research
Program — Energy (ARPA-E) for metal-air battery development, and has filed more than 95
unique patents and hundreds of intellectual property claims around its core rechargeable zinc air
and smart-battery controls technology.

ENERGY STORAGE PRODUCTS/SERVICES

Fluidic Energy designs, manufactures, and markets
its energy storage solutions. Depending on the
market and customer, Fluidic installs and provides
ongoing support through 24/7 network operating
centers. It offers a fully vertically integrated
solution, which is often a drop-in replacement for
incumbents.

The Fluidic systems have a range of voltage
capabilities from 48V up to megawatt high-voltage
systems. In smaller systems, Fluidic can interface
directly with existing 48V DC bus configurations
and its systems are directly compatible with existing
48V rectifier/inverter for their output conversion and
charging needs.

Fluidic Energy DC Energy Storage System

Fluidic’s smallest modules are currently 500 W,

4 kWh. Fluidics’ unique “LEGO” type platform architecture makes it possible to customize and
scale the systems to meet changing power and/or energy requirements, allowing capacities up to
MW/MWh solutions.

Fluidic systems have up to 85 percent RTEpc and a design life of more than 10 years and in
some micro- and mini-grid settings up to 25 years. Fluidic systems can operate at any state of
charge and are designed for 100% DoD with no capacity fade.

TURNKEY SOLUTIONS FOR MINI- AND MICRO-GRIDS

Over the years, Fluidic has also established its own turnkey project development team. The team,
in partnership with local EPC partners across Southeast Asia and Southeastern Africa, identifies,
develops, operates, and provides financing of large-scale deployment of PV- and energy-storage-
powered mini-grids in Southeast Asia and Africa, including the “500 Island” project in
Indonesia, which provides electricity to more than 1.5 million people, and the “100 Community”
project on Madagascar, which is expected to provide electricity to more than 400,000 people
who currently have no such access.
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O&M REQUIREMENTS

Maintenance needs for the Fluidic system are minimal and depend on the siting of the unit.
Typically, light maintenance is required on an annual basis and can be performed by local
maintenance personnel. Fluidic’s intelligence, “FluidiclQ,” offers transparent site visibility 24/7,
allowing for remote monitoring, maintenance, and preventative attention. Operating data is
constantly fed back to the Fluidic Network Operating Centers (NOCs) located in the United
States, Indonesia, and (soon) Africa.

DEPLOYMENT

Commercialized since 2011, Fluidic now has more than 75,000 batteries deployed at 1,200
customer sites across three continents. Fluidic technology excels in applications requiring more
than 4 hours of continuous runtime. This spans a range of use cases in South Africa energy
access, including energy security, peak shaving, mini- and micro-grids, telecom towers, and
critical power applications. The longer the runtime, the lower the $/Wh delivered.

Furthermore, Fluidic’s modular architecture allows for the power plant to be scaled at any time
from kilowatt to megawatt solutions. The Fluidic systems can be installed outdoors, require no
cooling, and can operate over the temperature range of 0°C to 50°C.

Environmental Sustainability: Fluidic’s zinc-air technology uses earth-abundant materials in the
construction of the cell and ancillary equipment. These raw materials (such as zinc, carbon,
water, potassium, and consumer-grade ABS plastics) are readily available; for the most part they
are easily reclaimable and recyclable at the cell’s end of life.

Societal Health and Safety: The Fluidic zinc-air cell architecture is fundamentally safe with
respect to thermal runaway or fire hazards due to its fail-safe discharge dynamics. All reacting
oxidant is stored “outside the cell” until the reaction is desired and the system discharges using
ambient air (unlike solid-state batteries). In addition, Fluidic’s aqueous alkaline electrolyte is
environmentally benign and does not contaminate groundwater or other sensitive natural
resources.

SOUTH AFRICAN PRESENCE/EXPERIENCE

Fluidic Energy has largely focused on developing areas in Southeast Asia and Latin America but
has significant traction in the southern part of Africa as a key market development metric in
2016. It has performed preliminary research with a top energy solution provider to validate its
value proposition in the South African market and is currently deploying resources to support
these efforts, including an assessment of establishing local manufacturing. Fluidic plans to have
a formal presence in South Africa in 2016.
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Freedom Won Freedom
POINT OF CONTACT
Antony English

Director and Co-founder

3 Letamo Estate, Kromdraai Road
Krugersdorp, 1739, South Africa
Tel: +27 83 280 6042

Email: antony@freedomwon.co.za
Web: http://www.freedomwon.co.za/

COMPANY DESCRIPTION

Freedom Won, a South African company, was founded in 2011. With company headquarters and
manufacturing facilities in Roodepoort, Gauteng, South Africa, the company started developing
electric vehicle concepts in 2009 and produced the first prototype in 2011. Energy storage using
advanced lithium batteries became the leading revenue stream in 2015. The company has
approximately 10 employees and about US $2 million in annual revenue.

TECHNOLOGY

Freedom Lite uses lithium iron phosphate
(LiFePO4) technology that requires no cooling
and its large-format cells can sustain continuous
high charge and discharge currents. These cells
were developed in the nineties for use in electric
vehicles and they became affordable and
available from around 2010 for this purpose.
Freedom Won has been using these cells in its
electric vehicles since 2011. It believes they have
proven themselves according to expectations and
product specifications for longevity and
reliability. It also offers a second-life
refurbishment for the Lite range, which involves
replacing the cells only, and hence providing a
reduced life-extension cost. The Freedom Lite is
guaranteed for 10 years to produce at least

70 percent of its original capacity based on 1 Freedom Won 10/7 home battery (10 kW/7 kWh).
cycle every day.

ENERGY STORAGE PRODUCTS/SERVICES

Freedom Won offers a range of Freedom Lite energy storage modules, all based on LiFePO4
batteries. The Freedom Lite contains a number of large format LiFePOj4 cells configured to 51
Vdc nominal output as well as a sophisticated battery management system (BMS) that looks after
the cells and is able to shut down the battery if the operating parameters are exceeded. The
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Freedom Lite DC output is connected to an external inverter of the client’s choosing (as to brand

and size). This DC output is also connected to a solar charge controller if one is used for the
photovoltaic (PV) connection, or alternatively a grid tie inverter can be connected to the output
of the inverter to incorporate the PV. In some cases, a hybrid inverter may be used that
incorporates the PV control and battery inverter systems all in one.

Eliminate load shedding from
your home or business by
installing a super efficient and
long life Lithium battery and
inverter system from Freedom
Won.

Starting From (incl VAT)
R 86 292.30
Financed over 60 months:
R 2183.83 per month

Package Includes:
Freedom Lite Home 5/4
3kVA Inverter
Installation and Delivery incl
materials

Eliminate Load Shedding AND
reduce your Utility/Eskom
consumption with a long life
Lithium battery and Solar
Power and save bundles of
money

Starting From (incl VAT)
R 14591434
Financed over 60 months:
R 3707.44 per month

Package Includes:
Freedom Lite Home 5/4
Premium Brand 3kVA Inverter
PV Panels 3kWp
Premium Brand Solar Charge

Say goodbye to Eskom
troubles for ever and run your
own Lithium battery based
solar power plant on
renewable energy with
massive long term cost
savings

Starting From (incl VAT)
R 313 065.66
Financed over 60 months:
Deposit R 63 065.66
R 6373.75 per month

Package Includes:
Freedom Lite Home 20/14
Premium Brand 5kVA Inverter

Freedom Won provides
energy storage solutions for
any application from 5kWh to
4000kWh or more using long
life high performance Lithium
batteries.There is nothing else
on the market that can come
close to competing on life
cycle cost and warranty.

