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SYNOPSIS

The Lawrence Livermore National Laboratory (LLNL), in Berkley, California,
developed a laboratory scale non-membrane electrosorption process known as
Capacitive Deionization Technology™ (CDT™) for the continuous removal of ionic
impurities in water. A saline solution flows through an unrestricted capacitor type
module consisting of numerous pairs of high-surface area (carbon-aerogel) electrodes.
The electrode material (carbon aerogel) contains a high specific surface area (400 —

1 100 m*/g), and a very low electrical resistivety (< 40 mQ.cm). Anions and cations
in solution are electrosorbed by the electric field upon polarization of each electrode

pair by a direct current (1,4 Volt DC) power source.

Testing conducted on a laboratory scale unit at LLNL has proved that CDT™ has the
potential to be an alternative desalination technology (Farmer” ef al., 1995). The
primary objective of this research was to continue, where the laboratory scale research
ended. Thus taking CDT™ from a laboratory scale technology to an industrial scale

process, by developing and evaluating an industrial CDT™ prototype system.

First, a process was developed to manufacture a cost effective industrial sized CDT™
module. During this process various manufacturing techniques were evaluated to
produce an optimum prototype. As part of the developmental process the prototype
was tested and water treatment efficiency results were first compared to results
obtained on the laboratory scale module and secondly to established desalination

technologies like reverse osmosis, electrodialysis, and distillation.
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Due to the wide variety of potential saline feed water sources, research for this
dissertation focused on brackish water applications (which includes wastewater reuse
applications). After establishing a cost effective small-scale model of a potential
industrial manufacturing process, the prototype was tested with regard to water
treatment efficiency. Test results on brackish type waters (1 000 mg/1), indicated that
the industrial CDT™ prototype had an energy requirement of 0,594 kWh/1000 liters.
Research results compared well to the laboratory scale energy consumptions of 0,1
kWh/1000 liters (Farmer’ ef al, 1995) and to the best available existing brackish water
membrane based desalination systems with energy requirements of 1,3 to

2,03 kWh/1 000 liters (AWWA, 1999). The thermodynamic minimum energy
required (due to osmotic pressure) to desalinate a 0,1% or 1 000 mg/I sodium chloride

solution, is 0,0234 kWh/1 000 liters.

Development and evaluation results indicated that CDT™ industrial modules could be
manufactured cost effectively on a large scale and that such units have the potential to
be very competitive with existing technologies with regards to overall operational and
maintenance costs. Therefore Capacitive Deionization Technology™ can be viewed
as a potential alternative to membrane technologies in the future. Regardless of the
benefits to the potable water industry, CDT™ have the potential to incur a dramatic
step reduction in the operational costs of desalination plants, which will make
desalination a more viable alternative technology for large-scale agricultural and

industrial uses.

KEY WORDS: brackish water, carbon aerogel, desalination, electrochemical,

Capacitive Deionization Technology™.
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NOMENCLATURE / TERMINOLOGY AND UNITS
Standard Symbols

Unless stated otherwise the symbols used in this manuscript have the following
meanings and if no dimension appears in brackets it means that the symbol is

dimensionless.

A Unit Area (m®)
C Capacitance (F)
d Distance (m)
E Energy (J)
E, Standard Redox Potential
F Faraday’s constant (= 96 487 C/mol)
gpd  gallon per day
I Applied Electric Current (A)
i Current density (mA/cm® or A/m?)
Ipd liter per day
m mass (kg)
mgd million gallons per day
mg/l  milligrams per liter
Number of electrodes
Power (W)
Electric Charge (C)

Temperature (°C)

n
P

Q

R Electric resistance ()
T

\Y Volume (/)

v

Applied electrical potential (V)
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Standard Abbreviations

AA Atomic Adsorption Spectroscopy

BET Brunauer-Emmett-Teller

CDT™ Capacitive Deionization Technology™
CBMA Coal Bed Methane

ED/EDR Electrodialysis/Electrodialysis Reversal

LLNL Lawrence Livermore National Laboratory
RO Reverse Osmosis
TDS Total Dissolved Solids

Unit Conversions
1 acre-foot =43 560,17 f =1 233,49 m’=1233 486,65 liters
1 US gal = 3,785 liters

Numeric Conventions
As this dissertation is submitted to a South African and metric orientated University
the following numeric conversions were followed.
e Thousands are separated by a space and not by a comma as per US practice.
Example 1 000 and not written as 1,000.
¢ A comma indicates fractions and not a point as per US practice.

Example: 5,5 is equal to 5.5 (US numeric system)

X1
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CHAPTER 1 INTRODUCTION

CHAPTER 1

INTRODUCTION

“We have made some exceptional scientific advances in thelast decade and
some of them — they are not as spectacular as the man-in-space, but are
important..... I we could ever competitively, at a cheap rate, get fresh water
from seawater, that would be in the long—range interests of humanity and
would dwarf any other scientific accomplishment”.

John F. Kennedy: April 12, 1961

1.1 BACKGROUND

Capacitive Deionization Technology™ (CDT™) is alow-pressure non-membrane
desalination process, with the potential to be a*“power tool” in the desalination
toolbox of the future (Farmer® et al., 1995). However at the time when this research
was started in 1998, the technology was only at the laboratory scale level. The
research objective was to move from laboratory scale to industrial scale by developing
and evaluating the first industrial CDT™ prototype.

The motivation for this research came from the continuous global need to improve on
existing desalination technologies to facilitate a major step-change in the overall cost
of desalinated water to make it viable not only for potable use, but also for industrial
and agricultural uses as well (USA-Bureau of Reclamation, 2004). It isimportant to
view the research conducted for this dissertation, against the existing world water

crises, which is briefly summarized in the rest of this section.
The Problem, Solution and Tools
The existing global water crisesis covered in detail by various authors (Simon,

1994/1998; Gleick, 1993/ 2000; Postel, 1992; Montaigne, 2002), where they discuss

several aspects of the growing need for water over the next century.

University of Pretoria 11 January 2005
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Solutions require both national and international measures be taken, including
resolution of water disputes and increased funding for desalination research and
alternative technologies. One of the key tools to resolve future international water
crisesis the continued research into methods that will provide low-cost desalination.
Thereby creating greater economic and political stability in many regions of the
world, where scarcity of water could lead to warfare in the same way that oil has lead
to wars in the past (Simon, 1998).

“The consequences of the increasing global water scarcity will
largely be felt in the arid and semi-arid areas, in rapidly
growing coastal regions and in the megacities of the developing
world. Water scientists predict that many of these cities already
are, or will be, unable to provide safe, clean water and adequate
sanitation facilities for their citizens — two fundamental
reguirements for human well being and dignity.”” (United
Nations, 1999)

Already in 1992, more than 7 500 desalination plants operated worldwide, turning 4,8
billion cubic meters of salt water into fresh water annually. Nevertheless, this
accounts for only one percent of the world's water use. The reason for desalination's
small contribution to the water supply isits cost (Postel, 1992). Most existing
technologies like reverse osmosis and distillation require a great deal of energy. Even

nuclear power has proven too expensive for large-scale desalination.

Existing advances in membrane technology is gradually reducing the required cost to
produce potable water for human consumption. However, membrane technologies are
not yet economically viable for the mass desalination of industrial and agricultural
markets. These markets utilize + 85% of all water used by humanity (Simon, 1998).
Existing energy consumption levels, as for membrane processes, would need to be
dropped drastically before desalination becomes a source for industrial and
agricultural water supply (USA-Bureau of Reclamation, 2004).

University of Pretoria 1-2 January 2005
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Most of the existing industrial scale desalination facilities get their energy from the
combustion of fossil fuels, and thus in effect exchange potable water for CO,, which
causes global warming and eventually contributes to the demise of fresh water
(Simon, 1998). As aresult, Global warming increases the need even more for
additional desalination. Therefore, it isimperative to find more energy efficient
methods to desalinate water. Electrochemical desalination tools like Capacitive
Deionization Technology™, as the first new desalination technology in over 50 years
(Farmer® et al., 1995), have the potential to be such an energy efficient desalination
method.

1.2 OBJECTIVES OF RESEARCH

CDT™ has been identified as a potential mass desalination alternative in laboratory
conditions by Lawrence Livermore National Laboratories (Berkeley, USA). The
overall objective for this research was to convert alaboratory scale CDT™ system
into an industrial system to be used in the “real world”. Previous laboratory scale test
work has been conducted successfully (Farmer %#3#*57 et al.), but in order for the
technology to be evaluated a potential competitor for existing technologies, a more
industrialized prototype test unit was needed.

The research objective was to develop and evaluate an “industrialy re-producible”
CDT™ module by using theinitial laboratory scale test work as a starting point.
“Industrially re-producible” in this contents meaning a small-scale model of a future

industrial manufacturing process.

Once a successful industrial prototype is created, an evaluation phase would be used
to determineif the industrial CDT™ prototype could compete as a unit aternative to
desalination processes in the future. The following criteria were identified to servein
the comparison of a“real world” CDT™ prototype unit to other desalination

jprocesses:

i) Feed and product water quality requirements

University of Pretoria 1-3 January 2005
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i) Energy consumption per volume water treated

iii) Pre-and-post treatment requirements

iv) Overall water recovery rate

V) Automatic Control or Operation/M ai ntenance Requirements

vi) Fouling and scaling tendencies

By comparing these six operational parameters to existing desalination
technologies like reverse osmosis and electrodialysis, it is possible to establish the
potential of CDT™ as afuture alternative desalination method.

1.3 SCOPE OF RESEARCH

Due to the relatively young (less than 10 years) nature of this technology, most of the
research had to be conducted in the USA, more specifically Tucson, Arizona and San
Diego, California (both areas are considered water poor, with ample brackish water).

It must further be noted that although various international patents currently exist for
the electrochemical desalination of brackish and seawater, the research conducted for

this dissertation focused on Capacitive Deionization Technology™ specifically.

It was further decided to limit the scope for the research, to brackish water
applications. The main reasons for this scope selection was that 70% of the worlds
available ground water is brackish (Simon, 1998) and the need for desalination of
brackish water sources is increasing more rapidly than the need for seawater
desalination (International Desalination Association, 1997).

Also, initial laboratory test work at LLNL has indicated a major energy benefit for
specifically brackish water applications (Farmer® et al, 1995). It must be noted that
CDT™ could aso be a future cost effective desalination tool for seawater applications
(Farmer’ et al, 1995), however seawater applications did not form part of this

dissertation’s scope.

University of Pretoria 14 January 2005
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Capacitive Deionization Technology™ has an extremely wide potential application
field, it was therefore decided to limit the scope of this research to brackish
desalination applications, namely the removal of ions or dissolved solids from
brackish water sources like ground waters, secondary municipal effluent, industrial

effluent, river and dam waters.

Other potential future applications of CDT™ include:

i) Boiler feedwater treatment

i) Ultrapure water production

iii) Hydrogen fuel cell water treatment

iv) Selective removal of resources dissolved in water streams like precious
metal extraction and recovery. For example, dissolved gold recovery
from water-based streams.

V) Seawater desalination.

The research scope for this dissertation can be summarized as follow:
Develop (Design & Manufacture) an industrial scale CDT™ prototype, based upon
LLNL laboratory scale test work and evaluate it as a viable industrialized

desalination technology by focusing on brackish water applications.
14METHODOLOGY
The following research methodology was used:
i) Background and Literature Review: Conduct a thorough literature
review of CDT™ research already conducted. The literature review

included an intensive review of existing desalination technologies to

determine realistic evaluation criteriafor the CDT™ industrial prototype.

University of Pretoria 1-5 January 2005
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i) Development Phase: Design and manufacture an industrial prototype unit.

This phase served as the main research objective.

i) Evaluation Phase:

e Establish experimental operating procedures - Collect and
manage data.

e Compare desalination efficiency and energy requirements
of the “real world” CDT™ prototype unit to previously
conducted laboratory scale CDT™ experiments.
Compare desalination efficiency and energy consumption
and overall cost (capital and operations/mai ntenance) to
existing technologies.

e Economics Evaluation.: Estimate CDT™ treatment costs
and compare to existing technologies to determine if the
technology has the potential to be competitive in the

future.

iv) Conclusion and Recommendations: If results from a“rea world”
CDT™ unit compares well to existing technologies, then it would have the
potential to be an alternative desalination technology, once manufacturing

and industrialization of the full-scale units are complete.

The above-mentioned methodology, which was followed to prepare this
dissertation, can beillustrated graphically as per Figure 1.1.

University of Pretoria 1-6 January 2005
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1.5FLOW DIAGRAM OF DISSERTATION PREPARATION.

Figure 1-1 illustrates the dissertation planning and preparation process.

FIGURE 1-1: Flow Diagram of Dissertation Preparation

University of Pretoria 1-7 January 2005
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CHAPTER 2

LITERATURE REVIEW

Existing information, with regard to the various desalination technologies, and more
specifically CDT™, was reviewed to assist with the design/manufacturing of an industrial
prototype test unit, and with planning the required evaluation (test work) methods. To
effectively evaluate CDT™ as an alternative desalination technology, a thorough
understanding of the latest benefits and disadvantages of existing technologies was required.

21 EXISTING TECHNOLOGIES

There are several existing desalination technologiesin use, with each source water presenting
its own unique design and operational challenges. Desalination technologies are primarily
used to reduce the total dissolved solids content of a source water. Typical applications are
potable water, boiler feed water, and ultra pure water production. Existing competing
desalination technologies in use on aglobal scale can be categorized into thermal and
membrane processes.

Other processes such as freezing, gel filtration, and two-film gas membranes process are in

research and did not form part of this dissertation’s literature survey.

Table 2.1 summarizes the main technologies in each category with a description of the basic
operating principle. lon exchange technologies are also listed as they form part of the
overview of existing technologies used to remove ions. However, atypical ion exchange
technology does exactly what its name implies, it exchanges one undesirable ion for amore
acceptable ion on the solid surface of aresin. Therefore, depending on the type of resin used,
the overall TDS content of the source water is not really reduced. However, residential water
softeners (regenerated with sodium chloride) are in wide use today, and CDT™ is a potential

alternative to traditional ion exchange softeners.

University of Pretoria 2-1 January 2005
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Table 2.1: Existing Desalination Technologies and Operating Principles

Technology

Typical Application

Operating Principle

Thermal Processes

Multistage Flash Evaporation
(MFE)

Seawater desalination

Thermal evaporation. Less scale
formation problems as compared to
submerged tube distillation.

Multiple effect Distillation with
Mechanical Vapor Recompression
(MED-MVR)

Seawater desalination

Thermal evaporation with mechanical
vapor recompression to improve

energy efficiency.

Multiple Effect Distillation with
Thermal Vapor Recompression
(MED-TVR)

Seawater desalination

Thermal evaporation with thermal
vapor recompression. More energy
efficient than typical direct distillation,
but less energy efficient than MVR.

M embr ane Processes
Reverse Osmosis Seawater and brackish water | Pressure driven and diffusion
desalination. controlled membrane process.
Removes particles down to 0,0001 pm.
Nanofiltration Industrial process/waste water | Pressure driven and diffusion
and potable water treatment controlled membrane process.
Removes particles down to 0,001 um
to 0,01 pm.
Ultrafiltration Industrial process/waste water | Pressure driven membrane process, but

and potable water treatment

does not remove ions. Removal of
dissolved substances are based on a
sieving mechanism, down to 0,01um.
to 0,1 pm.

Microfiltration

Electrodialysis/Electrodialysis
Reversal

Industrial process/waste water
and potable water treatment

Primarily brackish water
desalination

Pressure driven membrane process, but
does not remove ions. Removal of
substances are based on a sieving
mechanism. 0,1 um. to 1,0 um.
Charge driven membrane process that

removes ions, but not turbidity or

micro-organisms.

lon Exchange Processes

Anion/Cation Exchange

Boiler feed water and water

softening.

Anion and Cation ionsin a source
water isexchanged for more desirable,

less troublesome ions.

Electro deionization (EDI)

Ultra pure water production.

Charge driven ion exchange process.

Data Source: Framer® et al, 1995
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One of the main operating cost components for the desalination of sea-and-brackish water is
the amount of energy required to produce a fixed volume of product water. Thisis aso the
reason why energy consumption formed primary criteriafor evaluating CDT™ as a potential

alternative desalination technology. Table 2.2 lists the average energy requirement for some

of the main desalination technologies. As the two main source waters are sea water and

brackish water, the associated energy requirements are listed as such.

Table 2.2 : Energy Requirement Per Desalination Technology

Desalination Technology

Energy Requirement

Mechanical Vapor Compression (MVR)

6,6 KWh/m® (~ 25 Wh/gal) — Sea Water

Multiple Effect Distillation with Mechanical
Vapor Compression (MED-MVR)

7,9 — 10,8 kWh/m® (30-41 Wh/gal) — Sea Water

Multiple Effect Distillation with Thermal
Vapor Compression (MED-TVR)

56,8 — 83,2 KWh/m® (215-315 Whgal) Sea Water

Multi Stage Flash Evaporation (MFE)

~ 84,5 kWh/m® ( ~320 Wh/gal) — Sea Water

Reverse Osmosis (RO)

(Depending on energy recovery)

6,6 — 9,3 kWh/m® (25-35 Wh/gal)— Sea Water
2,3kwh/m* (8,5 Whigal)- Brackish Water

Electrodialysis

2,03 kWh/m® (7,7 Wh/gal) — Brackish Water

CDT
(Includes Energy Recovery)

~4.2-85kwWh/m® (16-32 Wh/gal ) — Sea Water
0,05-0,1 kWh/m? (0,2 — 0,4 Wh/gal) — Brackish
Water

Brackish Water TDS : 800 — 3 200 mg/I
Sea Water TDS : 35 000 mg/l

Data Sour ce: CDT - Lawrence Livermore National Laboratory, USA
Other Desalination Technologies- AWWA

Initial laboratory test work (Farmer® et al, 1995) indicated that the potential energy

advantages of CDT™ to that of thermal processes are dramatic and very competitive with

regards to membrane process.
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The energy requirements stated in Table 2.2, are typical and more accurate energy
consumptions are available per technology for specific TDS removal requirements (Farmer®
et al, 1997). In 1993 typical desalination costs could be summarized as follows: reverse
osmosis costing US $97 to US $322 per acre foot, while distillation costs ranged from US
$530 to US $880, freezing US $299 to US $513, and electrodialysis US $224 to US $435 per
acre foot (Gleick, 1993). More detailed RO costs are presented in section 2.2.

Figure 2.1 illustrates the installed desalination capacity in 1998 on aglobal basis, as listed by
the International Desalination Association.

MED

VRD

RO
42%

ED Electrodialysis

MED : Multi-Effect Distillation
MFD : Multi-Stage Flash Distillation
RO : Reverse Osmosis

FIGURE 2.1: Installed Global Desalination System (1998)

Sour ce: Inter national Desalination Association
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22 MEMBRANE PROCESSES

221 OVERVIEW

Asillustrated above, with regards to energy requirements, membrane processes will
ultimately be the main competitor to alternative desalination technologies, for example
CDT™. It was therefore important to review and understand the existing status of membrane
processes, specifically reverse osmosis. A literature study followed to ensure that the most
recent data is used in the comparing/evaluation of CDT™ as an alternative technology to

membrane process.

Reverse osmosis, nanofiltration, and electrodialysis/electrodialysis reversal are the membrane
processes with comparable applications to CDT ™. For the desalination of sea water via
membranes, RO is the existing technology of choice. High pressures (5 515 to 8 273 kPa or
800 to 1200 psi ) are typically required for sea water desalination. Brackish water
desalination via RO requires less pressure, typicaly 1 723 — 2 758 kPa (250 — 400 psi)
(AWWA M46, 1999).

Membrane processes are capable of desalting, softening, removing THM precursors,
pathogens, suspended particulate material, and specific organic compounds. A potential
aternative technology must also be able to deliver at |east the same level of treatment, either

directly or by secondary integrated technologies.

Most source waters used to feed membrane processes must undergo some form of
pretreatment. Acid and/or antiscalant addition are required to prevent precipitation of salts
during membrane filtration, followed by 5 to 15 um cartridge filtration. Additional
pretreatment might be required if the source water contains excessive fouling materials. After
membrane filtration, typical potable water post treatment includes processes like aeration-
degasification, disinfection, and corrosion control. Specific care must be taken in feed waters
containing high Ferrous (Fe** ) concentrations, as not to introduce oxygen and thus

precipitate the iron as Ferric (Fe** ) compounds.
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A thorough understanding of source water characteristicsis vital to the successful design and
operation of a membrane plant. Brine concentrate produced during the operation of a
membrane plant, depending on the plants location, might require significant treatment before
disposal. In the USA, the concentrate is regulated as aindustrial waste, and a permit from the
USEPA (United States Environmental Protection Agency) is required for disposal. Existing
membrane brackish water desalination facilities in the USA vary in size from 50,5
liters/second (800 gpm) to 613,3 liters/second(14 mgd). With the average size at 22
liters/second (0,5 mgd).

Membrane processes are typically used in the following applications:
e Desalting (TDS removal)
e Disinfection By-Product Precursor Removal
e Hardness, Color and Turbidity Removal
¢ Inorganic Chemical Removal
e Nitrate Remova
e Fluoride Remova
e Synthetic Organic Chemical Removal
e Pathogen Removal

222 COST

Capital Costs

For reasons mentioned in Chapter 1, the scope of this dissertation was limited to brackish
water applications. In Chapter 6, CDT™ is evaluated by comparing construction and
operations and maintenance costs to that of reverse osmosis. For specifically brackish type
feed water construction costs can vary considerably depending on site-specific factors. Site-

specific factors that have an influence on a membrane plant construction costs include:

e Plant size and capacity

e Blending of source water with permesate.
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e Source water quality (TDS and other constituents removal required)
e Concentrate disposal

e Intake type for source water.

e Pre-and post treatment requirements

e |ndirect costs

Typical construction costs for a brackish water (Feed TDS 2 000 mg/l) membrane treatment
plant, with a capacity of 3,785 MI/d (1 mgd ) is estimated at US $0,82/Ipd (US $3,14/gpd)
(AWWA M46, 1999: 94). For the following estimate, the source water is from a natural gas
well field and concentrate disposal is to a surface body of water. Site specific factors are very
important and can have a huge influence on the final construction costs. For the above
mentioned example (1 mgd brackish water treatment plant) the construction cost can be as
low as US $2 million, or as high as US $7 depending on site specific requirements. The

construction cost can further be broken down as follows:

e Membranes and Skid: 26%
e Storage and Pump: 25%
o Feed: 14%
e Building: 10%
e Cleaning: 2%
e Instrumentation and Control: 5%
e High-Pressure Pumping: 7%
e Electrics: 4%

e Pretreatment and Post treatment: 8%

The unit costs for process equipment decreases as the overall plant capacity increases due to
economy of scale factors. The unit process equipment capital costs for a20 mgd plant is
roughly two thirds that of a1 mgd plant (US $1,49/gpd for a 1 mgd plant vs. US $1,00/gpd
for a 20 mgd plant) (AWWA M46, 1999).
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Operations and Maintenance Costs

From a survey conducted in the USA for 22 brackish water treatment plants (AWWA M46,
1999: 5), the average operations and maintenance cost was US $0,33 per 1000 liters (US
$1,28 per 1000 gallons) of permeate produced.

The operations and mai ntenance costs can be broken down as follows:

e Management: 22 % (3.2 persons per 1 mgd capacity)

o Power: 33%

e Chemicals: 16 %

e Maintenance: 7%

e Other: 22 % (including membrane replacement)

For a brackish water source (< 2 000 mg/l TDS), ED/EDR and low-pressure reverse 0Smosis
have very competing power consumption rates at around 1,3 kWh/1000 liters (4,9 kWh/1000
gallons).

2.3 CAPACITIVE DEIONIZATION TECHNOLOGY ™

Non-membrane electrochemical technologies like Capacitive Deionization Technology™
(CDT™) have the potential to desalinate, remediate nuclear waste streams, and recover
resources all viathe same basic principal. The principle and mechanism used in CDT™ is not
arecent discovery, however researchers were challenged by identifying an optimum material
for electrode manufacturing (Farmer®, et al, 1997). Recent advances in material sciences lead
to the development of materials like carbon aerogels and carbon nanotubes. CDT™ has been
developed as a non-polluting, energy-efficient and cost-effective alternative to ion exchange,

reverse osmosis, electrodialysis, and evaporation.
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Extensive laboratory scale research regarding CDT™ has been completed at LLNL prior to
establishing the research objectives for this dissertation, which were to design, manufacture,
and test an industrial prototype module based upon the laboratory test work aready
completed (Farmer', 2000; Farmer?, et al, 1995; Farmer®, et al, 1996; Farmer*, et al, 1995;
Farmer®, et al, 1997; Farmer’, et al, 1995; Farmer®, et al, 1996). Chapter 3 will describe
CDT™ in more detail, and summarizes some of the earlier research work conducted at
LLNL. CDT™ has a number of potential advantages over current membrane and distillation

jprocesses:

i) Lessenergy is needed for the desalination process because high-pressure pumps
are not required, particularly for the desalination of brackish water where the
actual work is only performed on the unwanted species and not on the total
volume of water, as is the case with membrane and distillation processes.

ii) Due to the low amounts of energy required (potentially 30% to 60% less than
existing technologies), it is possible to make use of existing solar/wind power
technology to power remote desalination units. It can also be used as a
sustai nable development water treatment tool in communities where no
electrical power is accessible and the water quality available is of a non-
potable nature.

iii) The carbon aerogel electrodes can withstand much higher temperatures than
membranes, and thus can be more efficient for applications such as boiler
condensate polishing, and fuel cell water deionizing systems.

iv) Thefact that the liquid flows in a non-restricted path ensures that no aggressive
secondary effluents are generated due the extensive cleaning operations as
required by today’ s reverse 0smosis type processes.

v) Volumes of brine that need to be disposed of are less than that for membrane
processes due to the re-use of brine in the regeneration phase. Asbrine
disposal is aproblem, especidly at inland applications, a smaller brine volume
to manage is a big advantage.

vi) High-pressure equipment is not required, and the use of durable electrodes further

decreases the operations and maintenance cost of CDT applications.