Our Custom Solutions Service
Includes:
Assessment of Energy and
Power Requirements
Inspection of Site or Premises
Complete Solution
Recommendations including

10 Year Warranty Controller PV Panels 6kWp PV Array, Inverter design and
Installation and Delivery incl Premium Brand Solar Charge overall integration
materials Controller Detailed Design and Cost
Installation and Delivery incl Estimating
materials Turnkey Project Delivery

Freedom Won provides several configurations for specific applications

O&M REQUIREMENTS

No routine maintenance is required. The system will report any concerns that should be
investigated or resolved. The energy modules are designed for a service life of 15 to 20 years.

DEPLOYMENT

Freedom Won has approximately 100 installations in operation up to 40 kWh. Total installed
capacity is approximately 2 MWh. Larger systems have reached design concept and proposal
stages for various projects awaiting approval. Systems are zero emissions and fully sealed, and
are not sensitive to ambient temperatures. Standard models are for indoor use; outdoor models
are also available. Ambient temperature is —20°C to +60°C .

SOUTH AFRICAN PRESENCE/EXPERIENCE:

Freedom Won is a registered company in South Africa and has offices and a workshop near
Johannesburg.
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Greensmith Energy Management
Systems Inc. - Greensmifh

POINT OF CONTACT

Randy Selesky

SVP, Sales

485 Springpark PI., Ste. 1500
Herndon, VA 20170

Tel: +1 (847) 420-7994

Email: RSelesky@greensmith.us.com
Web: http://greensmithenergy.com/

COMPANY DESCRIPTION

Established in 2008, Greensmith specializes in software and control solutions to operate and
manage distributed energy storage systems (DESSs) for utility-scale, commercial & industrial or
micro-grid deployments often tied to renewable generation. Greensmith has delivered more than
45 energy storage projects to its clients, including nine major North American utilities.
Greensmith’s core team has more than 100 collective years of relevant experience, specializing
in battery management, power systems, electrical engineering, software development, utilities,
and customer energy management. Since 2011, Greensmith has been awarded dozens of projects
via competitive request for proposal (RFP) processes and deployed energy storage systems
employing PIM frequency regulation, frequency response/droop control, and solar photovoltaic
(PV) ramp rate control.

Greensmith is located in Herndon, Virginia, and Emeryville, California. It currently has more
than 30 employees and generated $16 million in revenue in 2014.

TECHNOLOGY

The Greensmith Energy Management System (GEMSS5) is Greensmith’s fifth-generation energy
storage control system and is built on a foundation of “connectors” to physical assets. These
connectors enable the system to control and acquire data from batteries, inverters, and numerous
other sources such as building load, solar output, and supervisory control and data acquisition
(SCADA) signals from an independent system operator. On top of these connectors sits a
computational platform, which enables Greensmith to control physical assets based on a rules-
based engine and provide additional functionality such as fleet control. Finally, an ever-growing
library of grid applications are built on top of the GEMS computational platform to provide
hardware-agnostic applications such as frequency regulation, capacity shifting, and demand
charge management.

Greensmith develops and delivers its GEMS control software, and provides engineering/design
support and the technical integration, project management, and logistics support for the delivery
of its energy storage systems. Components such as batteries, power conversion systems (PCSs),
heating, ventilation, and air conditioning (HVAC), fire suppression, and enclosures are
purchased from other suppliers through established industry relationships.
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Greensmith’s primary focus is on the development of advanced software control solutions and it
has delivered stationary energy storage systems with a battery-agnostic and inverter-agnostic
design framework. Its software has integrated systems with eight different inverter OEMs and
twelve different battery OEMs, including integration at the cell-level and at the rack-level. Its
installed systems have been located on both the customer and utility side of the meter, providing
operational data on a wide variety of use cases.

Following are lists of Greensmith’s valued industry OEM partners (companies whose products
the GEMS software has been successfully integrated to support):

Batteries Power Electronics

LG Chem Parker Hannifin

Johnson Controls Eaton

Samsung Ingeteam

Aquion Energy SunGrow

ViZn Energy Princeton Power Systems
Winston Battery Siemens

BYD Ideal Power

Saft Groupe S.A. Powerhub Systems

Boston Power Selectronic

ENERGY STORAGE PRODUCTS/SERVICES

Greensmith designs all system components in-house, and works with local suppliers to
manufacture custom items. Greensmith has successfully employed this design and contract
model in many prior installations. Greensmith will typically source all of the components and
source the container construction based on its own proprietary designs. Greensmith looks to the
EPC for the majority of installation on-site, however, Greensmith advises on project logistics,
safety, and other trouble shooting based on its experience with installations. During
commissioning, Greensmith supports the EPC with all aspects of final implementation, SCADA
integration and software installation.

Greensmith also offers a StorageCheck service for utilities, independent power producers,
storage developers, and owners. This is an audit service that evaluates the design of energy
storage systems and recommends changes to improve performance and return on investment.

O&M REQUIREMENTS

Specific O&M requirements are driven by the selected storage technology and the storage and
power conversion equipment manufacturers.
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DEPLOYMENT

Greensmith has demonstrated the ability to control/manage capacity shifting, PJM frequency
regulation, frequency response/droop control, and PV solar ramp rate control applications. Key
projects (all of which will be commissioned by end of 2015) are detailed below.

site System Contrals Algortihms
FPower
FE Praject 1 20 MW FJM REegulafion &
FE Project 2 1 MW PIM Regulafion D
FE Project 3 18 MW PJM Eegulafion D
FE Project 4 Z MW FJM REegulafion [
PEANG Deployment [PR) 1 MW PREFA MTE (EEC and frequency response)
SDGALE Carport B5 kW RRC, Capacity Shifting
SDGE&E CES System 20 kW RRC. Capacity Shifting
Southem Company S kW ERC
Distribution Scale Systemn [Quest) 1 MW Capacity Shiffing, load ERC
SDGEE Pala Substation S00 kW Capacity Shiffing. load REC

Key Greensmith projects through 2015.

SOUTH AFRICAN PRESENCE/EXPERIENCE:

Greensmith has active projects in Canada and Puerto Rico and has open bids and projected
projects for 2016 throughout Europe, Canada, Africa, South America, and Asia. It additionally
has long-standing relationships with numerous international partners providing energy storage in
Africa. Mr. Ken Kim is Greensmith’s international business development contact and CTO.

SOUTH AFRICA POINT OF CONTACT

Ken Kim

Chief Technical Officer and International Business Development
6475 Christie Ave., Emeryville, CA 94608

Tel: +1 (510) 250-9777

Email: KKim@greensmithenergy.com
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Imergy Power Systems Inc.

POINT OF CONTACT

O

OWER SYSTEMS

Timothy Hennessy

President

48611 Warm Springs Blvd.

Fremont, CA 94539

Tel: +1 (503) 869-1969

Email: timothy.hennessy@imergy.com
Web: http://www.imergy.com/

COMPANY DESCRIPTION

Established in 2005, Imergy Power Systems is a US company with headquarters and
manufacturing facilities in Fremont, California. Some of Imergy’s manufacturing is outsourced
to several sites, including the Republic of South Africa (RSA) for various components. Imergy
has approximately 100 employees. It had $3 million in revenue in 2015 and projects $28 million
in revenue in 2016. It manufactures its electrolyte and cell stacks and procures the balance of
plant components and power control systems.

Imergy entered into an Assignment for the Benefit of Creditors (“ABC”), a form of insolvency
under California state law, on Monday, July 18, 2016. Imergy has terminated its employees and
ceased operations [0380]. Under the ABC, Imergy intellectual property and its related assets
may be sold and subsequently developed/offered by another offeror.

TECHNOLOGY

Energy Storage Platform (ESP) is based on a redox flow battery using a proprietary vanadium
electrolyte formulation that includes a catalyst and additives. Flow batteries consist of two key
elements: cell stacks where energy is electrochemically created, and electrolytes where energy is
stored. These two elements are supplemented with two pumps and control systems. A flow
battery is charged and discharged by a reversible reduction-oxidation reaction between the
battery’s two liquid electrolytes. During discharge these electrolytes are pumped through a stack
of power cells, and an electrochemical reaction takes place, producing electricity.

The power and energy (output duration) of Imergy’s battery systems are independent. Output
power is determined by the size and number of cell stacks, while energy is determined by the
volume of liquid. This enables the increase in output duration by many hours — from 2 to 10
hours — just by adding more liquid electrolyte, which is about one-third of the system cost. The
electrolyte is never consumed or used up and can be totally reused. This flexibility enables power
providers to scale energy storage systems as their sites grow, at a fraction of the cost of
conventional batteries.

Imergy has developed an exclusive process for producing high-performance flow batteries with

recycled vanadium from mining slag, oil field sludge, fly ash, and other forms of environmental
waste. Other manufacturers of vanadium flow batteries build their devices with virgin vanadium
extracted from mining. The virgin vanadium must then be processed to a greater than 99 percent
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level of purity. Through an extensive R&D program, Imergy has developed a way to produce
flow batteries with vanadium at a 98 percent purity level that can be harvested from
environmental waste sites. This lowers the cost of obtaining and processing vanadium — the
principal active ingredient in many flow battery electrolytes — by 40 percent relative to
competitors. As a result of this technology and other developments, Imergy maintains it will be
able to lower the cost of its flow batteries from $500/kWh, already an industry benchmark, to
under $300/kWh.

ENERGY STORAGE PRODUCTS/SERVICES

Imergy generally provides a total packaged solution but also works with Engineer, Procurement,
and Construction contractors in local countries and for larger projects. It offers three standard
containerized solutions with up to 8 hours of storage. These products offer an AC response time
<70 ms, a DC-DC efficiency of 70 to 75 percent, and a projected life of 100,000 cycles. Systems
can be paralleled to 1I0MW scale.

e IMERGY ESP5: 5 kW and 15 to 30 kWh housed ina 2.15 m x 1.33 m x 2.08 m cabinet
IMERGY ESP30: 15 to 45kW and 120 to 200 kWh, housed in a single 20-ft container
e IMERGY ESP250: 250 kW, housed in two 40-ft containers

Stacks

Electrolyte Tanks

|rr :
PCS

Controls

Double
Containment

Anatomy of an Imergy EPS 30 in a single 20-ft container.

Because Vanadium redox flow Battery (VRFB) systems are most economical as a high-energy
system, Imergy systems are most appropriate for longer duration applications and can service use
cases such as peak shaving, demand response, energy shifting, utility grid ancillary services,
renewable energy firming, micro-grid, and backup power.

O&M REQUIREMENTS

O&M includes an annual system inspection. Replacement of electronics capacitors in the power
conversions system (PCS) is required every 3 years. Electrolyte rebalance requires removing
some electrolyte and replacing it with an appropriate concentration to rebalance if needed every
7 years. Stacks are replaced once every 10 years. Balance of plant and electrolyte is expected to
last more than 25 years.
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Imergy’s Energy Storage Platform (ESP) system stores energy in nonflammable aqueous-based
liquid electrolyte using a simple exchange of electrons among different ions of the common
metal vanadium. A small volume of liquid electrolyte is continuously pumped through a stack of
cells, where it is either charged or discharged, by adding or removing electrons, and then stored
in tanks. By eliminating the phase state reactions that limit the lifetime of conventional batteries,
Imergy’s flow batteries provide an unlimited number of charge/discharge cycles over the full
capacity range with more than 10 years of consistent performance.

Over the —20°C to 55°C operating range, no power is consumed to either provide active cooling,
as needed for most other batteries, or heating of the chemistry, as needed in molten metal
batteries. The significant volume of liquid in the electrolyte tanks provides thermal inertia to
naturally moderate the battery temperature. Unlike all other batteries, there is no charge or
discharge derating as temperature increases above 40°C.

DEPLOYMENT

Imergy has participated in pilot projects with the CEC, US Navy, colleges, and end-use
customers like Honda and Bosch. Imergy has 3 years of system operation in India, totaling
nearly 100 of its smaller ESP5 units. Systems are also installed and have been operating for a
year in Slovenia with sales in China, Czech Republic, Nigeria, California, and with customers
such as Duke Energy. The majority of systems are ESPS5 units with eight ESP30 systems in India
and the United States. Sales of an additional 16 units are due for installation in Q1 2016. Imergy
has also sold one ESP250 unit in India. Imergy has started implementing micro-grid and
electrification projects in Africa and India with Sun Edison.

: IMERGYF;UWER SYSTEMS

The Imergy ESP250 is a 250-kW system packaged in two 40-ft containers.

SOUTH AFRICAN PRESENCE/EXPERIENCE

Imergy is active in the RSA and plans to have more than 60 units installed by December 2015,
primarily with telecom operators. It manufactures electrolyte in South Africa but does not have a
legal entity or local contact. The US point of contact (above) is also registered professional
engineer in the RSA who has extensive experience as a senior manager at ESKOM.
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Ingeteam 'ﬂgeteﬂm

POINT OF CONTACT

Jered Diebold

Sales Manager

3550 W. Canal St.

Milwaukee, WI 53208

Tel: +1 (414) 934-4100

Email: jered.diebold@ingeteam.com
Web: http://www.ingeteam.com/

COMPANY DESCRIPTION

Founded in 1972, Ingeteam is a corporation with more than 3,500 employees and offices in 39
countries around the world. Ingeteam brings its products and services to four primary markets:
energy, marine, industrial, and rail traction. Headquartered in Bilbao, Spain, it specializes in
highly engineered electrical and electronic equipment and services. It has manufacturing
facilities globally, including multiple ones in Europe, Brazil, and the United States. In the United
States, Ingeteam has a 138,000-ft> combined production facility and office in Milwaukee,
Wisconsin, that manufactures wind generators, wind power converters, solar photovoltaic (PV)
inverters, Low and medium voltage industrial drives. More than 150 employees currently work
at Ingeteam’s Milwaukee facility. Ingeteam Energy has been supplying energy solutions for
more than 25 years. It is currently active in energy storage installations and has projects installed
since 2010. In the energy storage market, Ingeteam “sells” its power conversion system (PCS)
inverters and energy management system (EMS) controller to the integrators, developers, and/or
EPC of the plant(s) who are designing the entire plant solution, or the whole battery energy
storage system (BESS).