University of Pretoria 2-9 January 2005



University of Pretoria etd — Welgemoed, T J (2005)

CHAPTER 2 LITERATURE REVIEW

vii) As the modules act as capacitors, the actual energy recovery possible could be far

more efficient than the methods used in current membrane processes.

However, it is important to realize that CDT™ currently also has some disadvantages :

e Asthetechnology isrelatively new compared to membrane processes, no long-term
operational datais available for industrial size systems.

e Aslong term operational datais not available yet, it is difficult to predict the electrode
lifetime and/or the effect of electrode fouling due to biological and/or chemical

means.
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THEORECTICAL ASPECTSOF CDT™

31 BASICELECTROCHEMICAL CELL

In order to fully explain capacitive deionization, it is necessary to review some basic
electrochemical principles. The basic electrochemical cell consists of a pair of
electrodes, connected externally and immersed in an electrically conducting liquid or
paste. The liquid is usually referred to as the electrolyte. Figure 3.1 illustrates the
basic electrochemical cell.

Power supply
Electron (e-) movement
| " | g
- Anode + Cathode
Electrolyte

FIGURE 3.1: Basic Electrochemical Cdll

The anode and cathode can be made out of any material, not necessarily only metals.
In the case of capacitive deionization, the material is an inert carbon based solid
(aerogel or other nanostructure). When two dissimilar metals with different
electrochemical potentials are used as the anode and cathode, a current will flow in
the external connection, without the need for a power supply (battery or voltaic cell).
In a case where the anode is made from mild steel atypical anode reaction will be as

follows:
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The above-mentioned reaction is a typical corrosion reaction, taking place on the
surface of steel in contact with an electrolyte. To balance the overall reaction, a
cathodic half reaction is needed in both the cases of an electrochemical or voltaic cell.

Typical reactions that take place at the cathode are as follows:

e Hydrogen Liberation: 2H" +2€ — Ha...oooviiiiniiiieiieiiii e 2)
e Acid Solutions - Oxygen Reduction: O, +4H" +4e — 2H,0............ 3
e Basic/Neutral Solution Oxygen Reduction: O, +4H,0 +4e — 40H"...(4)
e Meta lon Reduction: Metal ™+ e — Metal™ ..........c..ooooviiiiiinn, (5)
e Meta Plating: Metal™ +e > Metal...........ooovviviieiiiiiiiiiei e (6)

Thefirst three reactions are the most common, and the last two reactions only occur in
certain conditions, typically when high concentrations of chromium, copper and/or
zinc are present in the solution. Usually only wastewater from plating plants contains

such high concentrations.

The above mentioned basic electrochemical principles are applicable to all
electrochemical type water treatment technologies, including CDT ™. Water treatment
technologies either use the electrode in the solid state (e.g. Electrodialysis,
electrodeionization and CDT™), or in the colloidal state (e.g. coagulation and
flocculation) to achieve a specific water treatment goal. The goal is usually to remove

an unwanted ion and/or particle from solution, thus purifying the electrolyte (water).

Electrode Surface Chemistry

When an object is electrically charged in an electrolyte (voltaic or electrolytic cell), an
environment is created around the object, which has unique physical features. Such an
object can be a solid-state electrode or a colloidal particle. There are interactions
between the dissolved ions and the charged surface, the ions and the bulk liquid, and
between the bulk liquid and the solid surface.
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Water is apolar molecule, and is thus also electrochemically involved. The electrodes
in capacitive deionization and other electrodes generally follow the electric double
layer theory. This theory states that if an electrode is negatively charged and
immersed in an electrolyte, then positively charged ions and solvent molecules (water
in the case of this research) are adsorbed onto the surface, thus forming alayer of

positive charge on the surface.

A second negative layer is formed by negative ions attracted to the positive charge,
thus the double layer. The second layer contains less charge (negative) as compared
to the total charge (positive) of the first layer. Thisis due to the effect of distance and
shielding by solvent (water) molecules. Water molecules aso undergo Brownian
movement between the layers (Heald & Smith, 1974). Figure 3.2 illustrates a
simplified version of the Stern Double-Layer Theory.

Solid Water Molecule

Electrode

Negative

Plane of Shear

» > >

Fixed Layer Diffuse Layer

FIGURE 3.2: Stern Electric Double Layer Theory
Capacitance
Two paralel plates immersed in an electrolyte form a paralel plate capacitor.
Electrical energy is stored in the capacitor when charged by an applied potential. The
capacitance can be calculated by (Halliday & Resnick, 1988: 627):
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C=QV (3.1)

K.&. A
C=— (3.2)

k = Dielectric constant for a specific medium
= 80.4 for water at 20 °C and 78.5 for water at 25 °C
g0 =8.85x 10" CHYN.m?
A = Areaof electrode plates
d = Distance between the plates

Capacitors can be connected in parallel or series, and the equivalent capacitance can
then be calculated by:

N Z Cn Capacitors in Parallel (3.3)
B Capacitorsin Series (3.4
Cey <Cn & .

32 CAPACITIVE DEIONIZATION

CDT™ utilizes al of the above-mentioned basic electrochemical principlesto remove
dissolved ions from an electrolyte (water) stream. Figur e 3.3 illustrates the basic

operating principle applicableto CDT™,

An electrolyte stream flows between two electrodes. The electrodes typically have a
potential difference of 1,2 — 1,5 volts (Direct Current). The various cations (positive
charge) and anions (negative charge) in solution are attracted to opposite charged
electrodes. The ions are adsorbed on the electrode surface and held in electric double
layers (Stern Double Layer Theory). The normal operational cycle continues until the

electrode surfaces are saturated with adsorbed ions.
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During the regeneration cycle, the two electrodes are shorted, or to recover stored
energy the capacitor can be discharged under controlled conditions. Theions are
released into arinse stream, which can have a much higher TDS level, as compared to
the feed stream. CDT™ does not require high-pressure pumps, which contributes to

the overall low energy requirements.

= m m wm T

T R o ol R T el L el L
Fositive electrode

FIGURE 3.3: lllustration of Capacitive Deionization Process
Energy Requirement

The minimum theoretical work required by an isothermal process to separate seawater
(35 000 mg/l) and brackish water (1 000 mg/l) into saturated brine and a 10 mg/I
potable water stream can be calculated. The estimated minimum work required for
desalination of seawater (35 000 mg/l TDS) and brackish water (1 000 mg/l TDS) are
~ 1,06 Wh/liter (4 Wh/gal) and 0,005 Wh/liter (0,02 Wh/gal) respectively (King, J.D,
1980 : 662).

AV
The energy required by CDT™ is approximately (QT) (1- €77), where Qisthe

stored electrical charge, V isthe voltage between adjacent electrodes, t is the charging

time, and t is the time constant of the CDT™ module.
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The time constant is determined by the internal resistance and capacitance of the
CDT™ cell (Farmer®,1995). Earlier laboratory work by Dr. Farmer and his team at
LLNL determined that CDT™ could effectively desalinate brackish water (1 000
mg/l) by using only 0,095 kWh/m?* (0,36 Wh/gal). This laboratory CDT™ unit energy

requirement served as a benchmark for the industrial prototype unit.

33 CARBONAEROGEL ELECTRODES

Carbon Aerogel is an ideal electrode material because of itslow electrical resistivity
(< 40 mQ cm), high specific surface area (400 — 1 100 m?/g), and controllable pore
size distribution (<50 nm). Aerogels are unique materials. They are known for their
extremely low density, but because both their pores and particles are smaller than the
wavelength of light, they have other important properties. Aerogels can be

transparent, giving rise to the nickname "frozen smoke”.

Discovered in the 1930s, they were initially thought to have no practical use.
However, new and improved processing techniques, and newly developed varieties

are beginning to prove their commercial potential.

Aerogels can be made using several different compounds including silica, other metal
oxides, resorcinol-formaldehyde (RF) and melamine-formaldehyde (MF). The RF and
MF aerogels are pyrolized to form carbon aerogels. Each of these various aerogels

was created for specific properties:

o SilicaAerogels - nonflammable, nontoxic, lightweight, transparent, and thermally
stable to about 650°C, almost 30 times lighter than earlier aerogels, and
possessing unigue thermal and dielectric properties.

e Organic Aerogels (Carbon Aerogels) - created for their thermal capabilities, stiffer

and stronger than silica aerogels. Carbon allows aerogels to become electrically
conductive.
e Other Metal Oxide Aerogels
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LLNL has been active in the development of carbon, silica and metal oxide aerogels.
LLNL has developed patented methods for tailoring aerogel properties. These

materials;

o Contain exceptionally large internal surface areas - 400
to 1 000 m?/g - about the size of one to two basketball courts

o Provide exceptiona mechanical integrity, supporting over 1 500
times their own weight

o Provide exceptional optical clarity

e Areexceptionally poor conductors of heat and sound

e Can be manufactured with alow density so that it is nearly as light as air

Carbon aerogel can be produced as monoliths, composites, thin films, powders and
microspheres. Figure 3.4 illustrates a spherical carbon aerogel structure, magnified
300 times.

Scanning electr on microgr aph of carbon
micr ospher es (300x). Although the aer ogel
structur e within the micr ospher es cannot be
delineated, it isclear that the particlesare
spherical with smooth surfaces.

FIGURE 3.4: Micrograph of Aerogel Microspheres

Monolithic aerogels are ideal for applications such as transparent window insulation,
but the expensive processing equipment needed to produce these large aerogels has
limited their commercial appeal.
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Aerogel microspheres offer an attractive alternative to monolothic aerogels because
they can be produced in a semi-continuous process. Silica microspheres have been
produced commercially, and their thermal performance is known. Air-filled, thermal
conductivities for monolithic aerogels are 12 m.W/m-K; for silica microspheres, they
are 20 m.W/m-K.

Currently CDT™ utilizes a resorcinol-formaldehyde (RF) aerogel. Resorcinol-
formaldehyde (RF) and melamine-formaldehyde (M F) microspheres should have even
better thermal properties because their solid conductivity is lower than that of silica.
RF microspheres can also be pyrolyzed in an inert atmosphere to produce carbon
aerogel micro-spheres with properties different from those of conventional carbon
blacks. Gas adsorption measurements reveal the microspheres to have cell-pore sizes
greater than 100 nm and surface areas from 400 to 1 100 m?/g - similar to those of
their monolithic counterparts. The solid matrix within the aerogel microspheresis
composed of interconnected colloidal like particles or fibers with characteristic

diameters of 10 nm. Figure 3.5 shows a magnified version of the carbon fibers.

Added fibersto carbon
aerogel improve
conductivity and
structural integrity

FIGURE 3.5: Magnified Aerogel Fibers
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3.3.1 ELECTRICAL PROPERTIES
Dielectric Properties

Highly porous materials with unique nanostructures, aerogels exhibit unusual

dielectric properties that are more like those of a gas than of a solid.

Their low dielectric constants, low loss tangents, and controllable thermal expansion
properties will soon make aerogels the material of choice for thin filmsin high-speed,

integrated digital and microwave circuitry.

332

Dielectric constants of 1,008 to 1,990 (3—40 GHz)
Loss tangents of 10™ to 102 (3-40 GHz)

Volume resistivities of 10™ to 10" Ohm-cm
Dielectric strengths of 120to 140 kV/cm.

PHYSICAL PROPERTIES

Aerogels are the best thermal insulators available today. Two organic aerogels
developed at LLNL have equivalent R-values of 12 when air-filled (equivalent to the
insulating capacity of 152 mm (6 in.) of fiberglass batting) and greater than 38 when
evacuated (equivalent to 483 mm (19in.) of fiberglass). Figure 3.6 shows the thermal

conductivity of various types of aerogels and their associated relative densities.
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Aerogels are highly efficient, lightweight,
and transparent insulating materials.
Lightweight aerogels are much better
insulators than common foams.

FIGURE 3.6: Thermal Conductivity of Aerogels
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M easurable, low thermal conductivities:

o Silicaaerogels at 300 °K and 1 atm have measured conductivities as low as
0,020 W/m-K (an R per inch value of about 7).

e Organic aerogels, like the existing RF aerogelsin CDT™ have thermal
conductivities of 0,012 W/m-K (an R per inch value of 12).

o Carbon particle-loaded (opacified) silica aerogels have thermal conductivities
of 0,013 W/m-K (an R per inch value of 11).

Organic aerogel materials have lower intrinsic thermal conductivity than silica, and up
to afactor of four higher infrared extinction coefficients than unmodified silica
aerogel. Adding carbon particles to the silica aerogel decreases the dependence of the
thermal conductivity on temperature. The dependence of thermal conductivity on
density shows that conductivity is minimum at an optimal density, typically about
0,15 g/em®.

The unique microstructure of aerogels - nanometer-sized cells, pores, and particles -
means low thermal conduction and superior insulation. Thermal conduction through
the solid portion of the aerogel is limited by the small connections between the
particles making up the conduction path. Gaseous conduction is limited because the
cells/pores are only the size of the mean-free path for molecular collisions - molecules
collide with the solid network as frequently as they collide with each other. Radiative
conduction is low because aerogels have small mass fractions and large surface areas,
although conductivity increases with temperature. This feature makes CDT™ an ideal
candidate for water treatment at high temperatures, like fuel cells or condensate
treatment.
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INDUSTRIAL PROTOTYPE DEVELOPMENT PROCESS

41 BASISOF DESIGN

As stated in Chapter 1, the main objective of this research was to take CDT™ from
laboratory scaleto a“real world” industrially reproducible prototype scenario. The
research conducted for this dissertation regarding the design, manufacturing, and
testing of an industrial prototype, would serve as a foundation to future
commercialization efforts and industrial pilot scale testing projects. In order not to re-
invent the wheel, the main components of the technology as identified by the original
laboratory research conducted at Lawrence Livermore National Laboratories were

used as a starting point in the development an industria prototype.

Physical size and weight constraints limited the maximum practical size of afull-scale
industrial CDT™ cell. To assist with future design/construction of industrial plants,
and to ensure that a single treatment module is of a practical size, the design team
decided that the basis for the design of an industrial unit isto be 1 000 ft* (92,9 m?) of
aerogel/electrode surface area. Earlier laboratory test work indicated that on average,
such an electrode surface area should be able to reduce the TDS of afeed stream by

1 000 mg/l at aflow rate of 1 000 gallons per day (3 785,4 liters per day). This basis

of design would also make future scale-up formulations, more linear.
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The above mentioned electrode surface area of 1 000 ft? (92,9 m?), should be viewed
asamaximum and it is possible, that as the technology is developed further, the water
production capacity per module would increase, due to material and module design
improvements. For the development process, it was decided to make the industrial
prototypes as a fraction of the above-mentioned maximum. Such a step would allow
the development team to design, manufacture and evaluate various alternatives to
optimize the prototype to be evaluated. The prototype was around 1/40™ (per total
aerogel surface area) the planned size of a full-scale industrial unit, with atotal
electrode surface area of + 24,7 ft? (2,29 m?).

LLNL laboratory experiments were conducted by utilizing extremely thin carbon
aerogel filmsin expensive titanium housings. Figure 4.1 illustrates the first
laboratory scale capacitive deionization module developed by Lawrence Livermore

National Laboratory.

FIGURE 4.1: Laboratory Scale Capacitive Deionization Module: LLNL
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Although these initial experiments were very successful ((Farmer!, 2000; Farmer?, et
al, 1995; Farmer®, et al, 1996; Farmer®, et al, 1995; Farmer®, et al, 1997; Farmer’, et
al, 1995; Farmer®, et al, 1996), the technology still needed to be taken to the next
level to prove cost effective industrial scale manufacturing and operation in a“real

world” environment.

42 THE DEVELOPMENT PROCESS
The development (designing, engineering and manufacturing) process can be broken-
down into three phases. The three phases are discussed in paragraphs 4.2.1, 4.2.2 and
4.2.3, and can be summarized as follow:
Phase 1. Electrode M anufacturing Process Devel opment
During this phase, the aerogel electrode pilot manufacturing process was
established. The researcher functioned as aresident chemical engineer during
this phase, to assist with the design and construction of the
resorcinol/formaldehyde aerogel manufacturing process. Due to the hazardous
nature of the manufacturing process, the researcher was also the lead
environmental engineer, responsible for air quality monitoring and treatment
to comply with the United States Environmental Protection Agency (USEPA)
requirements.
Phase 2: Cell/M odule M anufacturing Process Development
During this phase the aerogel electrodes manufactured in phase 1, needed to
be stacked and housed in a single module. A module thus needed to consist of
a series of electrode pairs, with each pair making-up the anode and cathode of

a capacitor.
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During this phase, the researcher worked with an electro-mechanical engineer
in producing the housing module design specifications and drawings.
Specifications and drawings were submitted to a machining contractor for
final manufacturing. Once manufactured, the researcher assisted in final
assembly and quality control operations.

Phase 3: Control System Development
Once an industrial prototype alternative is successfully manufactured, it was
needed to “plug” it into a control system to evaluate it's water treatment
efficiency. A control system was developed to switch between the two main
cycles, which is operation and regeneration. During this phase the researcher
collected and interpreted water treatment efficiency data for an
instrumentation and control specialist, who was responsible for the electronic
circuit design of the control system. Water samples were taken during
operational and regeneration cycles, analysis was conducted and the data was

used to optimize instrumentation and control specifications.

The end result of completing the above mentioned three phases, for various
alternatives, was an operating industrial prototype system, ready for more intensive
water treatment testing and the basis of design for future full sizeindustrial units. The
three development phases are discussed in more detail during the following three
paragraphs, 4.2.1, 4.2.3 and 4.2.4. It should be noted that the following description of
the manufacturing process is a summary, alot more information was devel oped
during this research period, but could not be published due to the propriety nature of

the technology.
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421 ELECTRODE MANUFACTURING PROCESS -PHASE 1

The aerogel originally used in laboratory experiments were paper thin and within
titanium frames (See Figure 4.1). The laboratory scale method of construction was
not cost effective for an industrial type unit. Therefore an electrode pilot
manufacturing process was developed that represented atypical full scale
manufacturing process. The raw materials for the manufacturing of carbon aerogel
electrodes used in this research project are formaldehyde, resorcinol, and carbon fiber
velil. A pilot electrode manufacturing process was constructed in Tucson, Arizonaand
can be described as per the following three stages:

Stage 1. Polymerization

During this stage, carbon fiber veil is trimmed in sections and set in a polypropylene
mold. Next aformaldehyde/resorcinol resin was prepared via a batch mixing
operation in 5-gallon (18.93 liter) batches. The carbon veil was placed in a
polypropylene molds. The veil was soaked with the resin and the molds containing the
resin/carbon veil sheets were staked in adrying oven.

The polymerization process was completed in a temperature controlled (85°C) oven
over aperiod of 48 hours. The cured sheets were removed from the molds and solvent
washed to eliminate any impurities and retained water. The solvent extracted sheets
were then air-dried in ambient temperature.

Stage 2: Pyrolization

The air-dried polymerized sheets where then stacked in a furnace and connected to

nitrogen gas to ensure a non-oxidizing environment.
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The furnace temperature was controlled at 1 000°C for 72 hours. After pyrolization,
the sheets were retort cooled in ambient temperature.

Stage 3: Cell Assembly

The carbon aerogel sheets were now ready to be stacked and included as electrodesin
a specially machined polypropylene housing. A series of stacked electrodes in the

polypropylene housing are known as a cell.

Electrode Production Quality Control

As in any manufacturing process, a quality control system had to be developed. After
the manufacturing of the aerogel electrodes, a quality control test was conducted to
ensure that the electrodes to be used in the prototype unit conformed to certain

minimum standards.

Due to the fact that each pair of electrodes acts as a capacitor, the total energy stored
and discharged from a electrode pair is measurable. The total potential capacitance of
a series of electrodes or a cell can be calculated using equations 3.1 or 3.2 in Section
3. The energy storage capacity of an electrode is directly proportional to itsion
storage capacity. A small quality control test unit was constructed whereby each batch
of carbon aerogel produced could be quality controlled. One random sheet per batch
were chosen and two 25 mm x 25 mm pieces were cut from the sheet. The two pieces
of electrode where submerged in a 10 000 mg/I NaCl solution, at afixed distance
from each other. Energy to (capacitor charge cycle) and from (capacitor discharge
cycle) the test capacitor could be determined by measuring the current (1) to the

capacitor and potential difference (V) across the capacitor at fixed time intervals.
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For the regeneration cycle, the capacitor was discharged through aresistor, and the
associated energy calculated by means of the resistor size as well as the measured
discharged current. The equations used to determine the energy for the charge and

discharge cycles were as follows:

E=VxI=1?2xR (4.1)

Equation 4.1 was then used to generate quality control graphs, as illustrated in

Figure 4.2 for each batch of electrodes. Figure 4.3 illustrates the laboratory

set-up used to generate quality assurance data during electrode production.

Charge Cycle

Discharge Cycle

Energy (Joules)

10 0 500 1000 1500 2000

Time (seconds)

FIGURE 4.2: Electrode Quality Assurance Test: Charge & Discharge Cycles
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FIGURE 4.3: Electrode Quality Assurance Test Set-Up.
Appendix A contains typical quality control log sheets and data sets collected. The
aerogel density was also checked as a quality assurance procedure. The average

density was 0,78 g/cm®. The aerogel sheets were then cut/trimmed into the following

dimensions:
Length: 301,24 mm (11,86 inches)
Width: 158,75 mm (6,25 inches)

Thickness.  0,8128 mm (0,032 inches)

Various numbers of electrodes were tested and the optimum prototype unit, named

MK-8A contained 24 sheets of electrodes (12 Cathodes + 12 Anodes).
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This means that the total electrode areainside the unit, accessible to ions, was 2,29 m?
(24,7 ) or nearly 2.5 % (1/40™) of a future full scale industrial unit (92,9 m? or 1
000 ft?). The aerogel produced during this research had the following typical physical

and electrical characteristics:

Avg. BET Surface Area : 600 m?/g
Bulk Resistivity : 20 m ohm cm
Specific Capacitance : > 2 Farad/cm?

422 CELL MANUFACTURING PROCESS-PHASE 2

The basic building block the industrial module/cell is asingle electron pair. A pair of
aerogel electrodes forms a basic capacitor. An industrial module will need to consist
of multiple electrode pairs/capacitors inside a durable housing.

As no high pressures are required, the module design pressure could be low. It was

decided to use 41,3 kPa (6 psi) as the module design pressure.

It is necessary to control the potential difference over each cell at relatively the same
voltage. Therefore, amonopolar electrode arrangement, connected in parallel, was
chosen for the electrode pair wiring arrangement inside the module. Figure 4.4

illustrates a typical monopolar cell-wiring diagram, as used for the CDT™ prototype.
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FIGURE 4.4: Typical Monopolar Cell Wiring Arrangement

The distance between each electrode is £ 0,8 mm (0,032 inches). Using non-
conductive spacer foam between each electrode pair prevented short circuiting effects.
The path that the water stream follows is between each electrode pair, through the

spacer foam matrix (out of the page).
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The cell arrangement as shown in Figure 4.4 has several advantages:
e The potentia difference over the entire module and between adjacent
electrodes can easily be controlled at the required low values of 1,2 to 1,5
Volts. Thislow voltage arrangement makes it safer for operational personnel.
e Uniform conditions exist between all electrode pairs, thus ensuring a more
uniform ion adsorption environment.
e Should fouling occur between one electrode pair, it won't influence the
operation of the other pairs.
e All electrodes (except two at the end) are flanked by electrodes of the opposite
charge, thus reducing losses due to electrical stray currents.
Monoplar electrodes in parallel do have some disadvantages as well.
e Inindustria applications, large currents will be needed. This means very thick
conductors from the power source to the cells.
e Generation of large electrical currents at low voltagesis not ideal.
e A short between one electron pair is detrimental to the efficiency of the entire
module.
Various other cell arrangements exist, but did not form part of this dissertations scope.
In summary stacking 24 carbon aerogel electrodes and their associated electrical bus
connections inside a polypropylene housing was the method used to manufacture the
prototype unit. Maintaining to a simple manufacturing process was an objective.

Figure 4.5 illustrates the assembly of the preferred prototype (MK-8A).
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not corrode.

Bus
Connector

FIGURE 4.5: Industrial Prototype (MK-8A): Module Assembly
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The first prototypes had stainless steel bus connections. Bus connections are the
electrical connections to the electrode, dictating to the electrode to function as a
cathode or anode. The high electrical currents and high salinity of the electrolytes
created avery corrosive environment, even for stainless steel. Figure 4.6 illustrates
the stainless steel corrosion problems encountered. The final prototype module bus
connections were machined from graphite and proved to be more effective than their
stainless steel predecessors. Chapter 5 illustrates in more detail the benefits that were
seen by using graphite instead of stainless steel as bus connector manufacturing

material.