TECHNOLOGY

Ingeteam provides plant controller (EMS) and supplies PV and storage inverters (PCS) for
renewable energy and energy storage projects. The plant controller is a critical component within
a plant that commands the various inverters (PV and/or battery) and connects to the BMS for
battery management while communicating to the utility supervisory control and data acquisition
(SCADA) and running the various algorithms to connect to the utility. Of particular note is
Ingeteam’s experience and products, which provide for integration of diesel-PV solutions and
diesel-PV storage solutions for both grid-connected and off-grid applications.

PLANT CONTROLLER

The INGECON® EMS plant controller helps the grid operator to predict the PV plant
performance and to guarantee the quality and stability of the electricity supply. It offers
maximum PV plant control. An advanced control algorithm combined with a fast and efficient
communications system (with response times of less than 1 s) permits precise control of the
active and reactive power delivered by the plant to the grid. The INGECON EMS plant
controller controls the PV inverters, ensuring compliance with the grid operator’s requirements
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at the PV plant connection point. Measured at the point of interconnect (POI), the total plant is
capable of time responses of less than 3 s.

INGECOM® SUN STORAGE

T

Public grid

Optional

Diesal Generator 1 l

Diesal Manager (M £ 3)*

Diesal Gererator n '

Example of how Ingeteam products are used to integrate multisource generation systems.

ENERGY STORAGE PRODUCTS/SERVICES

PHOTOVOLTAIC INVERTERS

The INGECON SUN PowerStation products come fully equipped with everything necessary:
high- efficiency PV inverters, LV AC panels, MV panel, auxiliary services, and an LV/MV
transformer. Different solutions are available to suit the needs of each and every project.

Managing energy storage systems and other devices such as diesel generators is also possible
through the use of INGECON SUN STORAGE PowerMax inverters.
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BATTERY INVERTERS

Ingeteam manufactures battery inverters that range in size from 375 kW to 1070 kW, with multi-
inverter configurations that can increase the power to more than 4 MW. Ingeteam has storage
technology experience with lead-acid batteries, lithium-ion (Li-ion) batteries, high-temperature
batteries, and ultracaps.

The CON40 PowerStation provides a 2,500 to 3,500 kVA capacity substation, including LV/MV transformer,
PV inverters, and MV switchgear in a 40-foot container.

O&M REQUIREMENTS

Ingeteam has O&M service contracts for large wind and PV installations worldwide, accounting
for more than 4 GW of service contracts for power generation plant maintenance.

DEPLOYMENT

Since 2010, Ingeteam has approximately 12 significant demonstration, pilot, and commercial
installations in Spain and France ranging up to 4 MW and 9 MWHh. It has worked with companies
including Acciona Energy and Abengoa/Abensia, and has partnered with energy storage
providers including SAFT. Four of these installations were being constructed and started up in
2015.

SOUTH AFRICAN PRESENCE/EXPERIENCE:

Ingeteam has had over 2.3 GW of systems installed in Africa and has experience connecting to
the South African grid, including inverters installed in the largest PV plants in South Africa. It
has also been involved with diesel-PV storage integration solutions.

SOUTH AFRICA POINT OF CONTACT

Alfonso Escuredo Tel: +27 11 3143190
Business Development Manager Email: Alfonso.Escuredo@ingeteam.com
16th Rd.

Alphen Square South — Randjiespark
1682 Midrand, Gauteng, South Africa
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Johnson Controls, Inc. /}) f
Johnson / I(

POINT OF CONTACT Co ntrOIS

Jeremy Niederjohn

Director, Market Development, Distributed Energy Storage
301 N. Broadway

Milwaukee, WI 53202

Tel: +1 (414) 534-7530

Email: jeremy.m.niederjohn@jci.com

Web page: http://www.johnsoncontrols.com/

COMPANY DESCRIPTION

Johnson Controls, Inc. (JCI) is a multinational company headquartered in Milwaukee,
Wisconsin, and has manufacturing facilities located in the United States and around the world.
JCI has three main divisions including building efficiency, power solutions, and automotive. In
2014, the power solutions division, which designs and manufactures batteries for various
applications, generated $6.6 billion in sales and accounted for 18 percent of JCI’s consolidated
net sales while employing more than 15,000 employees.

JCI has more than 100 years of experience in delivering quality batteries that meet customers’
evolving needs for improved performance, emissions reductions, and fuel economy. JCI is the
world’s largest manufacturer of automotive batteries, supplying approximately 146 million of
them in FY 2015 to automakers and aftermarket retailers. JCI’s full range of lead-acid and
lithium-ion (Li-ion) battery technology powers nearly every type of vehicle for its customers,
including conventional, start-stop, advanced start-stop, micro-hybrid, hybrid, and electric.
Combining advanced building efficiency technology with the leading batteries of the power
solutions division, the distributed energy storage business is focused on the stationary energy
storage market.

TECHNOLOGY

Li-ion technology is a safe and proven technology provided that it is managed appropriately. JCI
uses the VL41M cell which is manufactured by JCI and they therefore have a deep
understanding of its performance characteristics.

JCI has developed system controls to ensure that the Li-ion cells never experience conditions that
exceed their safe operating range. From a safety perspective, JCI provides a number of levels of
safety. Safety starts with proper control of the batteries. This includes the software controlling
the applications down to the battery management systems (BMSs). Second, the modules that
house JCI cells are designed in such a way to significantly limit thermal propagation from cell to
cell. Finally, the cells and module are designed in such a way that if all else fails they can vent
safety to avoid any safety risk.
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ENERGY STORAGE PRODUCTS/SERVICES

JCI has designed a battery container VLM
that will increase flexibility of (per cell) Performance
applications in front of and behind the Rhrison Capactity
meter, and ultimately increase energy Controls (Crate, 250C) 41 Ah
cost savings. This battery container is Total Energy
implemented into two scalable form (Crate, 2500) 150 Wh
factors: in-building (L1000) and 41M Max. Discharge Power
(10s, 50%S0C, 2.5V) 805W

containerized (L2000) solutions.
Max. Charge Power

The basic components of an energy (Current limited, 10s, 50%SOC, 4.1V) 695 W
storage system are the batteries, BMS, Low Temperature Power
battery controls, and power conversion Pt (10s, 50%S0C, 2.0V min, -25€) 140 W
system. JCI provides all of these with a Mass 1070g
the exception of power conversion, @ Dimensions
(Length x Diameter) 217mm X 54 mm

where it has a number of companies
that it partners with to provide those
services. JCI also integrates batteries
into building systems to provide an

advanced level of control and value.

Johnson Controls VL41M Li-ion cell.

JCI form factors (containerized and in-building) provide scalability to fit customer needs. These
systems may be partnered with a variety of inverter sizes to ensure compatibility.

Johnson Controls L2000 system in Puerto Rico.

L1000 IN-BUILDING DISTRIBUTED ENERGY STORAGE SYSTEM
Power from 50 kW up to 250 kW. Energy capacity in 43 kWh, 65 kWh, or 85 kWh increments.

L2000 MODULAR CONTAINER DISTRIBUTED ENERGY STORAGE SYSTEM

Power from 500 kW up to 2 MW. Energy capacity in 500-kWh increments.
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O&M REQUIREMENTS

JCI systems are designed to run up to 6,000 cycles, depending on the application, C-rates, and
depth of discharge. Li-ion batteries do not require routine maintenance or service. Typical O&M
tasks include the cooling system, care and maintenance of the containers, fire suppression, and
other support systems.