Corroded nickel
coated stainless steel
Bus Connections

FIGURE 4.6: Stainless Steel Bus Connections : Corrosion Problem

Appendix B contains more detailed technical bulletins regarding the cell
developmental process, with the final material of choice being graphite bus

connectors in the MK-8A prototype module.
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423 CONTROL SYSTEM DEVELOPMENT —PHASE 3

After the successful manufacturing of a prototype unit, it was necessary to develop a
control system to operate the prototype during the evaluation phase. The control
system had to have basically two flow paths, a once through scenario and arecycle
scenario. Figure 4.7 illustrates the overall control system set-up used for the

prototype water treatment evaluation test runs.

CDT™ Module
| Water Inlet

Metering Pump

Water Outlet

Volt Meter — Measuring
cell voltage

Amp Meter —
Measuring current
supply to module

Control Console
connected to DC
power source and
computer for auto data

logging

Switch to select operational or
regeneration cycle.

FIGURE 4.7: Prototype Control System Set-Up
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A DC power supply was connected to the control console, and from the control
console the DC power supply was connected to the cathode and anode connections of
the prototype. The basis of all test runs was to monitor conductivity change of a
metered feed stream, and the associated voltage and current requirements as a

function of time.

Voltage and current as a function of time were automatically recorded on a computer.
Appendix A contains an example of typical voltage and current data as a function of
time. Once data has been recorded, a mass and energy balance was performed to

determine the following main evaluation criteria:

e The quantity of ions adsorbed and at what rate (water production rate)?

e The quantity of energy required to adsorb the ions?

The control console, shown in Figure 4.7 made it easy to switch from an operational
cycleto arinse cycle. Cutting the DC power to the brick and shorting the cathode and
anode terminals, while a rinse stream was pumped through the cell, stopped an
operational cycle and started arinse cycle. Conductivity probes at the cell inlet and
outlet ports were used to measure and record conductivity data. Figure 4.8 illustrates
atypical control system for afuture industrial scale CDT™ operation. A typica
industrial size plant would consist of pre-treatment, CDT™ modules, post-treatment

and an overall control system.

University of Pretoria 4-15 January 2004



University of Pretoria etd — Welgemoed, T J (2005)

CHAPTER 4 INDUSTRIAL PROTOTY PE DEVELOPMENT PROCESS

Strainer

Particles >1mm Solenoid Valve

EDPM Rolling
Diaphragm
140 psi max pressure

KEY
C: Conductivity Probe

P: Pressure Sensor
Level Detectors

F: Flow Meter

Horizontal Buoyancy
Switch

Input Accumulator/
Ozone Tank
100m3 capacity, Lined

Steel
Filter System

Combination centrifugal/cartridge

5 micron

1 micron

—3E

Ozone Generator
70 gram/hour Og4

Centrifugal Pump

CDT MODULE ASSEMBLY

P1L C2
F2
Control Module P3 .....-00't..oo..oto.o......--c." Z/;(I\?e\évay
and Computer
Select feed or

System control, rinse circuit

process monitor and

recording.
CDT Bricks

7 groups of 6
Super Brick
Modules

Internal modem for
download/control to
FarWest

Chlorine Injector

Output
Pump
' OI- . Rinse Tank
100ms3
pa c10 Output Tank capacity
F10

100mS3 capacity

®eca,,

Rinse Pum\@

FIGURE 4.8: Typical Process Flow/Control Diagram of a Future
Industrial Scale CDT™ Plant
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CHAPTER 5

TEST METHODOLOGY, RESULTSAND DISCUSSION

51 LABORATORY FACILITIES

The laboratory test work conducted for this dissertation was performed in two
locations. The main laboratory was in Tucson, Arizona (USA) and a second
laboratory in Carlsbad, California (USA). During this phase, AirWater, Inc. in
Otsuka, Japan conducted some supporting test work, under the guidance of the CDT
Systems, Inc. research and development team. Results obtained from test work

conducted in Japan, are referenced accordingly.

Laboratory test results can be divided into two main categories. Results obtained from
developing the industrial prototype bench scale unit, and results from evaluating the
prototype as a potential alternative desalination technology. Test work during the
developmental stages mostly focused on electrode quality control and optimization of
electrical connections and energy efficiency. After the development of an optimum
prototype unit, the test work focused on evaluating capacitive deionization as a

potential industrial scale desalination technology.

52 METHODOLOGY

Figure 4.6 in Chapter 4 illustrates the typical set-up for test work during the module
development and technology evaluation phases. Conductivity probes in the inlet and
outlet lines were used to measure solution conductivity. A volt and an amp meter
were used to measure the electrical data required to determine energy consumption. A
control console allowed for rapid change from a production/charge cycle to a
regeneration/discharge cycle. Electronic wiring of the control console also allowed for
automatic data logging of time, conductivity, bus voltage and current supplied during
each test run. Graphical interpretations of typical capacitive deionization test data

always have two main cycles.
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Outlet water stream conductivity is decreased to below the inlet conductivity during
the operational cycle, which is a result of ions being adsorbed into the electric-double
layer on the electrode surface. The outlet water conductivity increases to above the
inlet conductivity during the regeneration cycle, as the adsorbed ions are removed
(washed-off) from the electrode surface. Rate of ion adsorption, associated energy
consumption, overall water recovery and general operations & maintenance
requirements, were used as the fundamental comparative factors in comparing

capacitive deionization to other existing desalination technology’s.

The following two sections in this chapter present and discuss the typical test results
obtained during the prototype development and evaluation phases. During the
development phase various tests had to be conducted to come-up with an optimum
prototype design. Once the development phase results researched set criteria of
performance, the optimum prototype was further tested and evaluated in more detail

to determine the technologies potential as an industrial desalination technology.

Electrical conductivity probes were used to determine salt content. However for the
purpose of comparison the following conversion factor can be used to convert
conductivity to TDS in mg/l. Salt content as a conductivity reading in puS/cm (micro-
siemans per centimeter) can be converted to TDS in mg/l by multiplying by 0,7. It
must be noted that this factor will differ between source water’s, but for most source

water’s tested during this research project it proved accurate enough.

53 RESULTS-PROTOTYPE DEVELOPMENT PHASE

The main objective of this phase was to develop a prototype, which could be
manufactured and operated cost effectively on an industrial scale. Tests on the
manufactured aerogel for quality control purposes were already discussed in Chapter
4. Results discussed here focus more on the quality control of the overall module
development. Appendix’s A and B contains detailed data and calculation methods
used to produce graphical results discussed in this section, as well as applicable

additional data.
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One of the main challenges during the development phase was to ensure optimum
electrical connection between the aerogel electrodes and their associated bus
connectors. Various materials where tested for use in the manufacturing of the bus
connectors. Figure 5.1 illustrates the effect of changing the bus connection material

from nickel-plated stainless steel (metallic) to graphite.

Similar Figure 5.2 illustrates the ion adsorption improvement of the prototype by
changing from a metallic to a graphite bus connector. A once-through system set-up
conducted test runs for both Figure 5.1 and 5.2, with conductivity of the output water

measured.
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FIGURE 5.1: Nickel Plated/Stainless Steel vs. Graphite Bus Connections - A
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FIGURE 5.2: Nickel Plated/Stainless Steel vs. Graphite Bus Connections - B

Data presented in Figure’'s 5.1 and 5.2 were generated by using a MK-8A prototype
at a constant flow rate of 50 ml/min. The usage of graphite instead of stainless
steel/nickel-plated bus connectors had an improved ion adsorption effect. It is noted
that by the time the regeneration cycle was started (around 72,5 minutes), that the
MK-8A prototype was not fully saturated as was the case for the metallic bus

connector prototype (MK-8).

The next step of comparing bus connector efficiencies was to conduct continuous
cyclic tests. Figure 5.3 illustrates the results obtained from repetitive long term
testing of two prototype modules, one containing stainless steel nickel plated bus
connectors and the other the more efficient graphite connectors. The feed water

conductivity was 22 mS/m (220 uS/cm).
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Cyclic tests were conducted by measuring the prototype output conductivity and by
switching between charge and discharge cycles. Adsorbed ions are washed off the
electrode surface during the discharge cycle, therefore the increase in conductivity to

above the feed conductivity.
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FIGURE 5.3: Repetitive Cycle Testing: Bus Connector Optimization

The higher peaks and deeper valleys of the graphite bus connector prototype, indicate
more efficient ion adsorption and regeneration per unit time. Figure 5.4 illustrates the
typical charge and discharge cycles used in CDT™. The flow rate used to generate the

data for Figure 5.4 was 50 ml/min through the MK-8A prototype.
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After the bus connector design had been optimized, the next step was to determine the
prototypes optimum flow rate and hydraulic design for the desalination evaluation
tests, to follow. Figure 5.5 illustrates two test runs conducted on the same MK-8A
prototype. For the test in Figure 5.5 the feed water quality was the same; however the
once-through test runs were conducted at two different flow rates, one at 52 ml/min
and the other at 157 ml/min.

As expected, the higher flow velocity produced more rapid ion removal during the
rinse phase. At around 100 minutes, the 157 ml/min flow conductivity started to fall
as a second cycle was initiated. The sharp spikes on the graphs have been due to
instrumentation and have no relevance on the overall experiment. Due to the low-
pressure requirement for CDT™, optimization of head loss through the prototype was
not of primary concern. However the manufacturer plans future hydraulic

optimization to ensure lowest head loss possible.

700
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I on Adsor ption

The final decision on which prototype design to use in further desalination efficiency
testing was made after an ion adsorption test run was conducted on the two main
prototype alternatives. Figur e 5.6 illustrates the ion adsorption capacity per prototype
as a function of time.

Figur e 5.6 represents the cumulative ion adsorption for a single charge/discharge
cycle on each prototype alternative. The feed water was a 1 032 uS/cm NaCl solution
at a flow rate of 52,6 ml/min. A potential difference of 1,3V was used on both
alternatives. The MK-8A (graphite bus connectors) prototype adsorbed around 1,6
times more ions at the same energy consumption, as compared to the metallic bus
connector prototype.
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FIGURE 5.6: 1on Adsorption: Metallic vs. Graphite Bus Connectors

Energy Requirement

Figure 5.7 illustrates a comparative power use/energy requirement test run. The
energy/power was calculated by multiplying voltage and current data. Flow was
constant at 52,6 ml/min and the feed conductivity was 1 032 uS/cm. In this test run
the MK-8 (metallic bus connector) prototype developed an increased current draw at
approximately 12 minutes, this was not due to a direct short as the module voltage
was maintained at 1,3 Volts by the power supply. The energy requirement graph of
the MK-8A prototype (red line) would be typical of a CDT™ industrial module, due
to the capacitive behavior of a module. As the capacitors charge up, less and less
current is allowed to flow through the capacitors, resulting in the typical exponential
decrease of the required energy. Saturation of the electrode surfaces are directly
proportional to the over-all “charged state” of the various capacitors making-up a
CDT™ module. Therefore a fully charged CDT™ module indicates a saturated

electrode condition and visa versa.
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FIGURE 5.7: Energy Requirements: Metallic vs. Graphite Bus Connectors

The prototype developmental phase was concluded for research conducted in this
dissertation, once the carbon aerogel electrode manufacturing process, design of
electrical bus connectors and the module hydraulic design had been successfully
integrated into a single industrially reproducible module. The MK-8A prototype was
chosen as the optimum alternative, to be used in the following evaluation phase.
During the next evaluation phase, CDT™’s overall potential, to compete on an

industrial scale with existing desalination technologies was evaluated.

54 RESULTS-PROTOTYPE DESALINATION TESTING PHASE

This section discusses the results obtained from the following two final overall testing
phases:
e General Prototype Performance Testing, and

e Brackish Water: Application Specific Testing
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54.1 GENERAL PROTOTYPE PERFORMANCE TESTING

In order to realistically evaluate capacitive deionization as a potential alternative to
existing industrial scale desalination technologies, two main parameters need to be
investigated (1) ion adsorption per electrode surface area (percentage water recovery),
and (2) energy required to facilitate adsorption. With regard to electrical energy, the
typical operational mode of a CDT™ plant would be to switch between charging the
cells (ion adsorption) and discharging the cells (ion removal). Figure 5.8 illustrates a
typical continuous/cyclic once through test run used during this phase of testing,
which would also be the typical continuous scenario for a module as part of an

industrial size application.
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FIGURE 5.8: Typical Continuous CDT ™ Desalination Evaluation Test Run

Figure 5.8 further illustrates the typical graphical interpretation of time, outlet
conductivity and bus voltage/supply current data collected at each test run in this

phase.
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The feed NaCl solution conductivity for this specific test run was 1 088 uS/cm
through a MK-8A prototype module. The blue trace shows the applied voltage as it
was switched from +1,3v to 0 v to —1,3 v. Switching the polarity after each cycle,
assists with the regeneration phase. During the production cycle, with a direct current
voltage applied to the module, ions are removed from the water passing through the
system; conductivity is reduced below the input level. Conductivity drops for about

the first % of the production cycle, then increase to again to close to the starting value.

During the regeneration cycle, with the module electrical connections grounded
(energy can be recovered here in full scale systems), ions are released into the water
and the output conductivity is increased above input level of 1 088 uS/cm. By
integrating the TDS removal for the production cycle, the overall mass of ions
removed, can be determined. VVoltage and current data automatically collected during
a test run is used to determine how much energy is required per volume of water.
Figure 5.9 illustrates the data from repetitive test runs done on the MK-8A prototype

module.
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FIGURE 5.9: 1on Adsorption Repetitive Testson MK-8A Prototype Module
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A 20 mS/m (200 ps/cm) NaCl solution was continuously treated for 100 cycles (4
hour charge vs. 2 hour discharge) at 50 ml/min at the Air Water, Inc laboratory.
Results indicated a 66% recovery rate, as the flow rate stayed constant. In Figure 5.9
each cycle consisted of a 4-hour charge (operational) period, and a 2-hour discharge
(regeneration) period. The graph shows the lowest conductivity recorded for each

charge cycle, as well as the calculated mass of NaCl removed.

The ion adsorption capacity for the prototype stabilized at about 1,215 g per charge
cycle. The overall ion removal decreased and then stabilized. This phenomenon could
be due the physical adsorption that took place at the start of a test series. lons that are
physically adsorbed are not so easily removed as compared to ions electrically
adsorbed. Next ion adsorption capacity, as a function of flow rate was evaluated for
the MK-8A prototype. Figure 5.10 illustrates the difference in cumulative ion

adsorption capacity of the same prototype, but two different flow rates.
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FIGURE 5.10: Effect of Flow Rate on 1on Adsor ption Capacity for the
MK-8A Prototype
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Data in Figure5.10 indicate that an increase in flow rate improves ion adsorption and
reduces regeneration time. This phenomenon was earmarked for further investigated

in future research.

5.4.2 BRACKISH WATER: APPLICATION SPECIFIC TESTING

Table 5.1 summarizes the pre- and post treatment results on diluted artificial seawater
(sea water intrusion scenario). A MK-8A capacitive deionization prototype module
was used to generate data for Table 5.1. A feed stream of diluted artificially generated
seawater at 1 000 uS/cm was treated to produce a product stream of 23.4 uS/cm at

50 ml/min.

TABLE 5.1: Pre-and Post Treatment Results on Diluted Artificial Seawater

Feed Water Product Water Reduction %
Sodium as mg/l Na* 180 39 78,33%
Magnesium as mg/l Mg* 20 3.9 80,50%
_§ Calcium as mg/l Ca** 4.7 1.1 76,60%
S Potassium as mg/l K 16 2.6 83,75%
Zinc as mg/l Zn* 0.17 0.14 17,65%
Boron as mg/l B 0.09 0.06 33,33%
Chlorine as mg/l CI 260 58 77,69%
S [Sulfate as mg/l SO~ 40 9 77,50%
< Bromine as mg/l Br’ 0.36 0.05 86,11%
Carbonic Acid HCO3 120 72 40,00%

High ionic specie reduction as shown in Table 5.1 on artificially prepared brackish
water was a good start, however in order to evaluate capacitive deionization in a “real
world” scenario, testing on naturally occurring brackish water was needed. Testing on

naturally occurring brackish water follows next.
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In the natural gas industry, a lot of brackish water is generated during well drilling.

The brackish type water generated by drilling is called “produced water”.

The first naturally occurring brackish water tested on a CDT™ industrial prototype
was samples from the natural gas industry in Wyoming, USA. In these brackish water
bicarbonates (< 1 900 mg/l) are the main contaminant. The same test methodology
was used as for the laboratory-generated solutions. During the production cycle a 1,3
Volt potential difference was generated via direct current. During the regeneration
cycle the electrodes were grounded. Figure 5.11 illustrates the desalination of coal
bed methane (CBME) produced water.
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FIGURE 5.11: Desalination of CBME Produced Water

During the period from 360 to roughly 390 minutes, the module was filling, so there
was no output from the conductivity probe located on the water output line. The input
water conductivity was 2 095 uS/cm at 20,5°C.
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The output conductivity at the start of the cycle was above the input value due to
residual rinse water being pushed out the system. The rinse began at roughly 470
minutes, the zero conductivity occurs during the fill time and is 1/3 the time of the
production fill since the rinse flow rate was 3 times the production flow rate. Rinse
conductivity saturated at 5 000 puS/cm since this was the maximum range set on the
meter. It was increased for subsequent runs. For this test run the water recovery rate
was around 70% and rinse water could be re-used for at least another rinse cycle,
before discarding as brine. Reducing the volume of the brine has a major cost benefit
in this industry, as it needs to be trucked and pumped underground at specific brine
aquifer injection points.

Voltage and current data (see Appendix A) was used to determine that it would take
an estimated 2,25 kWh to treat 1 000 gallons (3 785 liters) of the produced brackish
water to below reinsertion/reuse limits (< 1 000 mg/l). This result is significantly
higher than the 0,36 kWh per 1 000 gallons (3 785 liters) predicted by earlier research
work from LLNL, however by including energy recovery and improved electrical

connection, future industrial modules could approach the laboratory benchmark.

Carlsbad Pilot Plant

Next in the evaluation process was the design, construction and operation ofa CDT™
pilot plant. A CDT™ pilot system was constructed and operated at the Encina Water
Pollution Control Facility in Carlsbad, California (2000 to 2001). This specific
wastewater treatment facility produced two streams of brackish source waters. The
first is a brackish ground water stream, generated by the daily pumping down of the
water table, under the secondary settlers. The second brackish water stream is the
secondary effluent from the plant (Avg. TDS > 1 100 mg/l).

A small percentage of the secondary effluent is further treated and recycled as
irrigation water. However the majority is disposed of via a dedicated sea outfall.
Figure 5.12 illustrates the control panel of the demonstration unit at the Encina Water

Pollution Control Facility.
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Behind the control panel source water was directed via a series of pumps to % scale
(250 ft?) CDT™ cells. These cells were constructed as per the manufacturing process
developed for the smaller MK-8A prototype.

Variable Speed Feed Pump
Display

Solenoid Valve Selection
1/0 Card

Conductivity Meters

FIGURE 5.12: CDT™ Pilot Plant Control Panel at the

Encina Water Pollution Control Facility

A test run was conducted at the pilot plant to determine the ion storage capacity of a
larger industrial prototype type unit. A recirculation test was conducted on the
brackish ground water. The purpose of the test work was to provide insight into the
operating scenario’s best suited to an industrial type unit. Table 5.2 lists an analysis
of the Encina brackish groundwater chemical specie composition, which constituted
the feed water to the CDT™ pilot plant for this specific test run.
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TABLE 5.2 : Encina Ground Water Chemical Analysis

Analysis Results US Analysis Method #
Alkalinity, as mg/l CaCOs 283 mg/l SM2320B
Ammonia N 0,44 mg/l SM 4500NH C
Boron 0,6 mg/l SM 4500 B-B
COD 86,2 mg/l HACH 8000
Chloride 1722 mg/l SM 4500 CI B
Total Hardness, asmg/l CaCOg3 1440 mg/l SM2340C
Nitrate N 7,38 mg/l USEPA 352.1
Nitrite N <0,2mg/l SM 4500 NO-B
Grease & Oll 0,2mg/l SM 5520 B

pH 7,20

o-Phosphate 0,063 mg/l SM 4500 E
t-Phosphate 0,067 mg/l HACH 8190
TDS 4598 mg/l SM 2540 C
TSS 1,9 mgll SM 2540 C
VES 1,3 mgll SM 2540 E
Specific Conductance 6370 pslcm SM2510B
Sulfate 630 mg/l USEPA375.4
Temprature 25,2°C SM 2550
Turbidity 0,194 NTU SM2130B
Aluminum 0,18 mg/l USEPA 6010 B
Antimony 0,002 mg/l SM3113B
Arsenic 0,003 mg/l SM 3113B
Barium 0,073 mg/l SM 2130B
Beryllium <0,0005 mg/l SM3113B
Cadmuim 0,006 mg/l SM3111B
Calcium 70,8 mg/l SM 3111B
t-Chromium <0,1 mg/l SM3111B
Copper <0,05 mg/l SM3111B

Iron 0,093 mg/l SM3111B
Lead 0,1 mg/l SM3111B

M agnesium 177,8 mgl/l SM 3111B

M anganese 0,109 mg/l SM 3111B
Mercury 0,0004 mg/l SM 3112B

M olybdenum <0,01 mg/l SM3113B
Nickel 0,056 mg/l SM3111B
Potassium 15,4 mg/l SM 3500D
Selenium <0,015 mg/l SM 3113B
Silver <0,025 mg/l SM 3111B
Sodium 977 mg/l SM 3500 D
Thallium < 0,005 mg/l USEPA 279.2
Zinc 0,046 mg/l SM3111B
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Heterotrophic Plate Count 7700 cfu/ml SM9215D
Total Coliform m-F 8800 cfu/100 ml SM 92228
Fecal Coliform m-F <10 cfu/100 ml SM9222D
Enter ococcus m-F 140 cfu/100 ml SM9230C
Color 2,0 color units SM 2120B
Odor 29TON SM 2150B

Source: Encina Wastewater Authority Laboratory (Certification No. 1441) — Sample 5
September, 2000 @ 10:10 am — East Well.

By using a direct conversion from conductivity to mg/l for TDS, the estimated mass
of contaminants adsorbed and released can be predicted.

Feed water Conductivity : 6 370 uS/cm

Feed Water TDS 4 598 mg/I

The volume of water treated for the test run was 50 liters. Figure 5.13 illustrates the
main variables, output conductivity, bus voltage and current as measured during this

test run of the pilot plant.

Pilot Plant Test Run Notes:
e Maximum Bus Voltage: 1,2 V
e Maximum Current Required: 110 A
e Bus connections shorted after 40 min to simulate regeneration cycle.
e Voltage not recorded during minutes 41 to 46, therefore dip in graph.
e Capacitor discharge current not measured.
e Total Electrode Surface Area: 23,23 m? (250 ft?)
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FIGURE 5.13: Pilot Plant : 250 ft“ Industrial Cell : 1on Storage Test Run

The approximate mass of ions adsorbed can be calculated by looking at the change in
conductivity of the output stream.

Conductivity Reduction = 6 075 uS/cm — 4 421 uS/cm =1 654 uS/cm

By using a conductivity to TDS conversion factor of 0,722 {4598.10°/6370.10°} it
is estimated that 59,695 grams of ions had been removed by the operational cycle of
the cell. Therefore the carbon aerogel electrode ion adsorption capacity for
specifically brackish groundwater as per Table 5.2 is 2,5697 g/m? (0,2388 g/ft?).

University of Pretoria 5-19 January 2005



University of Pretoria etd — Welgemoed, T J (2005)

CHAPTER5 TEST METHODOLOGY, RESULTS AND DISCUSSION

Due to practical size and weight considerations the original bench mark for a full size
industrial cell was set at 92.90 m? (1000 ft?). Laboratory test work at LLNL indicated
that this surface area should be able to remove 1 000 mg of TDS per 24 hours. The
full cycle (charge and discharge) for the pilot plant test run took 110 minutes and 50
liters of brackish water was treated during this period. A scaled daily production for

the pilot plant could be estimated by using the equation 5.1.
Scaled_Daily_Production = (24 hrs/Cycle Time).(M_ions)/(10.pwater).(1/Cell Scale) (5.1)

e Scaled_Daily_Production = Volume of brackish water treated by a singly
CDT™ cell (1 000 ft? electrode surface) per day

e Cycle Time = 110 minutes = 1,833 hours

e M_lons = Mass of TDS Removed = 59,695 g = 59 695 mg

e pwater = 1 kg/liter

e Cell Scale (as compared to full size unit) = 0,25

By using the scaled production equation 5.1, it can be calculated that in a 24 hour
period the cell would reduce the TDS of 825,76 gallons (3 125 liters) of brackish
water by 1 000 mg/I. Additional experimental results obtained during pilot scale
testing are contained in Appendix B. The testing phase for this research was thus
successfully concluded, with test results on actual industrial type CDT™ prototypes
coming close to laboratory scale test results. Test results achieved in this research will
serve as a benchmark for an ongoing research and development program on

Capacitive Deionization Technology ™.
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CHAPTER 6

COST: EVALUATION AND COMPARISON

6.1 BASISOF COST EVALUATION

At the time of this research, technology license agreements limited manufacturing to
the USA and as the mgjority of research for this dissertation was conducted in the
USA, the currency used in this chapter is the US Dallar. In order to compare “apples-
with-apples” areference design will be used to compare the costs (capital and
operational) of a 3,78 MI/d (1 mgd) low-pressure brackish groundwater RO
desalination facility to a3,78 MI/d (1 mgd) CDT™ brackish water facility treating a
brackish feed water (TDS: 2 000 mg/l) to potable standards. Table 6.1 summarizes
the reference design conditions.