DEPLOYMENT

JCI has performed several pilot projects of our energy storage solutions. Specific site dates or
visits are available upon request. While JCI is not new to batteries or the energy business,
stationary energy storage is a relatively new business unit. As of December 2015, it had four
systems installed and many more in development. These installed systems include:

e Commercial Office (Wisconsin, United States): 125 kW, L1000
e Manufacturing Facility (Illinois, United States): 1 MW, L2000
e Federal Government Facility (Puerto Rico): 1 MW, L2000
o Commercial Office (Illinois, United States): 125 kW, L1000
Common
Rack System
{standard rack) Purpose-built
maodular building
and HVAG
Johnson Controls
o] content
VL41M Battery
Li-ion Cells Management
— System
Battery Pack
!
Johnson ’j}j{i
15 & Copyright Johrson Confeols, inc. Al rights reserved. Propristsry snd Confidentisl infoerefion. Ay unauthorioed use, copying or disfribution b iricty prohibied. cﬂntmls

SOUTH AFRICAN PRESENCE/EXPERIENCE:

JCI does business in more than 150 countries. It has done extensive market segmentation
activities and has identified the high-value geographies that it will be pursuing — including South
Africa. South Africa has been identified as a market that is attractive because of JCI's existing
footprint in the region as well as because of what it believes to be favorable market conditions
for energy storage. JCI has facilities in six cities across South Africa. These facilities include
manufacturing, management, sales, and service activities. JCI currently employs around 1,000
people in South Africa.
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@ LG Chem

LG Chem

POINT OF CONTACT

Peter Gibson

Sales Director

1857 Technology Dr.

Troy, M1 48083

Tel: +1 (248) 205-9066
Email: pgibson@lgchem.com
Web: www.lgchem.com

COMPANY DESCRIPTION

LG Chem is headquartered in Seoul, South Korea, and had revenues of $22 billion in 2014. The
energy solutions business unit, which includes batteries for consumer, automotive, and stationary
energy storage system (ESS) applications, accounted for $3.1 billion of these revenues and
employs a total of 12,000 associates.

LG Chem Michigan is a wholly owned subsidiary of LG Chem based in Holland, Michigan,
which operates a plant to manufacture advanced battery cells for electric vehicles. Additional cell
manufacturing facilities are located in Ochang, South Korea; Nanjing, China; and (a future plant
not yet operational) Wroclaw, Poland. Current aggregate annual capacity for automotive and
ESS cells is approximately 7 GWh, with plans to increase capacity to 30 GWh by 2019. LG
Chem’s stationary ESS business has 260 employees dedicated to product management, project
management, QA, and sales and marketing. Other functions including production, R&D, and
central QA/QC functions are provided by central functions that service automotive, ESS, and
consumer battery businesses.

In 2015, Navigant ranked LG Chem as the #1 lithium-ion (Li-ion) battery supplier for both
stationary grid-scale and automotive applications.

TECHNOLOGY

LG Chem’s advanced Li-ion battery technology is the product of 20 years of experience in
development and production, including mobile batteries and large-format batteries for
automotive and energy storage applications. LG Chem completed development and began mass
production of Li-ion batteries in the early 1990s.

Batteries used for LG Chem stationary ESSs are 100 percent nickel manganese cobalt (NMC)
chemistry. Although it also manufactures a small number of cells with LMO, LFP, LTO
chemistries for specific auto applications, LG Chem believes that NMC provides the best
solution when considering all relevant factors including the following: performance; degradation;
C-rate flexibility (for power and energy solutions); durability; inherent safety; energy density;
cycle life; ease of manufacture; cost; and potential for future cost reduction.

For stationary storage systems, LG Chem uses the same pouch-type cells that have been tested
and selected by the world’s leading automotive OEMs (the only exception being Toyota). These
cells are manufactured on the same production lines and with the same high levels of QA/QC.
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LG Chem is the leading supplier of batteries for all-electric, plug-in hybrid, and hybrid
automobiles in terms of current market share.

ENERGY STORAGE PRODUCTS/SERVICES

LG Chem’s advanced Li-ion energy storage products are designed to meet the needs of three
distinct market segments.

Residential: Wall-mounted battery enclosures with ratings from 6.4 kWh to 10 kWh suitable for
either AC- or DC-coupled architectures.

Commercial and Industrial (behind the meter): Rack-mounted module systems that can be
installed in an equipment room or an outdoor rated enclosure, with DC output voltage options in
the range of 400 to 800 Vdc to match with the most commonly used inverters for these
applications. Rack systems are fully certified to UL.

Grid-scale (in front of meter): Rack-mounted module systems
that can be installed in a building or a container/modular building,
with C-rates that support either power applications (15 to 60 min
discharge) or energy applications (discharge periods of 4 or more
hrs). For grid-scale energy storage applications, LG Chem uses
standard rack systems that can be paralleled to deliver an optimum
storage solution. Integrated systems are therefore nonstandard and
(to optimize both cost and performance) are essentially configured
on a project-by-project basis.

Round trip efficiencies really depend on the system duty cycle and
anticipated C-rates for the batteries. Total life can be as long as 20
years for energy applications, backed up by long-term performance
and capacity guarantees.

LG Chem works closely with its customers during the system
design phase so that the battery capacity is optimized for the
required duty cycle. LG Chem personnel also provide project
management and technical operations support specialists to ensure
successful installation, commissioning, and commercial operations.

O&M REQUIREMENTS

Typical LG Chem
battery rack.

Battery racks require a minimal amount of O&M support. They are
usually installed at unmanned sites, and operations are monitored
remotely. For larger grid-scale systems, LG Chem recommends annual site visits that include a
visual inspection of the battery racks and associated cabling. This typically requires the unit to be
off-line for 36 to 48 hrs. Depending on the application, LG Chem battery modules can operate
for up to 20 years without replacement. Extended warranties can also be provided.
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DEPLOYMENT

LG Chem has supported many early-stage pilot deployments for storage systems intended for
grid-scale, commercial and industrial, and residential applications. LG Chem stationary ESSs
have been deployed since 2009. To date, we have approx 400 MW/580 MWh of stationary
energy storage capacity installed y
or on firm order worldwide. ESS 1
applications containing LG Chem ‘

P

| : ,

service in 2014 and uses LG ‘ |
Chem Li-ion batteries located in a
6,300-ft2 building at Southern Inside the Tehachapi Energy Storage project.
California Edison’s Monolith

batteries can be containerized and
substation in Tehachapi, California.

located on a concrete foundation
as with other integrated Li-ion
ESSs. Alternately, they can be
located indoors.

The Tehachapi Energy Storage
project is currently the largest (by
megawatt-hour) battery energy
storage project in North America.
The 32-MWh battery ESS entered

SOUTH AFRICAN PRESENCE/EXPERIENCE

LG Chem has deployed and is currently pursuing energy storage projects globally. The company
recognizes the potential benefits of energy storage in South Africa and can use the experience
gained over several years of deploying systems in Asia, Europe, and North America to the
benefit of its future customers in South Africa.

At this time, LG Chem has only provided smaller battery systems for telecom applications in
Nigeria, and it has no installations in South Africa. However, with the increasing penetration of
renewables in South Africa, the country will be able to realize significant benefits from the
deployment of energy storage to both aid the integration of renewables and to enhance T&D
system operations.

SOUTH AFRICA POINT OF CONTACT

Santiago Senn

Director, Energy Storage Systems (EMEA)
Otto-Volger-Str. 7C

65843 Sulzbach (Taunus), Germany

Tel: +49 6196 5719 617

Email: santiagosenn@lgchem.com.
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LightSail Energy

SUGGESTED POINT OF CONTACT

|ohtSa|I

Energy

Stephen Crane

Co-Founder and CEO

914 Heinz Ave.

Berkeley, CA 94710

Tel: +1 (510) 981-8088

Email: contact@lightsailenergy.com
Web: http://www.lightsail.com/

COMPANY DESCRIPTION

LightSail Energy is developing a high-efficiency energy storage system (ESS) using compressed
air, which it refers to as regenerative air energy storage (RAES). Founded in 2009 and based in
Berkeley, California, LightSail has raised $70 million from several high-profile investors.

LightSail is in technology development.
TECHNOLOGY

In most previous compressed air energy storage
(CAES) designs, the compression of air creates
heat energy, which was wasted or underutilized,
thus reducing overall system efficiency. LightSail
is proposing an isothermal CAES system in which
a water mist is infused into two reciprocating
compression stages as the air is compressed. This
heated water is removed and stored. During
discharge when the air is expanded, the stored
heated water is reinjected into the expansion
chambers to warm the expanding air. The

theoretical RTE for this system is about 70 percent.

LightSail is continuing to refine its design to
maximize the actual system efficiency towards this
limit.

LightSail has also developed a storage tank for
high-pressure air. A composite carbon fiber shell is
spun around an internal plastic liner to create a
large, inexpensive pressure vessel. The basic tank
design is 25 ft in length with a volume of about 5.7
m?>. The tanks have been extensively tested and are
American Society of Mechanical Engineers
(AMSE) certified as pressure vessels. They can be
connected in groups of eight and packaged in a 40-
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ft shipping container to provide around 1 MWh of storage.

25-ft composite carbon fiber tank for high-pressure air storage.

ENERGY STORAGE PRODUCTS/SERVICES

The proposed LightSail system includes a compressor/expander (power) unit and one or more
storage tank units. The storage tanks are mounted in a steel frame with a shipping container form
factor using industry-standard fittings and complying with ASME and ISO safety standards. This
approach allows development of standard products that can be configured to meet any required
power and energy capacity similar to a flow battery. LightSail’s basic product is a 500-kW
power module supplemented with 1-MWh storage units. For large energy-intensive applications,
air can be stored in underground caverns — a standard approach for large-scale natural gas
storage.

O&M REQUIREMENTS

Because CAES systems are more mechanically complex than battery storage systems, O&M
requirements are more extensive. The power unit has the same components as an industrial
reciprocating air compressor and has similar O&M requirements.

DEPLOYMENT

LightSail is involved in technology development and has not deployed ESSs to date. It is
currently evaluating and refining a 500-kW system in its Berkley laboratory and is ready to
deploy it in a pilot installation, pending availability of sufficient funding to support that effort.
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High-pressure cylinder head (upper center) with the valve actuation mechanism removed and
water pump (lower center).

SOUTH AFRICAN PRESENCE/EXPERIENCE

As a small startup developing its first commercial products, LightSail does not have either an
international or South Africa presence.
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A4

Lockheed Martin LOCKHEED MAR”W

POINT OF CONTACT

Lockheed Martin

61 Moulton St.

Cambridge, MA 02474

Phone: +1 (617) 374-3797 x234

Email: storage@lmcoenergy.com

Web: www.lockheedmartin.com/energystorage

COMPANY DESCRIPTION

Headquartered in Bethesda, Maryland, Lockheed Martin is a global security and aerospace
company that employs approximately 125,000 people worldwide and is principally engaged in
the research, design, development, manufacture, integration, and sustainment of advanced
technology systems, products, and services. Lockheed Martin is leveraging its global network of
talent and resources to develop the next generation of energy storage systems (ESSs) and
batteries. Locations include Dallas, Texas; Cambridge, Massachusetts; and Palo Alto, California.

TECHNOLOGY

Lockheed Martin has two separate energy storage technology offerings. The first technology is
lithium-ion (Li-ion) storage built into an integrated turnkey system, which is intended to help
commercial and industrial customers reduce their electric bills, help utilities defer costly
transmission and distribution infrastructure upgrades, and enable the integration of behind-the-
meter customer renewable electricity production.

The second technology Lockheed Martin Energy is offering is an innovative flow battery system.
The technology behind Lockheed Martin’s GridStar™ Flow system is the coordination chemistry
flow battery (CCFB). The CCFB technology is built on a fundamentally new electrochemistry
consisting of engineered electrolytes with characteristics that enable lower cost balance of plant
components, higher efficiency, and longer useful life than currently available flow battery
solutions.

In contrast to chemistries typically employed in flow batteries, which often involve highly acidic
or caustic solutions, the GridStar Flow battery electrolyte framework of proprietary combinations
of transition metals and ligands results in a low-cost, mildly alkaline aqueous electrolyte solution
that is both stable and safe. The resulting electrolyte performance characteristics, such as cell
voltage, current density, and solution properties, enable low-cost, durable, and high-efficiency
cell stack and balance of plant components.

ENERGY STORAGE PRODUCTS/SERVICES

Lockheed Martin provides turnkey energy storage solutions for commercial, industrial, and
utility applications. Backed by a full Lockheed Martin warranty, the company’s modular ESSs
are designed for performance, reliability, and low total cost of ownership.
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Lockheed Martin’s energy storage portfolio includes both behind-the-meter and front-of-the
meter solutions, that range in size (from 125 kW to multi-megawatt) and duration, and use
different battery technologies (Li-ion and flow).

Lockheed Martin is uniquely positioned to offer energy storage solutions due to its key strengths
in technology innovation and world-class systems integration capability, leveraging decades of
delivering mission-critical systems. Its energy storage portfolio of products includes both
medium- and long-duration ESSs. Lockheed Martin has the following two technology offerings.

GRIDSTAR LI-ION

For short- and medium-duration applications, Lockheed Martin offers a GridStar Li-ion product
that it believes addresses a gap in the market for turnkey AC-AC compact, modular, easy-to-
install Li-ion energy storage units. GridStar Li-ion is a turnkey, outdoor-rated ESS that includes
AC/DC protection, power conversion, energy storage, thermal management, and controls. These
systems are offered with a 3-year standard warranty and extended warranties.

GridStar Li-ion systems are available in 125-kW and 250-kW configurations and have a capacity
of 270 to 540 kWh DC at beginning of life. These systems have a 480-Vac, 3-phase 3-wire
standard (4-wire optional) power interface and RS-485/Modbus, Ethernet/Modbus TCP control
interface. They are compatible with Lockheed Martin or third-party-provided control
software/hardware. GridStar Li-ion systems have a roundtrip efficiency of 96 percent and are
rated for ambient operating temperatures of

—20° to +50°C.

~ .
LOCKHEED MW
Ll

Lockheed Martin GridStar™ Li-ion 250-kW/540-kWh system in Grand Prairie, Texas.
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GRIDSTAR FLOW

For longer-duration applications, Lockheed Martin is pioneering an innovative long-duration
proprietary flow battery technology. GridStar Flow is a multi-megawatt CCFB ESS.

DEPLOYMENT

Lockheed Martin has been involved in ESSs for a number of years.

In partnership with Convergent and C&D Technologies, Lockheed Martin has deployed a
500-kW/3-MWh (6-hr) ESS in Boothbay, Maine. Commissioned in May 2015, this system
provides transmission and distribution capacity deferral as a third-party-owned asset under a
long-term pay-for-performance contract with Central Maine Power.