TABLE 6.1: Reference Design Parameters

Parameter Value

Water Supply Source Groundwater
Source Water TDS, mg/I 2000

Required Produced Water TDS, mg/I 500

Finished Water Quantity, M1/d (mgd) 3,78 (1)

Brine Concentrate Disposal Surface Water Body
Intake Type Well Feed pump

Data Source : AWWA M46: p 93

Section 6.2 discusses more specifically cost projections applicableto CDT™ capital,
operations and maintenance requirements. A cost comparison, between the RO and

CDT reference designs, follows in Section 6.3.

6.2 CDT™: COST PROJECTIONS
Capital and O& M cost projections for CDT™ are discussed in the following two
sections.

University of Pretoria 6-1 January 2005



University of Pretoria etd — Welgemoed, T J (2005)

CHAPTER6 COST: EVALUATIONS AND COMPARISON

6.2.1 CAPITAL COST PROJECTIONSFOR CDT™

During the CDT™ prototype developmenta phase, the manufacturing cost of
industrial size modules was estimated by using the pilot manufacturing process as a
model. Acquisition of land, factory space, and machinery costs were taken into
account. Like most new technologies, evolving from alaboratory to an industrial
level, the initial manufacturing costs per module would be higher than manufacturing
costs afew years down the full scale industrial manufacturing road. It is estimated by
CDT Systems, Inc. that the initial purchase price per industrial size module,
producing 3 785 liters/day (1 000 gpd) and removing 1 000 mg/l, would bein the
range of US $1 000 to US $1 500. However based upon volume manufacturing and
continuous electrode material improvements (Dietz, 2004), CDT Systems, Inc.
estimates that they can reduce the purchase price to between US $600 and US $800
within the first three years of volume production. These estimates are based on

manufacturing costs in the USA.
Table 6.2 illustrates the improvements made during the development processin
reducing the cost to manufacture an industrial CDT™ module, as compared to initial

laboratory scale test work and estimates.

TABLE 6.2: Reduction of CDT™ M odule M anufacturing Costs

Development Stage US$ Cost/ft® | Module Sales Pricein
Aerogel USDollar
Technology Licensed from LLNL | 75 75 000
at Jan. 1997
Projected Cost by LLNL for 2004 | 30 30000
CDT Systems, Inc at 1998 5 5000
CDT Systems, Inc at 2000 3 3000
CDT Systems, Inc at 2002 25 2000
CDT Systems, Inc 2004 16 1000
CDT Systems, Inc 2007 1 600
(projected)

Source: CDT Systems, Inc Dallas, Texas - 2004
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It must be noted that Table 6.2 includes the following changes to the manufacturing
of afull sizeindustrial CDT™ module.

e 1997 to 2000: 1 000 ft? per industrial size module
e 2000 to 2004: 500 ft* per industrial size module

Current advances in material sciencesindicate that future electrode efficiencies would
reduce the required electrode surface area, without sacrificing the overall treatment
capacity. Depending on the volume and level of treatment required, modules will be
stacked in either parallel or in series. Figure 6.1 illustrates the typical layout of an
future industrial type capacitive deionization plant (See Figure 6.3 for a process flow
diagram of atypical CDT™ system).

COT Modules
[Each conlains 12 bricks)

e
Control Room |< o 400m"/day

Area lor plant expansion

FIGURE 6.1: Typical Industrial Scale Capacitive Deionization Treatment Plant

To determine how many modules in series or parallel will be needed, asimple linear
method can be used.
Number of Modules = [Flowrate (gpd) x Required TDS reduction (ppm)]/1 000 000
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For example an industrial size treatment plant has the following basic design criteria.
Produce 1 000 000 gallons per day (3,8 x 10° liters per day) of potable water at 500
mg/l TDS from a brackish source water at 2 000 mg/l TDS.

Number of Modules = (1 000 000 x 1 500)/1 000 000 = 1 500 modules

Total estimated capital cost could then be calculated by including site-specific civil,
electrical, instrumentation and mechanical costs. For brackish type water treatment, a
good starting point for the calculation of power required is 100 watts per module.
Thus for the above-mentioned scenario, around 150 kW would be the maximum

power needed to operate the plant at full capacity.

6.2.2 OPERATIONAL COST PROJECTIONSFOR CDT™

Test work conducted by using CDT™ on “real world” brackish water (Chapter 5) and
laboratory samples indicated that the energy requirement to treat a brackish type water
(2 500 to 3000 mg/l TDS) to potable standards below 500 mg/l TDS, would be 2,25
kWh per 1 000 gallons or 0,594 kWh/m?>. These energy consumption rates do not
include further potential energy savings by energy recovery due to the capacitor type

operation.

CDT Systems, Inc. believes that with energy recovery, these energy consumption
rates can be 20% to 50% lower. An industrial size treatment plant will not require a
large operational staff contingent, as a centralized control room would be able to
monitor/control of the entire plant. Module replacement (if necessary) would be like
changing the batteries in a flashlight. Carbon aerogel is extremely durable and the
minimum lifetime of a module is estimated to be approximately 10 years. Table 6.3
summarize the estimated costs to produce potable quality water from various source
waters at aflow rate of 3 785 411 liters per day or 1 000 000 gallons per day.
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TABLE 6.3: Estimated CDT™ Costs for Reference Design

ITEM VALUE
Feed Salinity Content, TDS in mg/I 2000
Flow Rate in mgd (Ml/d) 1(3,785)
Number of CDT Modules 1500
Capital Cost (Modules + 30% for $1 560 000

Other Direct and Indirect Costs)

Annual Energy + O&M $52 500
15-Y ear Capital Amortization $93 600
Total Annual Costs $146 100
Cost per 1000 gallons $0,40
Cost per 1000 liters $0,11

Data Source: CDT Systems, Inc 2004

Assumptions used in Table 6.3:
1. CDT Module/Cell Performance:
e One module reduces TDS by 1000 mg/I per 1000 gpd.
e Aerogel Material in one module 500 ft?
e Average sales price per module: US $800
2. Annual Energy consumption per moduleis $0.066/kWh + add 10% for general
operations and maintenance costs.
Energy Recovery: 50%
4. 15 year Amortization with 10% residual.
5. Cost per 1 000 gallons (1 000 liters) is based on 1 000 000 gpd (3 785 411 Ipd)
x 365 days of operation per year divided into annual costs.

6.3 COMPARATIVE COSTS

Membrane technologies (low pressure RO and ED/EDR) are leading the existing

desalination race for brackish water applications and it was therefore decided to
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compare capacitive deionization against low pressure RO with regards to capital and

operations/maintenance costs.

Table 6.1 illustrates the reference design parameters. Figure 6.2 illustrates a process

flow schematic of atypical low-pressure RO system used for cost comparative

purposes.
Well Feed Pump to increase Cartridge
Pump @ 60 » pressureto 285 Fiter [ ] Stagel [ »
psig psig ( 1 965 kPa)
Stage 2
v, Y
Acid + Scale Inhibitor oo 3
e
v, S
Brine Disposal ¢
Degasifier
Storage ¢ *

4+—
Consumers

Pump to Potable

distribution System

|

Chlorine + Caustic
or Lime

FIGURE 6.2: Typical L ow Pressure RO Brackish Water Process Flow Schematic

Figure 6.2 illustrates atypical three stage low-pressure RO system used to achieve a

recovery of 80%. Figure 6.3 illustrates atypical CDT™ process flow schematic for
treating the applicable brackish feed water to potable standards. A cost breakdown

(capital and O& M) for this scenario is presented in Table 6.3.
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FIGURE 6.3: Typical CDT ™ Brackish Water Process Flow Schematic

It must be noted that various site-specific factors could influence the fina
construction costs for both a RO and CDT™ facility. However for comparative
purposesin thisresearch it is assumed that both plants are to be constructed on similar
sites, as described in the reference design (Table 6.1). Table 6.4 presents a cost

breakdown for the low-pressure RO system as illustrated in Figure 6.2.
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TABLE 6.4: Estimated RO Costs for Reference Design.

ITEM VALUE

Feed Salinity Content, TDS in mg/I 2000

Flow Rate in MI/d (mgd) 3785(1)
Capital/Construction Costs* $3 139 000
(Direct and Indirect Costs)

Annual Energy + O& M** $296 535
15-Y ear Capital Amortization + 10%

Residual $188 340
Total Annual Costs $484 875
Cost per 1000 gallons $1,33
Cost per 1000 liters $0,35

* See AWWA, M46 : p94 for a detailed breakdown of construction costs.
** Energy @ 3.83 kwWh/1000 gal (AWWA, M46: p 98) typicaly is 33% of a
RO facility’s O&M costs (AWWA, M46: p 5). No Blending.

Table 6. 5 summarizes the costs as broken down in Table 6.3 and 6.4, for both

CDT™ and alow pressure RO system, using the same reference design.

TABLE 6.5: Comparative Cost for Reference Design

CDT™ RO
Capital O&M Total Capital O&M Total
$0,26 $0,14 $0,40 $0,52 $0,81 $1,33

$0,11/1000 liters or $0,40/1000 gal

$0,35/1000 liters or $1,33/1000 gal

Data Source:
CDT Systems, Inc for CDT data.

(AWWA M46, 1999) and (Gomez, 2004) for RO data.
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Asindicated in Table 6.5, significantly lower estimated capital cost of the CDT™
system and it’s lower energy consumption (including an assumed 50% energy
recovery) mean that that this system could be cost competitive compared to RO for
brackish water applications ( TDS < 10 000 mg/l). However, reverse osmosis would
be more cost effective for the higher salinity waters and only by reducing the capital
costs for the production of CDT™ modules, would capacitive deionization become a
serious competitor for reverse osmosis in higher salinity brackish or seawater

applications.

EDR is another competitive brackish water desalination technology. Without energy
recovery test work on an industrial type CDT™ module indicated an energy
requirement of 2,25 kWh/1000 gallons and EDR utilizes 7,7 kwh/1000 gallons
(AWWA M46, 1999) for typical brackish water conditions. It is thus possible for
future CDT™ plantsto cut the costs to produce desalinated brackish water by 70%, as
compared to existing EDR data.
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CHAPTER 7

CONCLUSIONSAND RECOMMENDATIONS

CONCLUSIONS

The following conclusions can be made regarding the research conducted for this

dissertation:

Aerogel manufacturing.

It is possible to cost effectively manufacture the carbon aerogel electrodes on a
large/industrial scale, by designing and constructing a small model of a
potential future manufacturing facility. To summarize, carbon aerogels are
manufactured by poly-condensation of resorcinol and formaldehydein a
slightly basic medium, followed by supercritical drying and pyrolysisin an
inert atmosphere. The impregnation of carbon cloth with the resorcinol-
formaldehyde resin generates monolithic sheets. These monolithic sheets can
easily be trimmed to produce the electrode sheets used in module assembly.
Future carbon aerogels will be even more human and environmental friendly

as material sciences advance.

Simple construction of industrial modules
CDT™ only requires simple double-sided planar electrodes, which can be

stacked in alow-pressure housing (Plate-and-frame type module).

Enhanced energy efficiency for treatment of brackish water.
CDT™ can be used to treat brackish water (800 to 10 000 mg/l). The
desalination of brackish source water is becoming increasingly more
important.
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Competing technologies for this application are electrodialysis 2,03 Wh/liter
(7,7 Wh/gal) and reverse osmosis 2,25 Wh/liter (8,5 Wh/gal). CDT is more
energy efficient at 0,13 to 0,59 Wh/liter (0,5 to 2,25 Wh/gal) depending on

energy recovery and operation.

e Elimination of wastes from chemical regeneration.
CDT™ uses electrical regeneration, thereby eliminating the need for handling
secondary chemical wastes streams. A highly concentrated brine stream is the

only waste stream produced.

e Carbon Aerogel isresistant to chemical attack.
Aerogels are resistant to aggressive chemicals like HCl and resistant to
oxidizing agents, should de-scaling or de-fouling be required in CDT™
desalination facilities.

e Industrial treatment plantswould be fully automated.
The capacitive deionization processis fully automatic. A typical industrial size
plant would require a minimum of two treatment trains for continuous
operation. While the one train produces desalinated water, the other would be
regenerating. Energy captured from the regenerating train could be supplied to

the train in production mode.

e Potential toreducetreatment plant disposal costs.
Old membrane modules have no recycle value and thus present a disposal
problem. CDT™ has the potential to reduce the overall disposal coststo a
treatment plant, as the carbon aerogel electrode lifetime is conservatively
estimated in excess of 10 years by LLNL.

In summary, simple design requirements and low energy costs could make CDT™
very competitive to existing membrane technologies such as reverse osmosis and

electrodialysis for brackish water applications in the immediate future.
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To be competitive for seawater applications, the production costs per capacitive
deionization module needs to be reduced before the technology can cost effectively
compete with reverse osmosis on such applications. CDT™ is ayoung, but very

promising technology for the desalination of brackish and seawater sources.

7.2 RECOMMENDATIONS

Ongoing CDT™ industrial bench scale studies are important, however in order to
prove long-term industrial scale operational effectiveness, it isvital to get a capacitive
deionization industrial scale plant in operation. It is recommended to first use a pilot

plant to verify design requirements for the larger industrial size plant.

Currently there are various ongoing research projects in the USA and Japan. The data
from these projects would greatly accelerate the design and construction of industrial
scale manufacturing plants. However, before an industrial size treatment plant can be
built, an industrial scale manufacturing facility would be needed. CDT Systems, Incis
in the process of establishing such afacility.

With a manufacturing facility in place, this and LLNL research clearly indicates that
CDT™ could cost effectively compete with existing industrial scale desalination
technologies. Dedicated long-term planning, material science research and continued
pilot scale testing will take this exciting water treatment technology to the industrial
level. CDT™ has the potential to provide and order-of-magnitude step reduction in
desalination costs and thus has the potential to provide not only potable water, but

also agricultural and industrial water, from saline sources.
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APPENDIX A

AEROGEL QAULITY CONTROL AND INDUSTRIAL
CDT™ PROTOTYPE TEST RUN DATA
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Aerogel QOAOC Test Procedure

The attached data file show a typical QAQC test procedure that was conducted by the
researcher on each batch of carbon aerogel produced during the industrial module
development phase.

e Two pieces of aerogel { 7.62 cm (3-inch) x 5.08 cm (2-inch) } was cut from a
randomly selected aerogel sheet.

e The two pieces were then electrically connected in a 10 000 ppm NaCl
solution as a capacitor.

e Computer measurements were taken of the applied voltage and current to the
capacitor during a charge and discharge cycle. Three test runs was done per
QAQC test.

e Voltage and current data was then used to calculate total energy used to charge
the capacitor per test run and the total energy discharged by the capacitor, as
measured through a shunt resistor.

e A summary sheet was then generated, via a macro program written by the
researcher.

e The amount of energy stored by the mini aerogel capacitor is a direct link to
the amount of ion storage to be expected by the industrial unit. Therefore a
batch of produced aerogel was passed or failed by this procedure, before the
aerogel was inserted into an industrial module.
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Aerogel QAQC Test Data Run 1

Time (sec) Voltage Current Energy J Power W
0 0 0 0 0
10 0 0 0 0
20 1.42578 0.238525 3.400842 0.340084
30 1.31592 0.286621 7.172545 0.37717
40 1.30859 0.251953 10.46958 0.329703
50 1.30615 0.226318 13.42563 0.295605
60 1.30371 0.204102 16.08653 0.26609
70 1.30371 0.185791  18.5087 0.242218
80 1.30371 0.170654 20.73354 0.222483
90 1.30127 0.157715 22.78583 0.20523
100 1.30371 0.146484 24.69556 0.190973
110 1.30127 0.136475 26.47147 0.177591
120 1.30127 0.127686 28.13301 0.166154
130 1.30127 0.120117 29.69606 0.156305
140 1.30127 0.113037 31.16697 0.147092
150 1.30127 0.106689 32.55528 0.138831
160 1.30127 0.101563 33.87689 0.132161
170 1.30127  0.0964355 35.13178 0.125489
180 1.30127 0.0917969 36.3263 0.119453
190 1.29883 0.0876465 37.46468 0.113838

200 1.29883 0.0837402 38.55233 0.108764
210 1.30127 0.079834 39.59118 0.103886
220 1.29883 0.0766602 40.58687 0.099569
230 1.30127 0.0737305 41.5463 0.095943
240 1.30127  0.0710449 42.47079 0.092449
250 1.29883 0.0688477  43.365 0.089421
260 1.30127 0.065918 44.22277 0.085777
270 1.29883 0.0637207 45.0504 0.082762
280 1.29883 0.0612793 45.84631 0.079591
290 1.30127 0.0593262 46.6183 0.077199
300 1.29883 0.057373 47.36348 0.074518
310 1.29883 0.0556641 48.08646 0.072298
320 1.29883 0.0537109 48.78408 0.069761
330 1.30127  0.0522461 49.46394 0.067986
340 1.30127  0.0505371 50.12156 0.065762
350 1.30127 0.0493164 50.7633 0.064174
360 1.30127  0.0480957 51.38916 0.062585
370 1.30127 0.0463867 51.99277 0.060362
380 1.29883 0.045166 52.5794 0.058663
390 1.29883 0.0444336 53.15652 0.057712
400 1.30127 0.0432129 53.71884 0.056232
410 1.30127  0.0419922 54.26527 0.054643
420 1.29883 0.0412598 54.80116 0.053589
430 1.30127 0.0397949  55.319 0.051784
440 1.29883 0.0390625 55.82636 0.050736
450 1.29883 0.0380859 56.32103 0.049467
460 1.30127  0.0371094 56.80392 0.048289
470 1.29883 0.036377 57.2764 0.047248
480 1.30127 0.0356445 57.74023 0.046383
490 1.29883 0.034668 58.19051 0.045028
500 1.30127 0.0336914 58.62892 0.043842
510 1.29883 0.0332031 59.06018 0.043125
520 1.29883 0.0324707 59.48192 0.042174
530 1.30127  0.0322266 59.90127 0.041936
540 1.29883 0.0314941 60.31033 0.040905
550 1.30127 0.0307617 60.71062 0.040029
560 1.30127 0.0305176 61.10773 0.039712
570 1.30127 0.0297852 61.49532 0.038759
580 1.29883 0.0292969 61.87584 0.038052
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590 1.20883  0.0285645 62.24684 0.0371
600 1.20883 0.0280762 62.6115 0.036466
610 1.29883 0.027832 62.97299 0.036149
620 1.20883 0.0273438 63.32814 0.035515
630 1.20883  0.0268555 63.67695 0.034881
640 1.20883 0.0266113 64.02259 0.034564
650 1.30127  0.0258789 64.35934 0.033675
660 1.30127  0.0256348 64.69292 0.033358
670 1.30127  0.0253906 65.02332 0.03304
680 1.30127  0.0249023 65.34737 0.032405
690 1.20883  0.0244141 65.66446 0.03171
700 1.20883  0.0244141 65.98156 0.03171
710 1.20883  0.0239258 66.29232 0.031076
720 1.30127 0.0234375 66.5973 0.030499
730 1.20883 0.0231934 66.89854 0.030124
740 1.20883  0.0229492 67.19661 0.029807
750 1.20883  0.0224609 67.48834 0.029173
760 1.20883  0.0224609 67.78007 0.029173
770 1.20883 0.0219727 68.06546 0.028539
780 1.30127 0.0214844 68.34503 0.027957
790 1.20883 0.0217285 68.62725 0.028222
800 1.20883 0.0212402 68.90312 0.027587
810 1.20883  0.0212402 69.179 0.027587
820 1.30127  0.0205078 69.44586 0.026686
830 1.20883  0.0205078 69.71222 0.026636
840 1.30127  0.0205078 69.97908 0.026686
850 1.30127  0.0202637 70.24277 0.026369
860 1.30127 0.0197754 70.5001 0.025733
870 1.30127 0.0197754 70.75743 0.025733
880 1.30127 0.0192871 71.00841 0.025098
890 1.30127 0.0192871 71.25938 0.025098
900 1.209883 0.0192871 71.50989 0.025051
910 0 0 0 0
920 0.866699 -0.0866699 0.751167 0.075117
930 0.839844 -0.0839844 1.456505 0.070534
940 0.817871 -0.0817871 2.125418 0.066891
950 0.795898 -0.0795898 2.758872 0.063345
960 0.773926 -0.0773926 3.357833 0.059896
970 0.751953 -0.0751953 3.923266 0.056543
980 0.732422 -0.0732422 4.459708 0.053644
990 0.715332 -0.0715332 4.971408 0.05117
1000 0.695801 -0.0695801 5.455547 0.048414
1010  0.67627  -0.067627 5.912888 0.045734
1020 0.656738 -0.0656738 6.344193 0.04313
1030 0.639648 -0.0639648 6.753343 0.040915
1040 0.622559 -0.0622559 7.140923 0.038758
1050 0.605469 -0.0605469 7.507515 0.036659
1060 0.588379 -0.0588379 7.853705 0.034619
1070  0.57373  -0.057373 8.182871 0.032917
1080 0.556641 -0.0556641 8.49272 0.030985
1090 0.541992 -0.0541992 8.786476 0.029376
1100 0.527344 -0.0527344 9.064567 0.027809
1110 0.512695 -0.0512695 9.327424 0.026286
1120 0.498047 -0.0498047 9.575474 0.024805
1130 0.48584  -0.048584 9.811515 0.023604
1140 0.471191 -0.0471191 10.03354 0.022202
1150 0.456543 -0.0456543 10.24197 0.020843
1160 0.444336 -0.0444336 10.4394 0.019743
1170 0.432129 -0.0432129 10.62614 0.018674
1180 0.41748  -0.041748 10.80043 0.017429
1190 0.405273 -0.0405273 10.96467 0.016425
1200 0.393066 -0.0393066 11.11917 0.01545
1210 0.383301 -0.0383301 11.26609 0.014692
1220 0.371094 -0.0371094 11.4038 0.013771
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1230 0.358887 -0.0358887 11.5326 0.01288
1240 0.349121 -0.0349121 11.65449 0.012189
1250 0.339355 -0.0339355 11.76965 0.011516
1260  0.32959  -0.032959 11.87828 0.010863
1270 0.319824 -0.0319824 11.98057 0.010229
1280 0.310059 -0.0310059 12.07671 0.009614
1290 0.300293 -0.0300293 12.16688 0.009018
1300 0.290527 -0.0290527 12.25129 0.008441
1310 0.283203 -0.0283203 12.33149 0.00802
1320 0.273438 -0.0273438 12.40626 0.007477
1330 0.263672 -0.0263672 12.47578 0.006952
1340 0.256348 -0.0256348 12.5415 0.006571
1350 0.249023 -0.0249023 12.60351 0.006201
1360 0.239258 -0.0239258 12.66075 0.005724
1370 0.234375 -0.0234375 12.71568 0.005493
1380 0.227051 -0.0227051 12.76724 0.005155
1390 0.219727 -0.0219727 12.81552 0.004828
1400 0.212402 -0.0212402 12.86063 0.004511
1410 0.205078 -0.0205078 12.90269 0.004206
1420 0.197754 -0.0197754 12.9418 0.003911
1430 0.192871 -0.0192871 12.97899 0.00372
1440 0.185547 -0.0185547 13.01342 0.003443
1450 0.180664 -0.0180664 13.04606 0.003264
1460 0.17334  -0.017334 13.07611 0.003005
1470 0.168457 -0.0168457 13.10449 0.002838
1480 0.163574 -0.0163574 13.13124 0.002676
1490  0.15625  -0.015625 13.15566 0.002441
1500 0.153809 -0.0153809 13.17931 0.002366
1510 0.148926 -0.0148926 13.20149 0.002218
1520 0.144043 -0.0144043 13.22224 0.002075
1530 0.136719 -0.0136719 13.24093 0.001869
1540 0.134277 -0.0134277 13.25896 0.001803
1550 0.129395 -0.0129395 13.27571 0.001674
1560 0.126953 -0.0126953 13.29182 0.001612
1570  0.12207  -0.012207 13.30672 0.00149
1580 0.117188 -0.0117188 13.32046 0.001373
1590 0.114746 -0.0114746 13.33362 0.001317
1600 0.109863 -0.0109863 13.34569 0.001207
1610 0.107422 -0.0107422 13.35723 0.001154
1620 0.102539 -0.0102539 13.36775 0.001051
1630 0.100098 -0.0100098 13.37777 0.001002
1640 0.0976563 -0.00976563 13.3873 0.000954
1650 0.0927734 -0.00927734 13.39591 0.000861
1660 0.090332 -0.0090332 13.40407 0.000816
1670 0.0878906 -0.00878906 13.4118 0.000772
1680 0.0854492 -0.00854492 13.4191 0.00073
1690 0.0830078 -0.00830078 13.42599 0.000689
1700 0.078125 -0.0078125 13.43209 0.00061
1710 0.0756836 -0.00756836 13.43782 0.000573
1720 0.0756836 -0.00756836 13.44355 0.000573
1730 0.0732422 -0.00732422 13.44891 0.000536
1740 0.0708008 -0.00708008 13.45392 0.000501
1750 0.0683594 -0.00683594 13.4586 0.000467
1760 0.065918 -0.0065918 13.46294 0.000435
1770 0.0634766 -0.00634766 13.46697 0.000403
1780 0.0610352 -0.00610352 13.4707 0.000373
1790 0.0610352 -0.00610352 13.47442 0.000373
1800 0.0585938 -0.00585938 13.47786 0.000343
1810 0.0561523 -0.00561523 13.48101 0.000315
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Aerogel QAQC Test Data Run 2