Lockheed Martin 500-kW/3-MWh energy storage system in Boothbay, Maine.

Lockheed Martin also has a 300-kW/60-KWh Li-ion storage system integrated into a grid-tied
micro-grid at the US Army Fort Bliss in El Paso, Texas. This system integrates energy storage,
solar PV, on-site generation, and load control.

SOUTH AFRICAN PRESENCE/EXPERIENCE

Lockheed Martin is currently formulating its international energy storage strategy.
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Maxwell Technologies ®
NMaxwell

Point of Contact TECHNOLOGIES
Katharina Mauer

Business Partner Manager

Maxwell Technologies GmbH

Leopoldstrasse 244

80807 Munchen

Deutschland — Germany

Tel: +49 (89) 4161403-14

Email: kmauer@maxwell.com

Web: www.maxwell.com

COMPANY DESCRIPTION

Maxwell’s headquarters and principal operations are located in San Diego, California. It has a
manufacturing facility in Peoria, Arizona, a European base of operations in Rossens,
Switzerland, and sales offices in Munich, Germany; Seoul, South Korea; and Shanghai, China.
Maxwell employs more than 450 people worldwide.

Founded in 1965 as Maxwell Laboratories, the company was originally a government contractor,
providing advanced physics, pulsed-power, and space-effects analysis, as well as other research
and development services to the US military and other government agencies. In the early 1990s,
Maxwell began focusing on commercial applications for its technologies and products, and it
now generates all of its revenue from commercial sources.

TECHNOLOGY

Maxwell’s primary focus is on ultracapacitors, energy storage devices that are characterized by
high power density, long operational life, the ability to charge and discharge in a fraction of a
second, reliable performance at an extreme temperature range (—40°C to 65°C), and an
operational lifetime of 1 million or more charge/discharge cycles.

Ultracapacitor energy storage provides multiple benefits to independent energy generators and
utilities alike, including renewable generation such as solar and wind as well as traditional fuel
energy generation. Within the context of a hybrid ultracapacitor plus battery energy storage
solution, ultracapacitors perform fast response functions and extend battery lifetime. Generation
applications may include frequency regulation, voltage control and power quality, renewables
capacity firming/ramping, peak shaving and load leveling, and spinning reserve.

ENERGY STORAGE PRODUCTS/SERVICES

Maxwell produces a variety of ultracapacitor cells and modules. One example is Maxwell’s
BMODO0130 56-V energy storage module, which is a self-contained energy storage device
consisting of 23 individual ultracapacitor cells. This module includes bus bar connections and
integrated cell voltage management circuitry. Modules can be connected in series to obtain
higher operating voltage, in parallel to provide higher current or longer discharge time, or a
combination of series/parallel arrangements as needed. The module is intended for installation in
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a standard 19-inch equipment rack or a 23-inch UPS rack. When configured in an array of
modules of 10 series by 50 parallel (500 total modules), the module results in 1-MW/60-s

ultracapacitor bank.

Maxwell ultracapacitors provide cost-effective
and reliable instantaneous power. With over

11 GW of power installed worldwide, the long
life, high power, and superior charge/discharge
cycling of ultracapacitors make them the ideal
energy storage solution for utility-scale, micro-
grid, or commercial applications.
Ultracapacitors can be used as a standalone
solution or in combination with other energy
storage technologies such as batteries. By
combining two complementary technologies,
ultracapacitors can extend battery life and
reduce overall operating cost, providing fast
response as well as backup capacity. With
Maxwell ultracapacitors, it is easy to design

Maxwell Technologies 56-V ultracapacitor module.

scalable systems with lifetimes of up to 1 million charge/discharge cycles at 100 percent depth of

discharge.

Concept for 1-MW/60-s ultracapacitor bank housed in a 20-ft container.
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O&M REQUIREMENTS

Unlike batteries, ultracapacitors require minimal to no maintenance over their lifetime. Prior to
removal from the system, cable removal, or any other handling, the energy storage module must
be completely discharged in a safe manner. The stored energy and the voltage levels may be
lethal if mishandling occurs. Maintenance should only be conducted by trained personnel on
discharged modules.

Annual maintenance includes cleaning the exterior surface of the modules and checking the
module housing, fasteners, and ground connections for signs of damage. At the end of life,
ultracapacitors can be disposed of according to local regulations for general electronics waste.

DEPLOYMENT

With respect to grid energy storage, ultracapacitors are best suited for high-power, short-duration
applications (sub-seconds up to 1 to 2 minutes).

Maxwell ultracapacitors can be deployed in a wide variety of configurations for high-power and
short-duration use cases. As an example, Maxwell ultracapacitors were employed for a power
stabilization application at the Yangshan Deep-Water Port near Shanghai, China. The Port’s 23
quay cranes have enough power draw to cause significant voltage fluctuations on the local grid
for 10 to 15 s at a time. The Port is located at the end of a 20-mi bridge, and increasing the
transmission line capacity was deemed too costly. The system design included a
3-MW/17.2-kWh energy storage system (ESS) with 20 s of reserve power that mitigates voltage
sag caused by crane operation. The solution made it possible to avoid the costs associated with
installing a larger transmission line. The ultracapacitor ESS has been fully operational for 2
years, has demonstrated a 38 percent reduction in peak demand grid energy, and will result in an
estimated $2.9 million in energy savings over the expected system lifetime of 10 years.

Maxwell ultracapacitors can be used in a hybrid system configuration with batteries (e.g., Li-ion,
lead-acid, low-cost aqueous) to deliver multiple-grid or micro-grid services. Working with a
major US utility, Maxwell hybridized the ultracapacitors with low-cost batteries to perform solar
intermittency smoothing and load shifting. Because the ultracapacitors are able to remove high
peak loads from the batteries, the batteries did not need to be oversized and the system was
approximately 15 percent lower in cost versus the battery-only solution.

SOUTH AFRICAN PRESENCE/EXPERIENCE

Maxwell has sold a small amount of product in South Africa to date, via the distributors Digikey,
Mouser, and Richardson.
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NEC Energy Solutions, Inc.

POINT OF CONTACT NEC ENERGY SOLUTIONS
Roger Lin

Director of Product Marketing

155 Flanders Rd.

Westborough, MA 01581
Tel: +1 (508) 497-7261
Email: rlin@neces.com
Web: www.neces.com

COMPANY DESCRIPTION

NEC Energy Solutions is a wholly-owned subsidiary of NEC Corporation. It is headquartered in
Westborough, Massachusetts, and has about 175 employees.

TECHNOLOGY

NEC Energy Solutions (NEC) develops and manufactures smart energy storage solutions for
electric grid, backup power, and lead-acid replacement applications with system integration
expertise focusing on high performance, efficiency, safety, and reliability. NEC’s products range
from compact advanced industrial batteries to grid-scale ESSs, all based on lithium-ion (Li-ion)
battery technology. Its turnkey GSS® (Grid Storage Solution) products have successfully
operated in commercial revenue service since 2009; its commercial and specialty batteries
provide solutions to fit the needs for telecom, IT backup, datacenter, medical, lead-acid
replacement, and other industrial applications.

ENERGY STORAGE PRODUCTS/SERVICES

NEC’s GSS is an integrated ESS that is available in a variety of standard configurations to meet
specific performance requirements. The GSS consists of the following:

e NEC’s GBS® (Grid Battery System), which is configurable in total storage capacity
(MWHh) and is typically housed in various standard-sized, international Standards
Organization (ISO)-compliant battery containers. The GBS consists of either long-
duration (LD) energy storage racks for high-energy applications (1+ hr) or high-rate (HR)
energy storage racks for high-power-output applications (15+ min).

e NEC’s AEROS® is a comprehensive monitoring and control system that manages GBS®
and power conversion systems, and interfaces with the customer facility’s control system
(supervisory control and data acquisition [SCADA]) through standard control
connections.

e A prequalified power conversion system (PCS).

¢ A thermal management system (heating, ventilation, and air conditioning [HVAC]).

The GSS will interface with customer systems at the following points:

e 480-Vac terminals of the PCS enclosures
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e Ethernet connections on the AEROS control and monitoring system in the battery
container (alternatively, AEROS can be installed in the customer’s control building)
e Auxiliary power at each piece of NEC—supplied equipment

The GSS can be set to operate autonomously, with high-level control available to a remote
operator, or it can be interconnected to the owner’s SCADA systems for continuous monitoring
and remote management or dispatch.

The figure below shows one possible GSS site layout using NEC’s LD energy storage
technology, in this case a 4-MW/4-MWh Li-ion battery optimized for 1 hr of energy storage.
Many other sizes and configurations are possible, up to hundreds of megawatts and megawatt-
hours in a single site. There are also many combinations of power capability (megawatts) and
energy storage capacity (megawatt-hours) ranging from high-power to high-energy
combinations. The dimensions of this layout are 25 m (82 ft) by 7.4 m (24 ft). This example site
consumes 185 m? (1,968 ft?) of area inclusive of standard working clearances. The layout can
additionally be optimized according to the application and final site location.

HVAC cooling systems
and Air Ducts

GBS® LD grid battery

system

Power conversion
systems

Transformers (not
typ. in NEC Energy

Representative 4 MW, 4 MWh GSS® Site Layout scope)

The GSS product can support all identified South Africa power-to-power energy-storage use
cases. NEC designs and manufactures the battery systems and controls systems, and it purchases
power conversion equipment from third-party vendors. It sources component battery cells and
modules to assemble the GBS product and it is not a manufacturer of Li-ion cells. GSS grid
energy storage platforms have successfully operated in commercial revenue service since 2009.

O&M REQUIREMENTS

Typical O&M requirements include semiannual inspections to check over thermal management
(air conditioning or water chiller systems) and power connections. Depending on
application/usage/duty cycles, batteries can have a service life of 10 years or longer. At end of
life, only battery modules are replaced. Replacement does not require the entire site to be
replaced — only the individual battery modules need be replaced and the physical rack structure,
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battery management system, and controls hardware can remain. Additional batteries can also be
added to the site to augment the energy storage capabilities if the conditions of the site change.

DEPLOYMENT

NEC deployment requirements are relatively standard for a Li-ion ESS and include a stable base
or foundation, and ethernet, main power, and auxiliary power connections. The containerized
system facilitates shipping and reduces the extent of on-site installation.

NEC has an extensive list of Li-ion grid energy storage projects in the United States and
internationally. NEC GSS systems account for 11 of the 50 largest Li-ion grid storage systems in
the world (118 MW of a total of 311 MW) according to Navigant Research (data from Q1 2015).

An NEC 32-MW/8-MWh GSS grid energy storage solution provides frequency regulation
in Laurel Mountain, West Virginia.

SOUTH AFRICAN PRESENCE/EXPERIENCE

NEC has already installed megawatt-scale energy storage projects globally and actively pursues
projects outside the United States. In Africa, NEC has registered companies in Kenya, Zambia,
Nigeria, and Namibia. It also has sales and project offices in Tanzania, Ethiopia, Congo,
Madagascar, Angola, Ghana, Niger, and the Ivory Coast. In South Africa, NEC Energy
Solutions, with NEC Africa, has partnered with XON Alternative Energy, and they are busy with
various engagements on energy storage across the African continent, including with multiple
engagements and proposals in the mining and manufacturing sectors. The NEC Africa head
office is in Midrand (Johannesburg) and NEC Africa has offices in all nine provinces in South
Africa.

SOUTH AFRICA POINT OF CONTACT

Magnus Coetzee

MD XON Alternative Energy

82 Roan Crescent Sage Corporate Park North Midrand
Tel: +2711 237 4500 / +2782 386 6976

Email: magnus@xon.co.za
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Powerstorm ESS '—_I ™
£y ROWEHST[IH

POINT OF CONTACT nergy Storage Solutions

Wendy Ito

Executive Assistant

31244 Palos Verdes Dr. West, Ste. 245
Rancho Palos Verdes, CA 90275
Phone: +1 (424) 327-2101

Email: w.ito@powerstormess.com.
Web: http://www.powerstormess.com/

COMPANY DESCRIPTION

Powerstorm ESS (Powerstorm) is a Los Angeles—based company that specializes in renewable
energy technology and is dedicated to understanding and developing optimal energy solutions for
underserved communities without electricity. Powerstorm offers sustainable, green, plug-and-
play, and hybrid solutions that provide reliable energy to communities in off-grid locations. Its
products have diverse applications across the world, including emergency preparedness,
powering community institutions, and services and use by telecom tower operators in remote
areas.

Powerstorm supports rural communities in off-grid areas that need reliable, clean, and safe
electricity. To meet these communities’ demand for power and interconnectivity, Powerstorm
addresses every segment of energy storage solutions such as lithium battery chemistry, power
conversion, voltage transformation, grid communications, algorithmic prediction, and operating
logic.

Powerstorm technology is protected with several patents pending. In December 2015, it secured
a strategic alliance with C4V, which will exclusively supply breakthrough lithium-ion (Li-ion)
cells. Powerstorm believes that ongoing negotiations with key players in the industry with which
it can partner and collaborate financially will establish the company as the industry leader.

TECHNOLOGY

Powerstorm is a differentiator in the industry with Li-ion batteries in all products, and it
promotes an alternative to lead acid. Also, its products feature a modular design that allows
scalability and customization without compromising price. Sleek design sets its products apart
from conventional off-grid powering systems that are bulky and industrial. Its products also offer
performance, capacity, footprint, cost, and environmental benefits.

Powerstorm products introduce the patent-pending digital brain, a management system that
collects data to enable real-time energy and data management, with the ability to monitor/control
remotely. This innovative technology will optimize energy generation, storage, and distribution,
and optimize system efficiency at the macro level. In addition, it will provide a range of
functional applications in one smart platform.
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ENERGY STORAGE PRODUCTS/SERVICES

MODULAR ENERGY STORAGE SOLUTION (MESST™)

Powerstorm’s main product is the MESS. The MESS is an outdoor-rated cabinet that contains a
DC generator and modular Li-ion batteries. The Li-ion batteries can be connected to wind
turbines, solar panels, fuel cells, and hydrocarbon generators, either individually or in
combination via smart controller. Powerstorm’s patent-pending control systems deliver a steady
and efficient stream of reliable power. The MESS is easily transportable with “plug-and-play”
features for rapid installation and startup. Its advanced interconnectivity and monitoring
capabilities make it ideal for operation in even the most remote locations.

The MESS hybrid technology has the capacity to power telecom operators for off-grid or
unreliable grid sites. The emerging markets have great need for plug-and-play systems such as
the MESS with its comparatively small footprint. Powerstorm supports rural communities in off-
grid areas that need reliable, clean, and safe electricity.

MESS performance and capacity data (in addition to brochure