Time (sec) Voltage Current Energy J Power W

0 0 0 0 0
10 0 0 0 0
20 1.31592 0.389893 5.13068 0.513068
30 1.31104 0.326172 9.406925 0.427625
40 1.30859 0.284424 13.12887 0.372194
50 1.30615 0.252686 16.42933 0.330046
60 1.30371 0.227783 19.39896 0.296963
70 1.30371 0.207764 22.1076 0.270864
80 1.30371 0.190918 24.59661 0.248902
90 1.30371 0.176025 26.89147 0.229486
100 1.30127 0.163818 29.02318 0.213171
110 1.30371 0.151855 31.00293 0.197975
120 1.30371 0.14209 32.85537 0.185244
130 1.30127 0.133545 34.59316 0.173778
140 1.30127 0.125244 36.22292 0.162976
150 1.30127 0.118164 37.76055 0.153763
160 1.29883 0.111572 39.20968 0.144913
170 1.30127 0.105957 40.58847 0.137879
180 1.30127 0.100586 41.89736 0.13089
190 1.29883  0.0961914 43.14673 0.124936
200 1.29883  0.0913086 44.33267 0.118594
210 1.30127 0.0871582 45.46683 0.113416
220 1.30127  0.0834961 46.55334 0.108651
230 1.30127 0.079834 47.5922 0.103886
240 1.29883  0.0766602 48.58788 0.099569
250 1.29883  0.0734863 49.54235 0.095446
260 1.30127  0.0710449 50.46683 0.092449
270 1.30127 0.0678711 51.35002 0.088319
280 1.30127 0.0656738 52.20461 0.085459
290 1.29883  0.0639648 53.03541 0.083079
300 1.29883 0.0617676 53.83766 0.080226
310 1.29883  0.0600586 54.61772 0.078006
320 1.29883  0.0578613 55.36924 0.075152
330 1.29883  0.0559082 56.09539 0.072615
340 1.30127  0.0541992 56.80067 0.070528
350 1.29883  0.0527344 57.4856 0.068493
360 1.30127  0.0505371 58.14323 0.065762
370 1.29883  0.0495605 58.78693 0.064371
380 1.30127  0.0480957 59.41279 0.062585
390 1.29883 0.046875 60.02161 0.060883
400 1.30127 0.0456543 60.6157 0.059409
410 1.29883  0.0444336 61.19282 0.057712
420 1.29883  0.0437012 61.76042 0.05676
430 1.29883  0.0429688 62.31851 0.055809
440 1.30127 0.0412598 62.85541 0.05369
450 1.29883  0.0407715 63.38497 0.052955
460 1.29883  0.0397949 63.90184 0.051687
470 1.29883  0.0388184 64.40602 0.050419
480 1.30127 0.0378418 64.89844 0.049242
490 1.30127 0.0368652 65.37816 0.047972
500 1.29883 0.036377 65.85064 0.047248
510 1.29883  0.0356445 66.3136 0.046296
520 1.30127 0.034668 66.76472 0.045112
530 1.30127  0.0344238 67.21267 0.044795
540 1.29883  0.0339355 67.65343 0.044076
550 1.30127  0.0332031 68.08549 0.043206
560 1.30127 0.0327148 68.5112 0.042571
570 1.30127  0.0322266 68.93056 0.041936
580 1.30127  0.0317383 69.34356 0.0413
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590 1.29883 0.03125 69.74944 0.040588
600 1.30127  0.0305176 70.14656 0.039712
610 1.30127  0.0300293 70.53732 0.039076
620 1.30127 0.029541 70.92173 0.038441
630 1.29883 0.029541 71.30542 0.038369
640 1.29883  0.0288086 71.67959 0.037417
650 1.29883  0.0288086 72.05377 0.037417
660 1.29883  0.0283203 72.4216 0.036783
670 1.30127 0.027832 72.78377 0.036217
680 1.29883  0.0273438 73.13892 0.035515
690 1.30127  0.0270996 73.49156 0.035264
700 1.30127  0.0266113 73.83784 0.034628
710 1.30127 0.026123 74.17777 0.033993
720 1.30127  0.0258789 74.51453 0.033675
730 1.29883  0.0256348 74.84748 0.033295
740 1.30127  0.0251465 75.1747 0.032722
750 1.30127  0.0251465 75.50193 0.032722
760 1.30127  0.0246582  75.8228 0.032087
770 1.30127  0.0244141 76.14049 0.031769
780 1.29883  0.0244141 76.45759 0.03171
790 1.29883  0.0241699 76.77151 0.031393
800 1.30127  0.0236816 77.07968 0.030816
810 1.29883  0.0236816 77.38726 0.030758
820 1.29883  0.0236816 77.69484 0.030758
830 1.30127  0.0231934 77.99665 0.030181
840 1.29883  0.0229492 78.29472 0.029807
850 1.30127  0.0224609 78.587 0.029228
860 1.30127  0.0222168 78.8761  0.02891
870 1.30127  0.0224609 79.16838 0.029228
880 1.30127  0.0224609 79.46065 0.029228
890 1.30127  0.0217285 79.7434 0.028275
900 1.30127  0.0214844 80.02297 0.027957
910 0 0 0 0
920 0.9375 -0.09375 0.878906 0.087891
930 0.908203 -0.0908203 1.703739 0.082483
940 0.878906 -0.0878906 2.476215 0.077248
950 0.856934 -0.0856934 3.210551 0.073434
960 0.830078 -0.0830078 3.89958 0.068903
970 0.808105 -0.0808105 4.552614 0.065303
980 0.783691 -0.0783691 5.166785 0.061417
990 0.761719 -0.0761719 5.747001 0.058022
1000 0.742188 -0.0742188 6.297844 0.055084
1010 0.717773 -0.0717773 6.813042 0.05152
1020 0.698242 -0.0698242 7.300584 0.048754
1030 0.678711 -0.0678711 7.761233 0.046065
1040 0.65918 -0.065918 8.195751 0.043452
1050 0.637207 -0.0637207 8.601784 0.040603
1060 0.620117 -0.0620117 8.986329 0.038455
1070 0.600586 -0.0600586 9.347032 0.03607
1080 0.583496 -0.0583496 9.6875 0.034047
1090 0.566406 -0.0566406 10.00832 0.032082
1100 0.549316 -0.0549316 10.31006 0.030175
1110 0.532227 -0.0532227 10.59333 0.028327
1120 0.515137 -0.0515137 10.8587 0.026537
1130 0.500488 -0.0500488 11.10918 0.025049
1140 0.483398 -0.0483398 11.34286 0.023367
1150 0.46875 -0.046875 11.56258 0.021973
1160 0.456543 -0.0456543 11.77102 0.020843
1170 0.441895 -0.0441895 11.96629 0.019527
1180 0.427246 -0.0427246 12.14883 0.018254
1190 0.415039 -0.0415039 12.32108 0.017226
1200 0.400391 -0.0400391 12.4814 0.016031
1210 0.388184 -0.0388184 12.63208 0.015069
1220 0.375977 -0.0375977 12.77344 0.014136
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1230 0.36377 -0.036377 12.90577 0.013233
1240 0.354004 -0.0354004 13.03109 0.012532
1250 0.341797 -0.0341797 13.14791 0.011683
1260 0.332031 -0.0332031 13.25816 0.011024
1270 0.319824 -0.0319824 13.36045 0.010229
1280 0.310059 -0.0310059 13.45658 0.009614
1290 0.300293 -0.0300293 13.54676 0.009018
1300 0.290527 -0.0290527 13.63116 0.008441
1310 0.283203 -0.0283203 13.71137  0.00802
1320 0.270996 -0.0270996 13.78481 0.007344
1330 0.263672 -0.0263672 13.85433 0.006952
1340 0.253906 -0.0253906 13.9188 0.006447
1350 0.244141 -0.0244141 13.9784 0.00596
1360 0.236816 -0.0236816 14.03449 0.005608
1370 0.229492 -0.0229492 14.08715 0.005267
1380 0.219727 -0.0219727 14.13543 0.004828
1390 0.212402 -0.0212402 14.18055 0.004511
1400 0.205078 -0.0205078 14.2226 0.004206
1410 0.197754 -0.0197754 14.26171 0.003911
1420 0.192871 -0.0192871 14.29891 0.00372
1430 0.185547 -0.0185547 14.33334 0.003443
1440 0.178223 -0.0178223 14.3651 0.003176
1450 0.17334 -0.017334 14.39515 0.003005
1460 0.168457 -0.0168457 14.42352 0.002838
1470 0.161133 -0.0161133 14.44949 0.002596
1480 0.15625 -0.015625 14.4739 0.002441
1490 0.151367 -0.0151367 14.49681 0.002291
1500 0.144043 -0.0144043 14.51756 0.002075
1510 0.13916 -0.013916 14.53693 0.001937
1520 0.136719 -0.0136719 14.55562 0.001869
1530 0.131836 -0.0131836 14.573 0.001738
1540 0.126953 -0.0126953 14.58912 0.001612
1550 0.12207 -0.012207 14.60402 0.00149
1560 0.117188 -0.0117188 14.61775 0.001373
1570 0.114746 -0.0114746 14.63092 0.001317
1580 0.112305 -0.0112305 14.64353 0.001261
1590 0.107422 -0.0107422 14.65507 0.001154
1600 0.10498 -0.010498 14.66609 0.001102
1610 0.100098 -0.0100098 14.67611 0.001002
1620 0.0976563 -0.00976563 14.68565 0.000954
1630 0.0952148 -0.00952148 14.69471 0.000907
1640 0.0927734 -0.00927734 14.70332 0.000861
1650 0.0878906 -0.00878906 14.71105 0.000772
1660 0.0854492 -0.00854492 14.71835 0.00073
1670 0.0830078 -0.00830078 14.72524 0.000689
1680 0.0805664 -0.00805664 14.73173 0.000649
1690 0.078125 -0.0078125 14.73783 0.00061
1700 0.0732422 -0.00732422 14.7432 0.000536
1710 0.0732422 -0.00732422 14.74856 0.000536
1720 0.0708008 -0.00708008 14.75357 0.000501
1730 0.0683594 -0.00683594 14.75825 0.000467
1740 0.065918 -0.0065918 14.76259 0.000435
1750 0.0634766 -0.00634766 14.76662 0.000403
1760 0.0634766 -0.00634766 14.77065 0.000403
1770 0.0610352 -0.00610352 14.77438 0.000373
1780 0.0585938 -0.00585938 14.77781 0.000343
1790 0.0561523 -0.00561523 14.78096 0.000315
1800 0.0561523 -0.00561523 14.78412 0.000315
1810 0.0537109 -0.00537109 14.787 0.000288
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Aerogel QAQC Test Data Run 3

Time (sec) Voltage Current Energy J Power W

0 0 0 0 0
10 0 0 0 0
20 1.30127 0.227295 2.957722 0.295772
30 1.30371 0.208496 5.675905 0.271818
40 1.30127 0.205322 8.347698 0.267179
50 1.30127 0.200684 10.95914 0.261144
60 1.30371 0.192627 13.47044 0.25113
70 1.30127 0.184082 15.86584 0.23954
80 1.30371 0.17334 18.12569 0.225985
90 1.30127 0.164307 20.26377 0.213808
100 1.30127 0.153809 22.26524 0.200147
110 1.30127 0.145752 24.16187 0.189663
120 1.30127 0.137207 25.9473 0.178543
130 1.30127 0.128906 27.62472 0.167742
140 1.30371 0.121582 29.20979 0.158508
150 1.30127 0.115723 30.71566 0.150587
160 1.30127 0.109375 32.13892 0.142326
170 1.30127 0.104492 33.49865 0.135972
180 1.30127  0.0991211 34.78848 0.128983
190 1.30127  0.0952148 36.02748 0.1239
200 1.30127  0.0910645 37.21248 0.1185
210 1.30127 0.0871582 38.34664 0.113416
220 1.29883  0.0837402 39.43428 0.108764
230 1.30127  0.0800781 40.47632 0.104203
240 1.30127 0.0773926 41.4834 0.100709
250 1.29883 0.074707 42.45372 0.097032
260 1.30127  0.0720215 43.39091 0.093719
270 1.29883  0.0693359 44.29147 0.090056
280 1.30127 0.0668945 45.16195 0.087048
290 1.30127  0.0646973 46.00383 0.084189
300 1.30127  0.0629883 46.82348 0.081965
310 1.29883  0.0603027 47.60671 0.078323
320 1.30127  0.0585938 48.36917 0.076246
330 1.30127 0.0568848 49.1094 0.074022
340 1.29883  0.0554199 49.82921 0.071981
350 1.30127  0.0537109 50.52813 0.069892
360 1.30127  0.0524902 51.21117 0.068304
370 1.29883  0.0517578 51.88342 0.067225
380 1.29883  0.0505371 52.53981 0.065639
390 1.30127  0.0490723 53.17837 0.063856
400 1.29883  0.0473633 53.79354 0.061517
410 1.30127 0.0458984 54.3908 0.059726
420 1.29883 0.045166 54.97743 0.058663
430 1.30127  0.0446777 55.55881 0.058138
440 1.30127 0.0437012 56.12748 0.056867
450 1.30127  0.0424805 56.68027 0.055279
460 1.30127 0.0419922 57.2267 0.054643
470 1.30127  0.0407715 57.75725 0.053055
480 1.30127  0.0402832 58.28144 0.052419
490 1.30127  0.0400391 58.80246 0.052102
500 1.30127 0.0388184 59.30759 0.050513
510 1.29883  0.0378418 59.79909 0.04915
520 1.30127  0.0375977 60.28834 0.048925
530 1.30127 0.0366211 60.76488 0.047654
540 1.29883  0.0358887 61.23101 0.046613
550 1.29883  0.0354004 61.6908 0.045979
560 1.29883  0.0349121 62.14425 0.045345
570 1.30127  0.0344238 62.5922 0.044795
580 1.29883  0.0339355 63.03296 0.044076
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590 1.29883  0.0334473 63.46738 0.043442
600 1.30127  0.0327148 63.89309 0.042571
610 1.29883  0.0319824 64.30849 0.04154
620 1.29883  0.0319824 64.72389 0.04154
630 1.29883  0.0314941 65.13294 0.040905
640 1.29883  0.0310059 65.53565 0.040271
650 1.30127  0.0305176 65.93277 0.039712
660 1.30127  0.0300293 66.32353 0.039076
670 1.30127 0.029541 66.70794 0.038441
680 1.29883  0.0292969 67.08846 0.038052
690 1.30127  0.0285645 67.46016 0.03717
700 1.30127  0.0283203 67.82868 0.036852
710 1.30127  0.0283203 68.19721 0.036852
720 1.30127 0.027832 68.55938 0.036217
730 1.30127  0.0275879 68.91837 0.035899
740 1.30127  0.0273438 69.27419 0.035582
750 1.30127  0.0270996 69.62683 0.035264
760 1.30127  0.0266113 69.97311 0.034628
770 1.29883  0.0263672 70.31558 0.034247
780 1.30127  0.0256348 70.64915 0.033358
790 1.29883  0.0256348 70.98211 0.033295
800 1.30127  0.0251465 71.30933 0.032722
810 1.30127  0.0251465 71.63655 0.032722
820 1.29883  0.0251465 71.96316 0.032661
830 1.29883  0.0249023 72.2866 0.032344
840 1.29883  0.0244141 72.6037 0.03171
850 1.29883  0.0244141 72.9208 0.03171
860 1.29883  0.0244141 73.2379 0.03171
870 1.29883  0.0239258 73.54865 0.031076
880 1.30127  0.0236816 73.85681 0.030816
890 1.29883  0.0236816 74.1644 0.030758
900 1.29883  0.0231934 74.46564 0.030124
910 0 0 0 0
920 0.83252 -0.083252  0.69309 0.069309
930 0.78125 -0.078125 1.303441 0.061035
940 0.756836 -0.0756836 1.876242 0.05728
950 0.737305 -0.0737305 2.419861 0.054362
960 0.722656 -0.0722656 2.942092 0.052223
970 0.708008 -0.0708008 3.443368 0.050128
980 0.693359 -0.0693359 3.924114 0.048075
990 0.673828 -0.0673828 4.378158 0.045404
1000 0.65918 -0.065918 4.812677 0.043452
1010 0.64209 -0.064209 5.224956 0.041228
1020 0.622559 -0.0622559 5.612536 0.038758
1030 0.60791 -0.060791 5.982091 0.036955
1040 0.593262 -0.0593262 6.33405 0.035196
1050 0.578613 -0.0578613 6.668843 0.033479
1060 0.561523 -0.0561523 6.984151 0.031531
1070 0.541992 -0.0541992 7.277907 0.029376
1080 0.534668 -0.0534668 7.563777 0.028587
1090 0.517578 -0.0517578 7.831664 0.026789
1100 0.505371 -0.0505371 8.087063 0.02554
1110 0.490723 -0.0490723 8.327873 0.024081
1120 0.478516 -0.0478516 8.55685 0.022898
1130 0.466309 -0.0466309 8.774294 0.021744
1140 0.45166 -0.045166 8.978291 0.0204
1150 0.437012 -0.0437012 9.16927 0.019098
1160 0.424805 -0.0424805 9.34973 0.018046
1170 0.415039 -0.0415039 9.521987 0.017226
1180 0.405273 -0.0405273 9.686233 0.016425
1190 0.393066 -0.0393066 9.840734 0.01545
1200 0.383301 -0.0383301 9.987654 0.014692
1210 0.371094 -0.0371094 10.12536 0.013771
1220 0.361328 -0.0361328 10.25592 0.013056
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1230 0.351563 -0.0351563 10.37952 0.01236
1240 0.339355 -0.0339355 10.49468 0.011516
1250 0.332031 -0.0332031 10.60493 0.011024
1260 0.322266 -0.0322266 10.70878 0.010386
1270 0.3125 -0.03125 10.80644 0.009766
1280 0.302734 -0.0302734 10.89808 0.009165
1290 0.29541 -0.029541 10.98535 0.008727
1300 0.285645 -0.0285645 11.06695 0.008159
1310 0.275879 -0.0275879 11.14305 0.007611
1320 0.266113 -0.0266113 11.21387 0.007082
1330 0.258789 -0.0258789 11.28084 0.006697
1340 0.249023 -0.0249023 11.34285 0.006201
1350 0.244141 -0.0244141 11.40246 0.00596
1360 0.236816 -0.0236816 11.45854 0.005608
1370 0.229492 -0.0229492 11.51121 0.005267
1380 0.222168 -0.0222168 11.56057 0.004936
1390 0.214844 -0.0214844 11.60672 0.004616
1400 0.209961 -0.0209961 11.65081 0.004408
1410 0.205078 -0.0205078 11.69286 0.004206
1420 0.200195 -0.0200195 11.73294 0.004008
1430 0.192871 -0.0192871 11.77014  0.00372
1440 0.187988 -0.0187988 11.80548 0.003534
1450 0.183105 -0.0183105 11.83901 0.003353
1460 0.175781 -0.0175781 11.86991 0.00309
1470 0.170898 -0.0170898 11.89911 0.002921
1480 0.166016 -0.0166016 11.92668 0.002756
1490 0.161133 -0.0161133 11.95264 0.002596
1500 0.153809 -0.0153809 11.9763 0.002366
1510 0.148926 -0.0148926 11.99848 0.002218
1520 0.144043 -0.0144043 12.01922 0.002075
1530 0.144043 -0.0144043 12.03997 0.002075
1540 0.13916 -0.013916 12.05934 0.001937
1560 0.136719 -0.0136719 12.07803 0.001869
1560 0.131836 -0.0131836 12.09541 0.001738
1570 0.126953 -0.0126953 12.11153 0.001612
1580 0.124512 -0.0124512 12.12703 0.00155
1590 0.119629 -0.0119629 12.14134 0.001431
1600 0.114746 -0.0114746 12.15451 0.001317
1610 0.112305 -0.0112305 12.16712 0.001261
1620 0.109863 -0.0109863 12.17919 0.001207
1630 0.107422 -0.0107422 12.19073 0.001154
1640 0.10498 -0.010498 12.20175 0.001102
1650 0.100098 -0.0100098 12.21177 0.001002
1660 0.0976563 -0.00976563 12.22131 0.000954
1670 0.0952148 -0.00952148 12.23037 0.000907
1680 0.090332 -0.0090332 12.23853 0.000816
1690 0.0878906 -0.00878906 12.24626 0.000772
1700 0.0854492 -0.00854492 12.25356 0.00073
1710 0.0830078 -0.00830078 12.26045 0.000689
1720 0.078125 -0.0078125 12.26655 0.00061
1730 0.078125 -0.0078125 12.27266 0.00061
1740 0.0756836 -0.00756836 12.27839 0.000573
1750 0.0732422 -0.00732422 12.28375 0.000536
1760 0.0683594 -0.00683594 12.28842 0.000467
1770 0.065918 -0.0065918 12.29277 0.000435
1780 0.065918 -0.0065918 12.29711 0.000435
1790 0.0634766 -0.00634766 12.30114 0.000403
1800 0.0610352 -0.00610352 12.30487 0.000373
1810 0.0610352 -0.00610352 12.30859 0.000373
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Energy Data Used for Graph

Time s Run 1 - Energy J Run 2 - Energy J Run 3 - Energy J

0 0 0 0
10 0 0 0
20 3.400841745 5.130679966 2.957721647
30 7.172544808 9.406925354 5.675904848
40 10.46957657 13.12886938 8.347698438
50 13.42562913 16.42932757 10.95913912
60 16.08652731 19.39895731 13.47043659
70 18.50870316 22.10759736 15.86584043
80 20.73353642 24.59661442 18.12569134
90 22.7858344 26.89146994 20.26376904
100 24.69556096 29.02318443 22.26523941
110 26.47146919 31.00293325 24.16186647
120 28.1330088 32.85537479 25.94729999
130 29.69605529 34.59315581 27.6247151
140 31.16697186 36.22291841 29.20979179
150 32.55528381 37.7605511 30.71566047
160 33.87689266 39.2096817 32.13892454
170 35.13177889 40.58846836 33.49864759
180 36.32630441 41.8973638 34.78848072
190 37.46468345 43.14672656 36.02748235
200 38.55232629 44.33267005 37.21247737
210 39.59118218 45.46683356 38.34664088
220 40.58686785 46.55334326 39.43428372
230 41.54630073 47.59219915 40.47631601
240 42.4707867 48.58788483 41.4834027
250 43.36500128 49.54234694 42.45371963
260 44.22277244 50.46683291 43.3909138
270 45.05039601 51.35001917 44.29146927
280 45.84630994 52.20461263 45.16194733
290 46.61830398 53.03540664 46.00383388
300 47.36348172 53.83766276 46.82348174
310 48.08646375 54.61772187 47.60671129
320 48.78407703 55.36924179 48.36917484
330 49.46393986 56.09539427 49.10939967
340 50.12156398 56.8006722 49.82920996
350 50.7633035 57.48560241 50.52813379
360 51.38915841 58.14322653 51.21117301
370 51.99277462 58.78693317 51.88341885
380 52.57940418 59.41278808 52.53980986
390 53.15652111 60.02161465 53.17837298
400 53.71883761 60.61570036 53.79354173
410 54.26526951 61.19281728 54.39080384
420 54.80116417 61.76042158 54.9774334
430 55.31900327 62.31851324 55.5588109
440 55.82635874 62.85541464 56.12748151
450 56.32102983 63.38496712 56.68026751
460 56.80392332 63.90183522 57.22669941
470 57.27639871 64.40602024 57.75724671
480 57.7402299 64.89844423 58.28143991
490 58.19050828 65.37816002 58.8024567
500 58.62892436 65.85063541 59.3075889
510 59.06017619 66.31359687 59.79908955
520 59.48191538 66.76472115 60.28833714
530 59.90127046 67.21266774 60.76487653
540 60.31032528 67.65343219 61.23100973
550 60.71061805 68.08549417 61.69080075
560 61.10773442 68.51120205 62.14424957
570 61.49532029 68.93055713 62.59219616

580 61.87583722 69.3435581 63.03296061
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590 62.24684152 69.74944248 63.46738418
600 62.61150362 70.14655885 63.89309206
610 62.97299399 70.53732112 64.30848906
620 63.32814347 70.92172929 64.72388607
630 63.67695076 71.30541666 65.13294089
640 64.02258631 71.6795914 65.53565482
650 64.35934067 72.05376614 65.93277119
660 64.69291863 72.42159869 66.32353346
670 65.02331889 72.78376816 66.70794163
680 65.34736505 73.13891764 67.08845856
690 65.66446271 73.4915566 67.46015983
700 65.98156036 73.83784147 67.8286834
710 66.29231583 7417777223 68.19720696
720 66.59730098 74.51452659 68.55937643
730 66.89854382 74.84747906 68.9183695
740 67.19661492 75.17470292 69.27418616
750 67.48834382 75.50192678 69.62682513
760 67.78007273 75.82279654 69.97310999
770 68.06546075 76.1404899 70.3155751
780 68.3450308 76.45758756 70.64915306
790 68.62724708 76.77151347 70.98210553
800 68.90312117 77.07967503 71.30932939
810 69.17899526 77.38725875 71.63655325
820 69.44585711 77.69484248 71.96316354
830 69.71221857 77.99665123 72.28660208
840 69.97908042 78.29472233 72.60369974
850 70.24276586 78.58699928 72.92079739
860 70.50009721 78.87609983 73.23789505
870 70.75742856 79.16837679 73.54865051
880 71.00840581 79.46065374 73.85681207
890 71.25938305 79.74340019 74.1643958
900 71.50988969 80.02297025 74.46563863
910 0 0 0
920 0.751167157 0.87890625 0.69308955
930 1.456505101 1.703738939 1.303441113
940 2.125418074 2.476214696 1.876241844
950 2.7588717 3.210550576 2.419860507
960 3.357833153 3.899580062 2.942092201
970 3.923266468 4.552613754 3.443367529
980 4.459708454 5.166785337 3.924114232
990 4.971408324 5.747001172 4.378158406
1000 5.455547356 6.297844199 4.812676678
1010 5.912888468 6.813042279 5.224956246
1020 6.344193269 7.300584169 5.612535955
1030 6.753342833 7.761232791 5.982090523
1040 7.140922542 8.195751063 6.334050323
1050 7.507515251 8.601783824 6.668843327
1060 7.853705099 8.986328918 6.984151407
1070 8.182871212 9.347032461 7.277906735
1080 8.492720415 9.687500043 7.563776605
1090 8.786475743 10.0083158 7.831663591
1100 9.064567437 10.31006387 8.087063439
1110 9.3274236 10.59332945 8.327872501
1120 9.575474415 10.85869558 8.556850064
1130 9.81151492 11.10918381 8.774294147
1140 10.03353588 11.34285744 8.978290903
1150 10.24196739 11.562584 9.169270391
1160 10.43940187 11.77101551 9.349729679
1170 10.62613734 11.96628671 9.52198705
1180 10.80042689 12.14882585 9.686233255
1190 10.9646731 12.32108322 9.840734135

1200 11.11917398 12.48139617 9.987653792
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1210 11.26609363 12.63208299 10.12536455
1220 11.40380439 12.7734417 10.25592247
1230 11.53260427 12.90577031 10.37951902
1240 11.65448974 13.03108914 10.49468083
1250 11.76965156 13.14791433 10.60492542
1260 11.87828113 13.25815892 10.70878079
1270 11.98056852 13.36044631 10.80643704
1280 12.0767051 13.45658289 10.89808492
1290 12.16688099 13.54675878 10.98535198
1300 12.25128693 13.63116471 11.06694505
1310 12.33149086 13.71136865 11.14305427
1320 12.4062592 13.78480748 11.2138704
1330 12.47578213 13.85433041 11.28084215
1340 12.54149643 13.91879867 11.3428546
1350 12.60350888 13.97840349 11.40245943
1360 12.66075327 14.03448531 11.45854125
1370 12.71568491 14.08715189 11.51120783
1380 12.76723707 14.13543184 11.56056645
1390 12.81551702 14.18054645 11.60672439
1400 12.86063163 14.22260344 11.65080801
1410 12.90268862 14.26171008 11.692865
1420 12.94179526 14.29890931 11.73294304
1430 12.97899448 14.333337 11.77014226
1440 13.01342217 14.36510043 11.80548175
1450 13.04606165 14.39514719 11.83900919
1460 13.07610841 14.42352495 11.86990815
1470 13.10448617 14.44948879 11.89911427
1480 13.13124262 14.47390286 11.92667559
1490 13.15565669 14.49681482 11.95263943
1500 13.1793139 14.51756321 11.97629664
1510 13.20149285 14.53692872 11.99847559
1520 13.22224124 14.5556208 12.01922398
1530 13.24093332 14.57300153 12.03997236
1540 13.25896363 14.5891186 12.05933787
1550 13.2757067 14.60401968 12.07802995
1560 13.29182376 14.61775271 12.09541069
1570 13.30672485 14.63091935 12.11152775
1580 13.32045788 14.64353177 12.12703099
1590 13.33362452 14.65507125 12.14134209
1600 13.3456944 14.66609205 12.15450873
1610 13.35723388 14.67611166 12.16712114
1620 13.36774813 14.68564841 12.17919102
1630 13.37776774 14.69471427 12.19073051
1640 13.38730449 14.70332118 12.20175131
1650 13.3959114 14.71104593 12.21177092
1660 13.40407127 14.7183475 12.22130767
1670 13.41179603 14.7252378 12.23037353
1680 13.41909759 14.73172874 12.2385334
1690 13.42598789 14.73783226 12.24625816
1700 13.4320914 14.74319668 12.25355972
1710 13.43781941 14.7485611 12.26045002
1720 13.44354742 14.75357385 12.26655353
1730 13.44891184 14.75824686 12.27265705
1740 13.45392459 14.76259204 12.27838506
1750 13.4585976 14.76662132 12.28374948
1760 13.46294278 14.7706506 12.28842248
1770 13.46697206 14.77437589 12.29276767
1780 13.47069735 14.77780913 12.29711285
1790 13.47442265 14.78096221 12.30114213
1800 13.47785588 14.78411529 12.30486742

1810 13.48100896 14.78700015 12.30859272
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PHYSICAL PARAMETERS

SUMMARY SHEET

AEROGEL MANUFACTURING: QUALITY CONTROL TEST

Technician: T.Welgemoed

BATCH SERIAL NUMBER: QAO071900edge

REMARK : Aerogel received from CCAT on 071900
Test Pieces from edge of sample sheet.

Width in inches |Thickness Dry Mass Thickness in |Density in

Length in inches " " "x.001 ing Length in cm Width incm  [em glem3
Plate1 3 2 34 2.35 7.62 5.08| 0.08636| 0.703
Plate2 3 2 34 2.3 7.62 5.08] 0.08636| 0.688

CAPACITY TEST

Energy out

Energy out per g (Per cm’

Datafile Energy In -J Energy Out - J |Ratio out/ln |of Aerogel (J/g) |(J/cm?)
Run 1 |QAmIni071900A 71.51 13.48| 0.1885195 5.737 0.348
Run2 |QAmIni071900B 80.02 14.79| 0.18478445 6.292 0.382
Run 3 |QAmIni071900C 74.47 12.31| 0.16529225 5.238 0.318
Average 75.33 13.53| 0.17953207 5.756 0.349
GRAPH FOR BATCH SERIAL NUMBER : QA071900edge

Enogy J

400 600 800 1000 1200 1400 1600 1800 2000

Time's

[YEsINO [Supervisor [Action Taken |

Batch Approved For Manufacturing |Yes [Tw [None

Run 1 - Enery J|

2-Energy J|
Run 3 - Enery J|
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Preliminary Source Water Desalination Efficiency Test

Once an industrial module prototype was completed a basic desalination efficiency
test was conducted for a specific source water. The attached sheet illustrates typical
data collected during a basic desalination efficiency test.
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DATA FOR ENCINA PILOT PLANT TESTING

Capacitive Deionization Technology: Encina Water Pollution Control Facility
2-Apr-01
Experimental setup: Recirculating Flow .

Objective: Determine lon Storage Capacity of 1/4 scale Cell

Feed Water: Encina Brackish Groundwater
Technician: T.Welgemoed

Flow Conductivity IN |Conductivity
Time (liters/min) [Cell Voltage (V) [Current (A) (uS/cm) OUT (uS/cm)

0 1.50 0.60 110.00 4591 5806

1 1.50 0.60 110.00 4620 5848

2 1.50 0.73 110.00 4614 5804

3 1.50 0.83 110.00 4611 5730
4 1.50 0.92 110.00 4598 5673

5 1.50 1.00 110.00 4567 5525

6 1.50 1.06 110.00 4539 5401

7 1.50 1.10 110.00 4480 5287

8 1.50 1.17 110.00 4424 5154

9 1.50 1.20 93.00 4355 5045
10 1.50 1.20 69.00 4286 4941
12 1.50 1.20 60.00 4215 4852
13 1.50 1.20 40.00 4058 4714
15 1.50 1.20 37.00 3925 4630
17 1.50 1.20 30.00 3798 4557
19 1.50 1.20 29.00 3711 4498
22 1.50 1.20 22.00 3640 4448
24 1.50 1.20 19.00 3501 4421
30 1.50 1.20 20.00 3467 4459
36 1.50 1.20 17.00 3384 4462
40 1.50 1.20 17.00 3348 4493
41 1.50 0.00 0.00 3344 4489
42 1.50 0.00 0.00 3340 4505
43 1.50 0.00 0.00 3332 4664
44 1.50 0.00 0.00 3328 4599
45 1.50 0.00 0.00 3332 4664
46 1.50 0.90 0.00 3342 4721
47 1.50 0.89 0.00 3353 4781
48 1.50 0.86 0.00 3385 4827
49 1.50 0.84 0.00 3409 4878
50 1.50 0.82 0.00 3429 4917
55 1.50 0.71 0.00 3571 5140
60 1.50 0.63 0.00 3665 5297
70 1.50 0.48 0.00 3832 5602
80 1.50 0.37 0.00 3932 5842
85 1.50 0.32 0.00 3955 5921
91 1.50 0.28 0.00 3988 5967
93 1.50 0.27 0.00 3971 5978
94 1.50 0.26 0.00 4004 5974
96 1.50 0.25 0.00 4005 5970
97 1.50 0.24 0.00 4008 5989
98 1.50 0.23 0.00 4009 6008
100 1.50 0.22 0.00 4015 6019
101 1.00 0.00 0.00 4015 6019
102 1.00 0.22 0.00 4022 6028
105 1.00 0.20 0.00 4044 6044
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107 0.10 0.00 0.00 4058 6049
109 0.10 0.18 0.00 4072 6053
112 0.10 0.17 0.00 4072 6075




FARWEST GROUP, INC

Water Analysis Report

Client : CBMA

Date of Test Run: 21 June, 200(
Datafile: C:\Temp\cbma062100
Prepared by : T. Welgemoed

Sodium |Bicarbonate [Total Alk
Conductivity in Iron as as mg/l |as mgl/l as mg/l |Sulfate as

Sample No Description microsiemans/cm |mg/l Fe Na CaCO3 CaCO3 |mg/l SO4 |pH
CBMA 1 Feed To Brick after 50 % dilution 1140.1|ND 280 520 520|ND 8.2
CBMA 2 After Physi-sorbsion 980|ND 230 370 410 5.1 8.5

After 40 min Charge - Once Through
CBMA 3 Flow 285|ND 68 72 120|{ND 9
CBMA 4 Rinse Water at Stabilization ND 84 140 140|ND 8.2

% Reduction of Component with

regards to feed NA 75.71% 86.15%| 76.92%|NA NA

ND = None Detected
NA = Not Applicable

Comments

Total Rinse volume was 6.15 liters from which a combined sample (CBMA 4) was taken.

The rinse cycle was started at the end of the 40 min charge cycle by changing polarity, shorting the brick
and switching of the power. The feed water for the rinse cycle was as for CBMA 1 sample.

Conclusion

This source water is mostly contaminated by Na2HCO3 (Sodium Bicarbonate)

Raw Water Quality :

pH=8.0

Conductivity = 2490 microsiemans/cm

Turbidity = 200 NTU (Must be filtered before entering CDT system)

DO =1.33 mg/I
HCO3- = 1040 mg/I
Na+ = 560 mg/I

No iron was detected and very little sulfate
CDT would be able to treat this source water effectively to produce potable and or irrigation standard water.
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APPENDIX B

INDUSTRIAL PROTOTYPE DEVELEPMENT PHASE:
TECHNICAL BULLITENS
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Graphite Bus - Mk-8A Brick

Initial Testing

FarWest Group, Inc
Engineering and Development Center

701 Palomar Airport Road, Suite 300
Carlsbad, CA 92009

Phone: (760)931-4784 Fax
(760)931-4850
Email: c_sheppard@msn.com

Introduction

Due to the high costs of experimental graphite components, the electrode internal electrical connections have been
made via metallic bus elements. This has been adequate to obtain short term performance data but has never
been the long term design objective.

A prototype brick incorporating a psuedo graphite bus has been construced using the same housings and electrode
geometry as the Mk-8 brick. The electrical bus is constructed at each end by reaming and press fitting four 1/4 inch
diameter graphite rods through a stack of aerogel electrodes and aerogel spacers at each end of the brick.

Redundant electrical connection is made by parallel connection to three of the graphite rods at each pole. The
fourth is used to monitor electrode voltage.

Coupling to the graphite rods is made by wraping the post with stripped multistrand copper wire and installing a metal
"P" clamp over the wire. The copper wire provides improved coupling between the clamp and rod.

The results of two single pass tests at different flow rates are presented here and compared with the previous Mk-8
brick containing metallic separators...

Objectives

1. Determine ion storage capacity.

2. Compare performance of the new Mk-8A
graphite bus brick with the older Mk-8 metal bus
brick.

3. Study effect of flow rate on ion adsorption and
energy use.

Figure 1 - Graphite rod connection. Metal clamp makes good electrical
connection to graphite rod through stranded copper wires.
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Test Equipment

1. Mk-8A brick serial number 3

2. Mk-8 brick serial number 1 (tested June 2000)

3. Pulsafeeder metering pumps set at 52.6 mi/min and 157.6
mi/min flow rates

4. Input reservoir containing 500 ppm NaCl

5. Signet conductivity probe K=1

6. Signet conductivity readout model 8850 - full scale 20mA
output value set to 5000 uS/cm

7. Industrial computer ADIO interface board mounted in
Compagqg Presario 4880

8. FarWest test interface control box

9. Fluke 89 mk IV True RMS Multimeter

10.0Ohaus 2610g triple beam balance

11.Plastic tubing and connectors

Figure 2 - Metering Pump

Figure 3 - Experimental setup - the fourth, non connected terminal at each end of the brick is used to measure the
voltage in the bus. To reach the non connected terminals, current must flow through the internal bus.
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Test Results

Variables and Constants

Aerogel electrode dimensions,

lelectrode = 11.86-in Walectrode *= 6.25-in telectrode :=.032-in
Aerogel Density
Paerogel == 78. 20 Note: the density is adjusted for the aerogel sheets used in
cm> the MK8A brick which were more compressed than usual
during pyrolization.
Water Density
kg
= }—
Pwater liter
Number of electrodes,
DejectrodeMKS8 = 20 DejectrodeMK 8A = 24
Total electrode area,
2
AgotalelectrodeMKS8 = Welectrode lelectrode PelectrodeMK 8 AotalelectrodeMK g = 10-295 ft
2
AtotalelectrodeMKSA o= welectrode'1electrode'nelectrode1\4K8A AtotalelectrodeMKSA = 123541

Brick scale compared to 1000 square foot version

lectrod
ScaleMKg = Atotale cctrodeMK8 ScaleMKs = 0.01
1000-f2
lelectr A
Scaleyga = PtotalelectrodebKS Scaleyyga = 0.012
1000-ft?
Flow rates,
Flow, . = 52.6.1073. %€ Flow, ... = 0.014-22
low -= 7~ min low ™= Y- min
) -3 liter gal
FlOWmoderate = 157.6-10 ;—l‘; FlOWmoderate = 0.042 _nE
TDS to Conductivity Ratio
_500-107° cm
TDsconversion = S TDS¢onversion = 0.484 ‘g"
1032.107%.—
cm
Input conductivity

. -6 S .
Conductivity ¢ := 1032-10 “om TDSpput = C‘m‘mcm”tylnput'TDSconversion

—4
TDSppyt = 5 % 10



Results Tables

TECHNICAL BULLETIN

Data is arranged in the following column order - Time(sec), Conductivify (uS/cm), PS Voltage(V), Current (A)

Low Flow Test - Mk-8A Brick

Datapfegasn3 4 = 5 -
0 0 1004.77 0 0
1 10 997.82 0 0
2 20 1001.3 0 0
3 30 1008.25 0 0.05
4 40 1008.25 0 0
5 50 1008.25 0 0.05
) 60 56.31 0 0.05
7 70 164.01 0 0.05
8 80 191.8 0 0
9 90 125.79 0 0.05

i:=0,1..779

jl := 125,126..512
k1:=120,121..475

Table 1 - Mk-8A Graphite bus S/N 3 brick test 4 data, 52 ml/min flow (only 10 table entries

visible).

Moderate Flow Results - Mk-8A Brick

Datayfygasns 5 =

0 1 2 3
0 0 35.46 0 0.05
1 10 31.99 0 0.05
2 20 28.51 0 0
3 30 25.04 0 0
4 40 1008.25 0 0.05
5 50 1015.19 0 0.05
6 60 98 0 0.05
7 70 139.69 0 0.05
8 80 35.46 0 0.05
g 90 18.09 0 0

3/8/01

Table 2 - Mk-8A Graphite bus S/N 3 brick test 5 data, 157 mi/min (only 10 table entries visible)

Time increment for integration

dT = (DataMkSAsn3~51 o~ P¥MK8Asn3 5, 0)'Se°

dT = 10s



Low Flow Test - Mk-8 Brick

This data for the Mk-8 brick with the metallic bus was collected May 9, 2000. The brick is now at Kurita.

Datayfkgsn1_060900a =

TECHNICAL BULLETIN

0 1 2 3
0 0 1088.15 0 0.07
1 10 1084.68 0 0.02
2 20 1091.63 0 0
3 30 1077.73 0 0.02
4 40 1088.15 -0 -0.02
5 50 1084.68 0 0.07
6 60 1254.92 0.01 0.05
7 70 -13.18 0.01 0
8 80 -2.75 0 0.05
9 90 1025.62 -0 0.05

Table 3 - Mk-8 metallic bus brick S/N 1 test data collected May 9, 2000, 157.6 mi/min

(only 10 table entries visible)

Graphical Data

Data is collected at 10 second intervals using the Industrial Computer ADIO 1600 /O board and stored in ASCII
format delineated by commas. Tables 1,2 and 3 contain the raw data. Only 10 values are shown and the full

data set can be viewed using Mathcad.

The graphs presented here compare the following;

o Effect of flow rates on output conductivity/ion adsorption and power requirements
» Effect of improved electrical connections on output conductivity/ion adsorption and power requirements

Offsets and Counters

For correct alignment of graphical data offsets should be applied,

¢ Time Offsets - adjust the ellapsed time to align the trigger event horizontally

e Measured Quantity Offsets - adjust the Y axis value to account for such things as measurement offset or

summation starting point correction

-~

3/8/01
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Time counter offset for the Mk-8A graphite bus brick low flow test time axis

Moves data to left by 70
dNTpMk8Asn3 4 =70 tlme increments 11.7
- minutes.

Time counter offset for the Mk-8A graphite bus brick moderate flow test time axis

dNTpkgAsn3 5 =0

Time counter offset for the Mk-8 metal bus brick test results at 52.6 mi/min from 06/09/00

dNTpK8sn1_060900a = 20
lon mass offset for the Mk-8A graphite bus brick low flow test
dIoan8A5n3_4 = ~35

lon mass offset for the Mk-8A graphite bus brick moderate flow test

dIoanSASI'B_S = 35

lon mass offset for the Mk-8 metal bus brick test results at 52.6 ml/min from 06/09/00

dlonpkgsn1 060900a = 0
Effect of Flow Rate on Performance

The data presented here compares results from two tests performed on the Mk-8A brick containing the graphite bus,
Slow flow resuits at 52.6 mi/min are shown in red and the moderate flow of 157 ml/min is shown in blue.

Conductivity Reduction

200 Mk-8A Conductivity Comparison - FLOW
180 /\\

. [ AT

[N
1001 / ‘\\
l{ )

Conductivity (uS/cm)

80 r

60

401

20

i 1 1 ]
"0 20 do 60 80 100 120 140
Ellapsed Time (minutes)
=52 ml/min
157 ml/min

Figure 4 - Output conductivity of Mk-8A s/n 1 graphite bus brick for one charge/discharge cycle of single
pass 1032 uS/cm NaCl. Two flow rates are presented.
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Notes on Flow Comparison Conductivity Graph Above

e Forthe low flow rate test, conductivity at start is not at full level due to physisorbtion, longer stabilization would
have brought it to the 1032 uS/cm level - does not significantly affect validity of resuits.

e Atapproximately 100 minutes the 157 ml/min flow conductivity starts to fall since a second cycle was initiated.

e The higher flow velocity produced more rapid removal of ions during rinse.

Power Use
Mk-8A Power Comparison - FLOW

) i
120 140

<
B
<
$oad
[
Ched
<
<
[=1
[=3

Power (watts)

- - |V
i

-8 .
— 10 V

-1

Ellapsed Time (minutes)
— 52 ml/min
— 157 ml/min

Figure 5 - Power use of Mk-8A s/n 1 graphite bus brick for one charge/discharge cycle of single pass 1032
uS/cm NaCl. Two flow rates presented

Notes on Flow Comparison Power Graph Above

¢ Power is obtained by multiplying voltage by current

» A second charge cycle of reversed polarity was started on the moderate flow test but not the low flow test

e Curves to the between the discontinuities at about 72.5 minutes and 100 minutes represent energy
recovered from the shorted cell - discharge through the small shunt resistor may give an unrealistic value of
recovered energy

e Both curves are of the type expected - capacitor charging



lon Adsorption
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Cummulative ion adsorption can be calculated by integrating the product of TDS reduction, water density, and flow

rate over time.

il

. . . 6 S
TonMass)\(i1) := dT'pwater'Flo"Vlow'TDS’conversion'Z: (Cond“‘:t“"tylnput - DataMk8Asn3_4j 1'10 'c'r;)

i=o0

il
6 S

lonMassy, oderate(il) = dT'Pwater'Flo""moderate‘TDSconversion'Z (C°“d“°ti"itylnput - Dat"‘MkSAsrﬁ_Sj ]'10 ::;1_)

j=0

Ion Adsorption - FLOW

N

S\

g // /\\ /
i N/
Bl /S N A
o S

L

0 20

—— 52.6 ml/min

& &

Ellapsed Time (minutes)

40

—157.6 ml/min

Figure 6 - Cummulative ion adsorption of Mk-8A s/n 1 graphite bus brick for one charge/discharge cycle of
single pass 1032 uS/cm NaCl. Two flow rates are presented

Notes on lon adsorption mass graph above

was started at 100 minutes.

Adsorbed mass was adjusted to be zero at the power on start time
» The release of ions during regeneration for the 157.6 ml/min flow case was incomplete when another cycle
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Resistive Losses

At low voltages, resistive losses have been a significant problem resulting in low voltage at the aerogel electrode
surface.

During the 52.6 mi/min flow experiment, voltages were measured at several points for evaluation of resistive
losses through the system;

Brick terminal posts on FarWest switch box - voltage going into the brick attachment cables.
End of brick attachment cables after last brick attachment clip - this is the voltage reaching the clips attached
to the graphite terminal rods on the brick.

* Vacant (unconnected) brick graphite terminal posts - current has travelled into and out of the bus to reach
these points so this is the voltage on the aerogel at the bus end.

To determine the resistance of the control box to brick cables, the difference in potential at the control box and at
the brick cable clamps is multiplied by the current. Simtoilarly the resistance of the bus is determined by
comparing the potential differences between the cable clamps and vacant graphite post.

Five samples are used to improve accuracy.

Voltagesygasn3 4 =

0 1 2 3
0 45 13 123 1.1
1 1.95 1.28 1.24 1147 Dyoltage == 0,14
2 15 13 1.27 1.22
3 14 1.31 1.28 123
4 13 13 127 0

Table 4 - Voltage and current measurements at various points in the system. Columns represent
Current(A), Control Box Voltage(V), Voltage at Cable Ends (V), Voltage Accross Vacant Posts (V)

Cable Resistance (total, both cables)

(VOltagesMkSAsns_4 — Voltagesyygaen3 4 2)"’0“
Byoltage>

Tyoltages |
Voltagesy 1ig Asn3_4_ O-amp
Rcable = Z 5 e Rcable = 0-02Q
Byoltage
Bus Resistance (total, both poles)
(VoltagesMkS Asn3_4_ )" Voltagesy g Asn3 4 3)-volt
voltage > voltage*
V01tagesMk8Asn3~4n o 2mp
Rpus= : ol Rpys = 02220

Nyoltage
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Performance Comparison to MK8 Metallic Bus Brick

To quantify improvements realized by the graphite bus system and multiple terminal connections, results obtained
at 52.6 mi/min flow rate are compared to those obtained at the same flow from a Mk-8 brick containing metallic
bus parts. Data for the Mk-8 metallic bus brick was collected on June 9, 2000.

Conductivity Reduction

The data presented here compares results from the tests performed on the Mk-8A brick containing the graphite bus
and the Mk-8 brick containing a metal bus. Both tests were conducted at 52.6 mi/min. The Mk-8A graphite bus
brick results are shown in red and the Mk-8 metallic bus brick resuits in green.

Conductivity Comparison - BUS Material
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Figure 7 - Output conductivity for one charge/discharge cycle of single pass 1032 uS/cm NaCl at 52.6
ml/min. Data for the Mk-8A graphite bus brick (red) and Mk-8 metal bus brick (green) are presented.

Notes on Flow Comparison Conductivity Graph Above

¢ Forthe low flow rate test, conductivity at start is not at full level due to physisorbtion, longer stabilization
would have brought it to the 1032 uS/cm level - does not significantly affect validity of results.

* Regeneration started at around 72.5 minutes.

e The Mk-8 metallic bus brick was almost saturated by the time regeneration began, the Mk-8A graphite bus
brick was a long way from saturation.
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Power Use

Power Comparison - BUS Material

‘MWM
G B

Power (watts)
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1 \'\.‘
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= Mk8 Metallic Bus

Figure 8 - Power use for one charge/discharge cycle of single pass 1032 uS/cm NaCl at 52.6 mi/min. Data
for the Mk-8A graphite bus brick (red) and Mk-8 metal bus brick (green) are presented.

Notes on Flow Comparison Power Graph Above

» Power is obtained by multiplying voltage by current

» The Mk8 metallic bus brick developed an increased current draw at approximately 12 minutes - itis not a
direct short since the voltage was maintained at 1.3 volts by the power supply.

e Power draw measurements for the Mk8 metallic bus brick should be viewed with caution, however other data
should be considered reliable since voltage was maintained.
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ion Adsorption

Cummulative ion adsorption can be calculated bv intearatina the product of TDS reduction. water densitv. and flow

S

il
. . -6
TonMassegalic(iD) = dT'pwater'Fk"’Vlow'TDSconversion’Z. (Conductlvuymput - Da’“"MkSsn1__06090021j l-l() _cTn—)

j=0

Ion Adsorption - BUS Material
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Figure 9 - Cummulative ion adsorption for one charge/discharge cycle of single pass 1032 uS/cm NaCl at
52.6 mi/min. Data for the Mk-8A graphite bus brick (red) and Mk-8 metal bus brick (green) are presented.

Notes on lon adsorption mass graph above

+ Adsorbed mass was adjusted to be zero at the power on start time

» The release of ions during regenerationwas not complete in either case
* The Mk8A Graphite bus brick clearly had greater ion adsorption capacity.

Conclusions

¢ Electrical losses in the new Mk-8A graphite bus based brick are lower.

* Increased flow rates improve ion adsorption

» The graphite bus configuration adsorbs 1.6 times the ions of the metallic configuration - probably more at the
higher flow rate but no data is available for the metal bus brick.
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Graphite Bus - Mk-8A Brick

2 Bricks in Series - Mountain Spring
Water

FarWest Group, Inc

Engineering and Development Center
701 Palomar Airport Road, Suite 300
Carisbad, CA 92009

Phone: (760)931-4784 Fax:
(760)931-4850
Email: c_sheppard@msn.com

Introduction

A demonstration was prepared for two representatives from Hankook Jungsoo Industries of Korea to demonstrate
suitability of CDT for water polishing. An application of interest to the company is production of high purity water for
the electronics and other manufacturing industries.

As input, bottled mountain spring water with a conductivity of 282 micro Seimen Lentimeters was chosen. We had
no analytical data on the sample but felt it was a good random selection.

The test system chosen to demonstrate the process incorporated two Mk-8A connected in series. This setup had

been configured earlier for determining maximum rinse concentration levels attainable when processing water from
coal beds.

Arrangement of the system components was such that complete drainage of tubes and bricks could be
accomplished through computer control between production and rinse cycles.

Bolonoid
Watve

Metering Puvp
157 6alimin
ard 52,86 mifmin

Conductivity
Profye K=t

Objectives

1. Demonstrate ion removal at low TDS.

2. Determine effect of output conductivity on flow
rate.

3. Evaluate efficiency of electrical series
connection fo bricks.

Figure 1 - Rinse concentration system setup incorporating 2 Mk-8A
bricks.
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Test Equipment

1. Mk-8A bricks serial numbers 3 and 4

2. Pulsafeeder metering pumps set at 52.6 mi/min and 157.6
mi/min flow rates

3. Input reservoir containing 9.46 litres of 282 uS/cm
"Sparklets" mountain spring water

4. Additional 9.46 litres of mountain spring water for top up
during experiment

5. Signet conductivity probe K=1

6. Signet conductivity readout model 8850 - full scale 20mA
output value set to 5000 uS/cm

7. Industrial computer ADIO interface board mounted in
Compagq Presario 4880

8. FarWest test interface control box

9. Fluke 89 mk IV True RMS Multimeter

10. Plastic tubing and connectors

Input Data

Variables and Constants

Aerogel electrode dimensions,

317101

lelectrode = 11-86-in Welectrode *= 6-25+in telectrode *= -032+in

Aerogel Density
Paerogel = 78. 228 Note: the density is adjusted for the aerogel sheets used in
cm’ the MKB8A brick which were more compressed than usual
during pyrolization.
Water Density
kg
= e
Pwater = " jier

Number of electrodes per brick,

DelectrodeMKS = 20 NojectrodeMK 8A = 24

Number of bricks in system,

Mhricks = 2

Total electrode area,

AtotalelectrodeMK8A = Welectrode lelectrode TelectrodeMK8A Mbricks

2
AtotalelectrodeMK8A = 24708 ft



TECHNICAL BULLETIN

Brick scale compared to 1000 square foot version

3/17/01

AtotalelectrodeMK 8A
ScaleMKgA = 2 ScaleMKSA = 0.025
1000-ft
Flow rates,
_3 lite gal
Flow,,, = 52.6-10 ~.—— Flow =0.014 —
low min low min
. 3 liter gal
FlOWmoderate = 157.6-10 ;—l;l— Flowmoderate = 0.042 "n—l;

TDS to Conductivity Ratio based on 500ppm NaCi Solution

—6
500-10

TDS¢onversion = . S

1032.107°.—

cm

Input conductivity 6 S
Conductlvnylnput = 282-10 -

Results Tables

TDS - 0.484 fisnl

conversion

TDSqppyt = Conductivity - TDS¢onversion

4
TDSppyt = 1366 x 10

Initially the run time for the experiment was set at 1 hour so the data collection terminated after that time. Since the
results were encouraging, a second data collection file was started and ran for an additional hour.

Both files were concatenated into a single file.

There was approximatey 5 minutes (300 seconds) between the last data point of the first file and the first data point

of the second file.

Data is arranged in the following column order - Time(sec), Conductivity (uS/cm), PS Voltage(V), Current (A)

DataMSC = 5 7 > 3
286 2860 -145.2 -3.18 1.12
287 2870 -134.77 -3.18 1.12
289 2880 -134.77 -3.03 0.93
289 2890 6.23 -2.93 0.98
290 2900 31.99 2.93 0.98
291 2910 18.09 2.93 0.98 i:=0,1.720
292 2020 28.51 2.92 1.07
293 2930 31.99 2.92 1.07
294 2940 14.62 2.92 1.07
295 2950 35.46 2.92 1.02

Table 1 - Combined data from 2 files - only the first 10 out of 720 entries are shown.

Time increment for integration

dT = (I)fltalvisc1 . - DataMSCO O)-SCC

dT = 10s
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Graphical Data

Data is collected at 10 second intervais using the Industrial Computer ADIO 1600 /O board and stored in ASCIl
format delineated by commas. The previous table was produced by concatenating two output files from the data
collection system;

+ MountainSpring. TXT - first 60 minutes of data collection
¢ MountainSpringContd1.TXT - second 60 minutes of data collection

The graphs presented here show the results obtained over the total 120 minutes data collection period;
¢ Output conductivity

+ Instantaneous power consumptioin
e Cummulative ion storage

Output Conductivity
Mk-8A Bricks in Series - CONDUCTIVITY

80

72

£,

ol Y
LN
40 I ‘\

" I *
NEA
w1\

\

0 50 jO 30 EO 1%00 1=20

Ellapsed Time (minutes)

Conductivity (uS/cm)

24

Figure 2 - Qutput conductivity of two Mk-8A s/n 3 and 4 graphite bus brick for one charge/partial
discharge cycle of single pass of 282uS/cm "Sparklets Bottied Mountain Spring Water"

Notes on Graph Above
e Flow rate was 157.6 ml/min except between =48 minutes and t=85 minutes when it was switched to 52.6
mi/min.

» Fluctuations of measurement are due to the computer recording sensitivity which was set to 5000 uS/cm full
range with 8 bit full rrange. In other words, one count represented 19.5 uS/cm (looking at the conductivity
meter during the last part of the production cycle it was stable at 20-25 uS/cm)
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Power Consumption

The two bricks were wired in series and a voltage of 2.8 - 3.0 volts applied at the control panel end of the cables.
Voltages were measured at several points in the system within a few minutes of start up.

Power supply voltage at control panel end of cable: 3.0 volts

Power supply voltage at brick end of cable: 2.9 volts

Voltage drop across brick S/N 3 bus measured at vacant terminal posts: 1.22 volts
Voltage drop across brick S/N 4 bus measured at vacant terminal posts: 1.03 volts

From the above measurements it can be assumed that an applied voltage of 3 volts yields the correct bus

voltage in each brick. Further into the test, the difference in voltages between S/N 3 and S/N 4 increased but
weren't recorded.

MK-8A Bricks in Series - POWER
20 I 1 T T T

S

m

-40 i ] | ] 1
0 20 40 60 80 100 120

Ellapsed Time (minutes)

<

Power (watts)

Figure 3 - Power use of two Mk-8A s/n 3 and 4 graphite bus brick for one charge/partial discharge cycle of
single pass 232 ’JS/cm "Sparklets Bottled Mountain Spring Water"

Notes on Power Graph Above
+ Power is obtained by multiplying voltage by current
+ Spikes at around 88 minutes are given during regeneration to force ions off electrodes (10A for 10 seconds)
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lon Adsorption

Cumulative ion adsorption can be calculated by integrating the product of TDS reduction, water density,
and flow rate over time. Since there was a change in flow rate during the test, the equation is a littte more
complex than for a single flow rate.

The record number at which flow changed from 157.6 to 52.6 ml/min,

leW =283
Similarly, the record number at which flow reverted back to 157.6 mli/min is;
Imoderate = 305

The equation for the flow rate as a function of the record number is;

Flow(i2) := if(i2 < Jlow: FloWnoderate: if(iZ < jmoderate’Flo‘"’low’Flo""moderate))

Cumulative ion adsorption is defined by the following equation;

it
. .. : 5 S .
lonMassy g (i) = dT'pwater'TDsconversion'Z [(Conductlvnymput — Dataysg 1-10 6--(-3—;)-F10W( J):l
is
j=0
Offset; oy mags = -3-gm
Mk8A Bricks in Series - [ION ADSORPTION
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Figure 4 - Cummulative ion adsorption of Mk-8A s/n 3 and 4 graphite bus brick for one charge/discharge
cycle of single pass 282 uS/cm "Sparklets Bottied Mountain Spring Water".

Notes on lon adsorption mass graph above

+ The first 18 minutes of integration were prior to output flow so the conductivity probe was at zero. This
caused the integration to accumulate .3 g of ion adsorption during the period there was no output flow (filling).
To correct for this .3g was subtracted from the ion adsorption mass values when plotted in figure 4.
+ Change in slope at 47 minutes was due to the flow rate change from 157.6 to 52.6 ml/min.
e Regeneration was not completed and the bricks were not drained.
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Conclusions

the ion adsorption limit was not reached during this test since the input conductivity was low. If the production
cycle had been extended, the output would have remained low for an hour or more (based on the knowledge that
two bricks should adsorb a minimum of 3 g).

series electrical connection produced unequal voltage drops accross the bricks due to variations in instantaneous
resistance. Resistance variations arise from the capacitive nature of the device and the variations in water
conductivity as is progresses through the system.
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Dual Brick Concentrator
Coalbed Methane Application

FarWest Group, Inc
Engineering and Development Center

701 Palomar Airport Road, Suite 300
Carlsbad, CA 92009

Phone: (760)931-4784 Fax:
(760)931-4850
Email: c¢_sheppard@msn.com

Introduction

For certain applications of CDT the goal is to produce a waste stream with the highest concentration of
impurities and a product stream of adequate quality for reintroduction to the ground water system.
Undoubtedly there is a reduction in the efficiency of the CDT system as rinse stream concentrations are
increased due to residual impurities depositing themselves on the electrode surfaces between rinse and
production cycles.

It is not adequate to demonstrate removal of ions from the product output but more importantly one must
show the level of concentration that can be achieved in the waste stream. Depending on the regulations, it
may be necessary to turn the contaminants into solid before storage in a long term closed landfill. Under this
scenario, there will be an economic cutoff at which concentration is taken over by a secondary process such
as distillation or other dewatering techniques.

A special series arrangement of two Mk-8A bricks was configured with elevations and fiow paths oriented
such that bricks and lines could be drained between cycles. This minimizes mixing between the product and
rinse volumes thereby allowing the maximum concentrations to be achieved.

The Mk-8A fill volume is only 800mi which means that a rinse reservoir of 2 litres is sufficient to provide
circulation for the two bricks.

Objectives

3/28/01

1. Produce sample of output with low TDS for lab testing - below 300 uS/cm to determine which, if any elements

remain untouched by CDT

2. Produce rinse sample of high TDS for lab testing to ensure constituents removed by CDT are placed in rinse

stream.
3. Determine limits of rinse concentration - economic and physical
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Experimental Arrangement

To produce the highest concentration of rinse water with the lowest total sample use, a two brick system was
constructed with plumbing arranged for complete drainage between cycles. Solenoid valves open the lines and
allow them to be drained into either rinse or product tank.

1.

<oy Ul

11

Mk-8A bricks serial numbers 3 and 4
Plumbed in series
Wired in paraliel

. Pulsafeeder metering pumps

52.6 mi/min for production
157.6 mi/min for rinse

- Input reservoir containing water sample from Wyoming Coal bed methane well Red13M 3190 -

conductivity 2095 uS/cm

. Additional water sample to top up input tank

. 2 litre rinse reservoir

. Signet conductivity probe K=1

- Signet conductivity readout model 8850 - full scale 20mA output value set to 5000 uS/cm, increased

further into test as TDS level of rinse increases

. Industrial computer ADIO interface board mounted in Compagq Presario 4880
. FarWest test interface control box
10.

Fluke 89 mk IV True RMS Multimeter

.Four Tegcom 3 way solenoid valves - M423W1ATS
12.

13.

Lambda regulated power supply - 9A, 0-30Vdc
5 Crydom D1210 solid state relays - TTL control, 110Vac x 10A load

Solenoid
Malve

Meteribg Pump
157 . 5miimin
and 52,6 miimin

Conductivity
Probe K=1

Figure 1: Dual brick concentrator
setup. Note: wiring shown is series.
It was changed to parallel for the tests
since the capacitative nature of the
load would not allow equal voltage
distribution in a series connection.
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Results

The system operation mode is still not optimized to produce the desired results, to date these are the items that

were discovered during testing -

« During the early portion of the charge cycle 1.3V on the terminal input lines did not produce the required 1.2V
on the bus. On later runs voltage was adjusted according to the voltage measured across the vacant bus
terminals.

e The initial product water following a rinse cycle had a higher TDS than the input water due to residuals from
the rinse. This got worse as the rinse TDS increased.

Data Files

A data file is collected for each cycle and given the name Red13M3190"x" where "X' is a letter representing
the cycle.

Each record in the data file contains time (sec), conductivity (uS/cm), Voltage (V), and Current (A). The data
is recorded at 10 second intervals and the record number at which power is turned off and the rinse started is
different for each file.

The following table lists the first record at which power is turned off (column 0) and the total number of
records in the file. The first row corresponds to file A, the second to B and so on.

The number of cycles in this study is Ncycles =17 Reycle = 0.1 --Ncycles 1
Datageq13m3190 = > - 5 A
Nrecord := 0 0 167.48 0 0.05
0 ! 1 10 160.53 0 0
0 252 720 2 20 160.53 0 )
! 264 720 3 30 157.06 0 0
2 562 720 4 20 160.53 0 0.05
3 592 900 5 50 164.01 0 0.05
4 560 900 6 60 167.48 0 0.05
7 70 160.53 0.18 0.93
(Neyetes1) 8 80 174.43 0.22 0.93
NRecords = Z Nrecord; ; 9 90 167.48 0.23 11.44

i=0

3
NRCCOI‘dS =576 x 10 n.= 0, 1.. NRECOI'dS

A second matrix can be constructed giving the starting record, power off, and ending record for each cycle from the
table above



(Noyeues™1)
NRecords = Z Nrecord,-'l
i=0
NRecords = 576  10°
n:=0,1.Npecorgs

A second matrix can be constructed giving the starting record, power off, and ending
record for each cycle from the table above

epcle~!

Nevent 0:=if Beyele < 1.0, Z Nrecord; ;
Torcle: i=0

N =N + Nrecord
Event 1 Event. 0 Teycle 0

Nivent 2 = NEgent 0 + Nrecotd%nd! 1

{0 252 720
720 984  1.44x 10°
144% 10° 2002 x 10° 216 x 10°
Npyent = | 216 x 10° 2752 x 10° 3.06 x 10°
306 x 10° 362x 10° 396 x 10°
396 x 10° 4577 x 10° 436 x 10°

\ 486 x 10° 5416 x 10° 576 x 10°
Multiple Cycle Conductivity Plot

Wyoming RED13M3190 - Multiple Cycles
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Notes on graph above

1. First two cycles used low rinse velocity S/A production
. Decreasing portions of curve are production
3. Rinse conductivity values increase with time as more ions are accumulated on
subsequent runs
4. Time to remove residual rinse ions increases with rinse conductivity



Sample Plot From Cycle 4 Using 4078 uS/cm Rinse

Oupntt. Comductivity (aSicm)

~2000

8000 T T T T T T ]

§

g

=

Cyele 4, Wyoming Sample RED13M 3190

360 380 400 420 440 460 480 500

Comments on the graph above

During the period from 360 to roughly 390 minutes, the brick was filling so there
was no output from the conductivity probe located on the brick output

The input water conductivity was 2095 uS/cm at 20.5 C.

The output conductivity at the start of the cycle was above the input value due to
residual rinse water being pushed out the system

The rinse began at roughly 470 minutes, the zero conductivity occurs during the
fill time and is 1/3 the time of the production fill since the rinse flow rate is 3
times the production flow rate

Rinse conductivity saturated at 5000 uS/cm since this was the maximum range set
on the meter - it was increased for subsequent runs

Conclusion
Testing is still in progress and the system cycles are being optimized to produce the
desired high TDS rinse.

The system consistently reduced the input conductivity from 2095 uS/cm to
below 800 uS/cm in a single pass.

Surface area in the system is 1/80th that in a full size brick

Rinse water residuals are a problem, the new aerogel without the cracks of the
current material will help this. The cracks in the current aerogel account for 20-
40% of the total acrogel volume.

Product water should be recycled to bring TDS down further and increase ions
available for transfer into the rinse water.
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Email:

Introduction

This document provides a sample of test results
obtained from the Carisbad demonstration system
during testing of single 1/4 scale CDT bricks - MK-9
running in recirculating mode.

The purpose of the tests was to determine the ion
storage limits for single 1/4 scale bricks using the
ground water from the Encina wastewater site. This
information will be used to predict performance of the
system when multiple bricks are in operation.

These tests also provided insight into the operating
scenarios best suited to the 1/4 scale bricks and
Encina water source - shown right.

Objectives

The objectives for the test are in line with the test
plan. Also included are some operation parameter
experimentation as the performance of the brick on
the ground water source is understood.

» Detemine ion storage capacity of single 1/4
scale brick

+ Detemnine optimum flow rates for ion adsorption
and release (rinse)

o Determine effects of wltage on ion removal rates

April 2, 2001

Phone: (760)931-4784
¢_sheppard@msn.com

Preliminary Data - 1/4 Scale Bricks Fixed
Volume Test 4.1.1

FarWest Group, Inc.

Engineering and Development Center
701 Palomar Airport Road, Suite 300
Carlsbad, CA 92009

Fax: (760)931-4850

ENCINA WASTEVATERAUTHORTY LABORATORY
ENVIRONMENTAL LABORATORY CERTFICATIONN 1441
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Data Files

Each cycle is recorded in a separate data file. Each column from left to right represents Time (minutes), Flow
(litres or litres/min), Voltage (V), Cument (A), Probe 1 Conductivity (uS/cm), Probe 2 Conductivty (uS/cm)

0 1.00 130 000 5700 5788

0 220 130 000 6539 6333
1 100 1.30 40.00 5692 5804

10 220 130 000 6487 6666
2 1.00 130 40.00 5688 5812

21 220 130 10000 6502 6677
3 1.00 130 37.00 5688 5830

2 220 130 10000 6499 6695
4 100 130 3500 5681 5832

23 220 130 10000 6514 6717
5 1.00 130 34.00 5680 5825

25 220 130 8500 6047 6725
6 100 130 32.00 5676 5816

26 220 130 80.00 6042 6719
7 100 130 31.00 5671 5810

27 220 130 7500 6037 669
8 100 1.30 30.00 5663 5795

28 220 130 70.00 6026 6661
9 1.00 130 30.00 5665 5775

29 220 130 67.00 6026 6611
10 1.00 130 29.00 5652 5753

30 220 130 5500 6024 6592
12 1.00 130 27.00 5632 5709

32 220 130 5000 5988 6512
14 1.00 130 25.00 5602 5663

34 220 130 S0.00 5943 6432
16 1.00 130 25.00 5581 5617

36 220 130 50.00 5723 6336
18 1.00 130 24.00 5550 5569

38 220 130 50.00 5354 6307
20 1.00 130 23.00 5517 5526

40 220 130 5000 S22 €270
25 100 130 21.00 5422 5426

48 220 130 3800 4023 6083
30 1.00 1.30 20.00 5333 5341

50 220 130 37.00 3987 6066
35 1.00 130 19.00 5237 5271

60 100 130 3200 3125 5931
40 1.00 130 17.00 5141 5189

70 1.00 130 2500 5193 5669
45 100 130 16.00 5054 5174

80 200 130 2500 5048 5663
. 0 200 130 2000 495 $507 . 50 1.00 130 1600 4983 5101

ta, e . . A ta, =

Sn2C Snd4A "1 55 1.00 130 15.00 4910 5054

100 2.00 130 2000 4583 5541
60 1.00 130 1500 4841 5004

101 2 0 0 4575 5558
65 100 130 1500 4769 4958

107 2.00 0.00 000 4566 5675
108 1.80 0.00 0.00 4573 5718
109 1.80 0.00 000 458 5763
110 1.80 0.00 000 4598 5802
111 1.80 0.00 000 4616 5841
112 1.80 0.00 000 4626 5875
113 1.80 0.00 000 4654 5903
114 1.80 0.00 000 4679 5929
115 1.80 0.00 0.00 4680 5953
116 1.80 0.00 000 4709 5977
117 1.80 0.00 0.00 4717 5997
118 1.80 0.00 000 4744 6019
119 1.80 0.00 000 4756 6034
120 1.80 0.00 000 4746 6044
121 1.80 0.00 0.00 4779 6038
122 1.80 0.00 000 4799 6042
123 1.80 0.00 000 4811 6042
124 1.80 0.00 0.00 4825 6043

April 2,2001 \125 1.80 000 000 4837 6048

75 1.00 130 14.00 4653 4889
80 1.00 130 12.00 4600 4863
85 1.00 130 12.00 4549 4827
100 1.00 1.30 11.00 4444 4753
107 1.060 130 10.00 4420 4744
108 1.00 000 O 4417 4760
109 1.00 0.00 0.00 4414 4775
110 1.00 0.00 0.00 4408 4812
111 1.50 0.00 0.00 4406 4860
112 1.50 0.00 0.00 4399 4897
113 1.50 0.00 0.00 4401 4922
114 150 0.00 0.00 4403 4947
115 150 0.00 0.00 4410 4972
120 150 0.00 0.00 4466 5123
140 1.50 0.00 0.00 4673 5413
168 1.50 0.00 0.00 4689 5582
174 150 0.00 0.00 4660 5638
178 1.50 0.00 0.00 4648 5652
186 1.50 0.00 0.00 4604 5681 )
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Datagyqp =
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101
102
105
107
109
112

1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
150
1.50
1.50
1.50
1.50
1.00
1.00
1.00
0.10
0.10
0.10

0.60
0.60
0.73
0.83
0.92
1.00
1.06
110
117
1.20
120
1.20
120
120
120
1.20
1.20
120
120
120
120
0.00
0.00
0.00
0.00
0.00
0.90
0.89
0.86
0.84
0.82
0.71
0.63
0.48
037
032
0.28
0.27
0.26
0.25
024
023
0.22
0.00
0.2
020
0.00
0.18
0.17

110.00
110.00
110.00
110.00
110.00
110.00
110.00
110.00
110.00
93.00
69.00
60.00
40.00
37.00
30.00
29.00
2200
19.00
20.00
17.00
17.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

4591
4620
4614
4611
4598
4567
4539

4424
4355
4286
215
4058
3925
3798
3711
3640
3501
3467
3384
3348
3344
3340
3331
3328
3332
3342
3353
3385
3409
3429
3571
3665
3832
3932
3955
3988
3971

4005

4015
4019

4058

4072

5806
5848
5804
5730
5673
5525
5401
5287
5154
5045
4941
4852
4714
4630
4557
4498

4421
4459

493

4505
4536
4599

4721
4781

4878
4917
5140
5297
5602
5842
5921
5967
5978
5974
5970
5989

6019

6024

6049
6053

6075

Cond2Mutltiplier :=

Ll =R >~ < T = oo ]
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Effects of Control Voltage and Flow Rate

Early single brick tests were conducted with 1.3 wdc controlled at the power supply terminals.

lon removal and removal ievels were slow under this operating condition - electrical losses through the bus
connections resulted in inadequate potential differences between aerogel electrode pairs.

For tests later than S/N 2D and S/N 4B, witage control was implemented by sensing the wltage at two open
terminals on the brick. The bricks hawe six terminals at each end altemating in polarity - 1,3,5 positive, 2,4,6
negative. Like terminals are connected internally through the aerogel electrodes. The supply cables were
removed from teminals 5 and 6 at each end of the brick and they became the witage sense points

The following graph demonstrates the dramatic performance accomplished by using bus feedback to regulate the
applied witage

i=0,1.50

1/4 Scale Brick Recirculate (50litres)
7000 T T T T T T T T

=)
(=3
(=]
(=1

Conductivity (uS/cm)

:
|

4000
0 20 40 60 80 100 120 140 160 180

Time (minutes)
e §/N2Run C
=== S§/N4Run A
o= §/N4Run B

Comments on the previous graph

Flow rates were 2, 1, and 1.5 litres/minute for runs S/N 2C, S/N 4A, and S/N 4B respectively
Voltage control for run S/N 4B utilized feedback from vacant bus terminals on the brick, the other two runs
controlled the witage at the power supply.

e The S/N 2C brick was not completely rinsed on a prior rinse cycle and therefore increased conductivity of the
water abowe input levels due to transfer of ions.

¢ Grounding occumed at 40 minutes for S/N 4B and approximately 100 minutes for the other two runs

April 2, 2001 4
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Ion Storage Capacity

Using the conversion from conductivity to PPM given in the water analysis at the introduction, the mass of
contaminants adsorbed and released can be predicted.

1/4 Scale Fixed 50 Litre Volume
7000 | T ] | |

m\ _—

~_

W
=3
<
<

4000

3000

2000

0 20 40 60 80 100 120
Time (minutes

Voltage (mV), Current (A/10), C (uS/em)

~===_ Bus Voltage
= Current
= Conductivity

Notes on prevous Graph

o \oltage not recorded from 41 to 46 minutes - hence dip in cune
+ Discharge current not measured.
« System shorted at 40 minutes.
¢ Maximum current 110 A
e Maximum wltage 1.2 V
. .. S
Water analysis conductivity, C = 6370-107 8. =
WaterAnal cm
Water analysis TDS, TDSw aterAnal = 4598-107° (PPM expressed as a decimal)
TDS

. - W

Conwersion factor - conductivity to TDS  Convert CondTDS = ___WaterAnal Convert,p 4Tps = 0 n
CwaterAnal S

April 2, 2001 : 5
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For S/N 4 run B the wilume of water treated was Voly aper = 50-liter
Water density, O Water = 1...15_g_.
liter

The approximate mass of ions adsorbed is calculated by looking at the change in conductivity accomplished

MaxCond2 := max(Datagy, 4p-Cond2Multiplier) MaxCond2 = 6075 x 10°

MinCond2 = min(DataSn 4B-Cond2Multiplier) MinCond2 = 4421 x 10°
The absorbed ion mass is obtained thus,

. _6 S
Mions = (MaxCond2 —~ MinCond2)-10 'a‘convenCondTDS'VOIW ater P Water

Mjgns = 39:695gm
Benchmark

The goals for full scale CDT bricks are simple. A full size brick nominally contains 1000 square feet of aerogel and
should accomplish a 1000 PPM TDS reduction at a flow rate of 1000 gallons per day.

This is considered the benchmark during development and brick performance is evaluated in terms of production
gallons per day at 1000 ppm TDS reduction.

Initial results on the 1/4 scale brick S/N 4 suggest the following daily production at 1000 ppm TDS reduction

1
CycleTime := 110-min BrickScale = ~

4

24-hr Mions 1
leTime (3 BrickScale
Cye 10°"-pwater rickSca

ScaledDaily Productiongy, 4p =

ScaledDailyProductiong, 4p = 825.756 gal

April 2, 2001 6
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Conclusions

« Applied witage must be controlled using feedback from the bus for best performance
o Single brick scaled performance seems to be better than 80% of the goal
¢ A cycle time of approximately 100 minutes (production and rinse) is effective

lon storage and scaled daily production (based on 1000 ppm reduction per full sized brick) are as follows

Mions = 59:695gm

ScaledDaily Productiong 4p = 825.756 gal

April 2, 2001 7
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Introduction

There is ongoing development between FarWest and TDA
to reduce the manufacturing costs of Aerogel and Aerogel
type materials. As part of this development, materials are
compared by charging and discharging a capacitor made of
two 3" x 2" samples submerged in 10,000 ppm NaCl

solution.

This document compares the following materials;

» Calibration run on same sample 071900Edge performed

March 23, 2001
Material P1 on Pan veil
Material S1 on Carbon veil

Material used in Mk-8A graphite bus bricks

Objectives
Objectives of these tests are two fold

» Quantify electrical conductivity

improvement realized by changing from
alligator connectors to spring loaded
graphite rods for electrode coupling.

+ Evaluate the P1 and S1 materials as a
possible substitute for the current material
due to their lower manufacturing cost.

Capacitive Deionization

TECHNICAL BULLETIN

Electrode Performance
Measurements
Sample S1 - Reduced Cost Material

FarWest Group, Inc

Engineering and Development Center
701 Palomar Airport Road, Suite 300
Carlsbad, CA 92009

Phone: (760)931-4784 Fax: (760)931-4850
Email: c_sheppard@msn.com

4/21/01

Page:
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Test Equipment

Y U1 W N
. .

. Polypropylene reservoir - 2.0 litre fill level
. 2 litres of 10,000 ppm NaCl solution
. Plastic clamp with 1/4 diameter graphite rods bonded to tips for contact with electrode samples

Kepco power supply PAT 7-2 computer controlled 0-7 vdc at 0-2 A.

. Industrial Computer ADIO 1600 /O board mounted in Compaq 5304 computer

FarWest interface board containing relays and power supply control resistors.
Relays are used to switch from power supply to discharge resistor during discharge portion of test cycle

7. Thermolyne Cimarec 2 hot plate/magnetic mixer
8. Various test electrode pairs measuring 2" x 3"
9. FarWest visual c++ control software "geltest"
Test Sequence
1. Mix 10,000 ppm NaCl solution and fill
reservoir with 2.0 litres
2. Mount test sampies in tank such thata
2" x 2" area remains under the water.
3. Set program for 15 minutes charge and
15 minutes discharge with an initial 10
second settling time
4. Assign filename
5. Start mixer
6. Starttest
7. Atend of test, record data.
8. Perform second cycle with new file
name
9. Reverse clamp such that polarity is
reversed relative to samples
10. Repeat two more cycles with new

filenames

Capacitive Deionization Page: 2
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Test Data

Raw test data is presented in the same format for each run. The three columns represent Time (sec), Voltage Across
Samples (V), Current (A).

Since this is a Mathcad document, the entire table of 181 entries is stored for each data set but only the first few are
visible.

Old Test Resuits - Q/A 071900Edge

From the Q/A tests performed on 07-19-00, the
average input and output energies for these samples
was

« Average input energy = 75.33 J AvEnergyIn071900Edge = 75.33.J
e Average output energy = 13.53 J

« Ratio of output to input = 18% AvEnergyOuty71900Edge = 13-33-J

Calibration Run 071900Edge Sample

These results have been obtained by performing the capacitor test on the same samples tested in Tucson
immediately after production of the aerogel.

The only difference is the method of electrical connection to the electrode samples

Data =
1900E :
071900EdgeCalA o y 2

0 10 0 0 Sample Physical Data

1 20 1.22 0.38

2 30 1.21 03] plate 1

3 40 1.21 0.25 .

4 50 121 021 t071900Edge_1 = -034-in

5 60 12 0.18 L071900Edge 1 =310

6 70 12 0.16 -
W071900Edge 1= 2in

Data =

0 10 0 0

1 20 1.23 0.39

2 30 1.21 031| Plate2

3 40 1.21 0.25 t071900Edge 2= .034-in

4 50 1.21 0.21 -

5 60 12 0.18 L071900Edge 2 = 3in

6 70 12 0.16 .
W071900Edge 2 *= 2'In

M071900Edge 2 = 2-3-8m

Capacitive Deionization Page:
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Datag71900EdgeCalC =
geta 0 1 2
0 10 0 0
1 20 123 0.41
2 30 1.21 0.32
3 40 1.21 0.26
4 50 1.2 0.23
5 60 1.21 02
6 70 12 0.17
Datag71900EdgeCalD = 5 5
0 10 0 0
1 20 123 0.42
2 30 122 0.32
3 40 12 0.25
4 50 1.21 0.22
5 60 1.21 0.18
6 70 12 0.16
Material P1 on Carbon Veil
Datap) 828008 = -
0 10 0 0
1 20 1.21 0.3
2 30 1.21 0.27
Datapy_pg2800C = ;
0 10 0 0
1 20 1.2 0.21
2 30 12 02
Datap; 0g2800D =
0 10 0 0
1 20 1.2 0.31
2 30 1.21 029

Capacitive Deionization

Sample Physical Data

Plate 1

tp1_082800_1 := -033-in
Lp1_082800_1 == 3-in

Wp1 082800 1 = 2-in

4/21/01

Mp1 082800 1:=1.75-gm

Page: 4
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Datap 082800E

0 10 0 0
1 20 1.21 0.27
2 30 12 0.25
Datap) g2800F =
0 10 0 0
1 20 12 03
2 30 12 0.28

Material S1 on Carbon Veil

Plate 2
tp1 082800 2 = 033-in
Lp1 082800 2:=3-in
Wp1 082800 2 = 2-in

Mp; 082800 2= 1.75-gm

4/21/01

Four 2" x 3" samples were produced using the S1 formulation on carbon veil. These are the test results from the

second pair tested.

The first pair gave almost identical results.

Datag; 0329014

0 10 0.31 -0.01
1 20 1.21 0.24
2 30 12 0.21
Datag; 0329018 =
0 10 0.22 -0.01
1 20 1.21 0.27
2 30 12 0.24
Datagy ¢32901C =
0 10 0.24 -0.01
1 20 1.21 0.26
2 30 12 0.24

Capacitive Delonization

Sample Physical Data

Plate 1

t51_032901_1 = -036:in

Ls1 032901 1:=3:in

Ws1 032901 1= 2+in

Mg 032901 1= 1.59-gm

Page: §
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Datagy 32901D =

TECHNICAL BULLETIN

0 1 2
0 10 0 0
1 20 1.21 0.46
2 30 1.21 0.41
Datagy 932901E ° 5 5
0 10 0.07 -0.01
1 20 121 0.35
2 30 1.21 0.31
Datag; 032901F 5 - 5
0 10 0.1 -0.01
1 20 121 0.34
2 30 1.21 03

MK 8A Graphite Bus Brick Samples

These samples were taken from material used in the construction of MK 8A serial number 6. They are from the
same batch of material used to construct serial numbers 3, 4, and 5.

DatayrgASn6A = 5 - 5
0 10 0.89 0.02
1 20 12 0.09
2 30 1.2 0.08
Datap 118 A8n6B = 5 - 5
0 10 0.07 0.01
1 20 122 0.35
2 30 1.21 0.27

Capacitive Deionization

Plate 2
151 032901 2= -036-in
Lg1 032901 2:=3-in
WS1 032901 2 = 2+in

Ms1_o032901_2:=1:5%-gm

4/21/01

Page: 6



85

TECHNICAL BULLETIN

Datap g Asn6C =
10 0.08 -0.01
20 1.22 0.36
30 1.21 0.28
Datayqegasn6D = 5
0 10 0 0
1 20 1.23 0.47
2 30 122 0.37
Dataysy 8 ASn6E = 5
0 10 0.06 -0.01
1 20 1.23 0.38
2 30 1.21 0.3
DatanpegAsneF = 5
0 10 0.08 0.01
1 20 1.22 0.38
2 30 1.21 0.29

Capacitive Deionization

4/21/01

Page: 7
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Graphical Results
Calibration Sample
i:=0,1..181 i charge = 051.-90
Calibration Sample Run - Graphite Clamp
1.5 T T T T T T T T |
1
g
2 075
g
0.5
0.25 -
0 1 I I I 1 1 | 1 I
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (sec)
=== (71900EdgeCalA
“““ 071900EdgeCalB
==== (71900EdgeCalC
=+=+= 071900EdgeCalD
Material P1 on Carbon Veil
Material P1 on Carbon Veil
L5 1 ] 1 T T T T T
1.25
1
g
S 075
>
0.5
025
0 ] I 1 ! I I 1 l
0 200 400 600 800 1000 1200 1400 1600 1800 2000

—— P1_082800B
----- P1_082800C
-==- P1_082800D
----- P1_082800E
—— P1_082800F

Capacitive Deionization

Time (sec)

4/21/01
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Material S1 on Carbon Veil
Material S1 on Carbon Veil
1.5 T | | | I T T ] 1
1.25 ~

1
L
%D 0.75
>

| .

025 B N

I l ' I I | I | |
0

0
200 400 600 800 1000 1200 1400 1600 1800 2000
Time (sec)
== 81 _032901A
----- S1_032901B
==== 81 032901C
""" S1 032901D
=81 032901E
“““ S1.032901F MK 8A Graphite Bus Brick Material
Graphite Bus Brick Mk8 A Material
1.5 T T T T T T T T 1
1.25 .
Q
=]
£ 075
>

05 N
0'25 S ——— S i b
I ! 1 | I | ! ! I
0

200 400 600 800 1000 1200 1400 1600 1800 2000
Time (sec)
=== Mk8ASN6A
""" Mk8ASn6B
=== Mk8ASN6C
=+=-= Mk8ASn6D
=== MKk8ASN6E
""" Mk8ASn6F

Capacitive Deionization Page: 9
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Energy Calculations

Before the energy input and output can be determined from the data tables (matrices), the tables must be split into two
sub matrices - input and output

Inputy71900EdgeCala = Submatrix(Datag7 9goE dgecala»0-90,0,2)
Input)71900EdgeCalB = Submatrix(Datag7 1 9goEdgeCaln-0-90,0,2)
Inputy71900EdgeCalC = Submatrix(Datag7 90oEdgeCalc-0,90,0,2)
Inputy71900EdgeCalD = Submatrix(Datag71990E dgecalD-0,99.0,2)
Outputy71900EdgeCalA = Submatrix(Datag71900E dgeCala 91+ 181,0,2)
Outputy71900EdgeCalB = Submatrix(Datag71 900E dgeCaln- 91, 181,0,2)
)

Outputy71900EdgeCalC = Submatrix(Datag71 990 dgeCalc: 91, 181,0,2

Outputy 1 90oEdgeCalD = Submatrix(Datag719ggE dgeCalD- 91, 181,0,2)

. . 0
InputP1_082800B = submatnx(DataPl 0828008 0 y 90 s 0 R 2)
- VoltageExtract := | volt
Inputpl—ogzgooc = submatrlx(DataP 1_082800C ,0,90,0, 2) 0
Inputpl 082800D = submatrix(DataPl 082800D’0’90’0’2) 0
. CurrentExtract:=| 0
InputPl 082800F = submatrlx(DataP] 082800E > 0 . 90 R 0 s 2)
- - amp
InputP 1 __082800F = submatrix(DataP 1__082800F’ 0 R 90, 0 N 2)
Outputpl 0828008 = submatrix(DataPl 082800B» 91 s 181 s 0 s 2)
Outputpl 082800C = submatrix(DataPl 082800C ,91 N 181 . 0 , 2) At = 10-sec

Outputpl 082800D = submatrix(DataPl 082800D> 91 , 181 ,O . 2)
OutputPl 082800F = submatrix(DataPl 082800F ,91 . 181 N 0 R 2)

Outputl)l“oszg()o}: = submatrix(DataP 1_082800F> 91,181,0, 2)

Capacitive Deionization Page: 10
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InputSI_032901 A= submatrix(DataSI~032901 A,0,90,0,2)
Inputg) 32901 = submatrix(Datag) (329013.0,90,0,2)
InputSI_032901C = submatrix(DataSLngOlc,O,90,0,2)
Inputg | 32901 = submatrix(Datag; (32901p0,90,0,2)
lnputSI__O3290lE = submatx‘ix(DataSl_O32901E,0,90,0,2)

Inputs 1_‘0329011: = submatrix(DataS 1‘03290 1F» 0 , 90, 0 R 2)

Outputg ) 032901 A *= submatrix(Datag 379014,91,181,0,2)
Outputg; (39901 := submatrix(Datag) (37901p,91,181,0,2)
Outputg; (32901 := submatrix(Datag; 039901c»91,181,0,2)
Outputg) 32901p = submatrix(Datag; 932991p,91,181,0,2)
Outputg 1 032901E = submatrix(DataS]~0329m E-91,181 ,0,2)

Outputs 1_032901F = submatrix(DataS 1_032901F> 91,181,0, 2)

Inputy i 8 ASn6A = submatrix(Datang ASn6A-0,90,0, 2)
Inputy 8 ASn6B = submatrix(DataMks ASn6B-0 ,90,0,2)
Inputy 1 8 ASn6C = submatrix(DataMks ASn6C:0 ,90,0,2)
Inputy 8 ASn6D = submatrix(Datang ASn6D-0,90,0, 2)
Inputy1x8 ASn6E = submatrix(DataMks ASn6E-0,90,0 ,2)

InputhgASn6F = submatrix(DataMkSAsn6F » 0 N 90, 0 , 2)

Outputy 8 ASn6A = submatrix(Datang ASn6A-21,181,0 ,2)
Outputy gy g A gn6p = Submatrix(Datayg g A snep» 91, 181,0,2)
Outputy (g ASn6C = submatrix(DataMks ASneC-91,181,0, 2)
Outputy g Agn6p = Submatrix(Dataypyg A gnep»91,181,0,2)
Outputygy g A neE = Submatrix(Datayg g A gneg.91,181,0,2)

Outputh8ASn6F = submatrix(DatangASnéF , 91 s 181 R 0 . 2)

Capacitive Deionization

4/21/01
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Energy Calibration Sample

Energylnm 1900E dgeca (Input07 1900EdgeCalA’ VoltageExtract) (Input07 1900E dgeCaIA-CurrentExtract) -At

EnergyIng71900EdgeCal, = (I1PUt071900EdgeCal ¥ OltageExtract)-(Inputg71 9goE dgeCalsCurrentExtract) At

EnergyIng71900EdgeCal, = (I0PU071900EdgeCalC V OltageExtract)-(Inputg71 9goE dgeCal - CurrentExtract)- At

Energy In07 1900E dgeca Input07 1900E dgecam-VoltageExtract) -(Inputo7 1900E dgecalD-CurrentExtract) -At

AvEnergyIng71900EdgeCal = mean(EnergyIng71900E dgeCal)

AvEnergyIn071900EdgeCal = 48.938]

EnergyOuty71900EdgeCal, = (OUPU071900EdgeCala’VoltageExtract)-(Outputy7 1 900E dgeCal A" CurrentExtract)-At

Energy! Out07 1 900EdgeCal (Output07 1900E dgecalB-VoltageExtract -(Output07 1900E dgecalB-CurrentExtract) At
EnergyOut07 1 900EdgeCa (Output07 1 900Edgecalc-VoltageExtract) (Output07 1900EdgeCalC’ CurrentExtract) At
EnergyOutg71900EdgeCal, = (OUPu071900EdgeCalD: ¥ OltageExtract)-(Outputy7) 9g0EdgeCalp- CurrentExtract)-At

AvEnergyOuty71900EdgeCal = Mean(EnergyOuty71900E dgeCal)

AvEnergyOuty7 900EdgeCal = -11.7671]

Energy - Material P1 on Carbon Veil

Energylnp 1,082 800 = (InputP 1_082800B -VoltageExtract -(Inputp 1_082800B -CurrentExtract) At

Energylnp; _082800,

Inputp 1_082800C -VoltageExtract) . (Inputp 1_082800C’ CurrentExtract) -At
Energylnp;_0g2800, )

EnergyInP 1082 80 (InputP 1_082800D" VoltageExtract)- (Inputp 1 __082 800D" CurrentExtr act) -At
(InputP 1_082800E" VoltageExtract)- (InputP 1_082800E" CurrentExtract)- At

Energy InP 1 082 80 Inputp 1 _082 800F" VoltageExtract)- (Inputp 1 _0 82800F" CurrentExtract)- At

AvEnergyInP 1_082800 = mean(EnergylnP 1,082 800)
AvEnergyInPl 082800 = 7037
EnergyOutP 1 _0828000 = (Outputp 1 *082 800B ~VoltageExtract)- (Outputp 1 ~082 800B" CurrentExtract) At

EnergyOutP 1_.082800 1 = (OutputP 1_082800(: -VoltageExtract)- (OutputP 1__082800C . CurrentExtract) At

EnergyOutp _082800, = (Outputp 1_082800D -VoltageExtract) -(Outputp 1_082800D° CurrentExtract) -At

4/21/01
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EnergyOutP 1_0828003 = (OutputP 1~082800E -VoltageExtract)- (Outputp 1~082800ECurrentExtract) At

EnergyOutp; 082800, =

(Outputpl_o 82 800F-VoltageExtract)~(OutputP 1_082800F-CurrentExtract)~At

AvEnergyOutPLO 82800 = mean(EnergyOutPl_ng 800)

AVEnergyOutPI 082800 = -12.396]

Energy - Material $1 on Carbon Veil

Energylng; 032901,
Energylng 032901,
Energylng 032901,

Energylng _032901,

Energylng) 032901,

Input51_032901 A VoltageExtract (InputSI 032901A" CurrentExtract) -At

Inputs 1—-03 2901B -VoltageExtract . (Inputs 1_03 2001B -CurrentExtract) At

=( )
=( )
(Inputs 1.032901C" VoltageExtract) -(Inputs 1.032901C -CurrentExtract) -At
(Inputs 1_032901D° VoltageExtract) ~(Inputs 1_032901D CurrentExtract) -At
=(

Inputs 1 -03 2901 E-VoltageExtract)- (Inputs 1‘03290 1E CurrentExtract)-At

AVEnengI“SI~032901 = mean(EnergyInSl‘O:;zgm)

EnergyOutg _032901,,
EnergyOutg 032901
EnergyOutg _032901,
EnergyOutg _032901,

EnergyOutgy 032901,

AvEnergyInSl~0329m = 87.0751]

Outputs 1032901 A‘VOItageExtr act)- (Outputs 1_032901A° CurrentExtract) -At

= (Outputg 1_032901B -VoltageExtract)- (Outputs 1_032901B Currem:Extract) At

(Outputs 1_032901C" VoltageExtract -(Outputs 1_032901C' CurrentExtract) At
(Outputs 1_03 2001D -VoltageExtract . (Outputs 1_})3290 1D’ CurrentExtract) -At

Outputs 1_03 2001 E-VoltageExtract)-(OutputS 1—-03 2901E" CurrentExtract)-At

AvEnergyOutg| 37901 = mean(EnergyOuts]_ngol)

AvEnergyOuts 1_’03 2001 = -21.73]

Energy - Mk 8A Graphite Bus Brick Material

Energylnygasng, =

Energylny g8 ASn6 =

EnergyIanSASné

Capacitive Deionization

(Inputh8 ASné A-VoltageExtract)-(InputhS ASn6 A-CurrentExtract)-At
(Inputhg ASn6B-VoltageExtract)-(Inputh8 AsnéB-CurrentExtract)-At

(InputhS ASn6C VoltageExtract) (Inputhg ASn6C” CurrentExtract) -At
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EnergyOuth8 Asn

EnergyOuty ;. ¢ ASn6,

EnergyOuty 110 ASn6, (Outputh8 ASn6C VoltageExtract
EnergyOuth8 Asn (

EnergyOuths ASI]
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Energylny 1.9 ASn6, (Inpuths ASn6D’ VoltageExtract) (Inpuths ASn6D" CurrentExtract) At
Energylnyn.0 ASné, = (Inputh8 ASn6E—VoltageExtract)-(Inputh8 AS“6E-CurrentExtract)-At

Energylny s1.¢ ASné = (Inputhg ASn6F~VoltageExtract)-(Inputh8 ASn6F-CurrentExtract)-At

AVEnergylnyqye a6 = mean(EnergyIang ASn6)

AvEnergylny e s gng = 53.3947

= (Outputy 1y e ASn6 A-VoltageExtract) (Outpuths ASné6 A-CurrentExtract)

= (Outputy 11 ¢ ASnGB-VoltageExtract) (Outputh8 ASn6B’ CurrentExtract)
)-(Outputh8 ASn6C’ CurrentExtract)
Outputh8 AsnéDVoltageExtr act)~(0utputh8 ASn6D-Cur1‘entExtract)

= (Outputy e ASnGE-VoltageExtract)~(Outputh8 ASn6E-CurrentExtract)

EnergyOuty ;1.8 ASn6, = (Outputh8 ASn6F-VoltageExtract)-(Outpuths ASn6F-CurrentExtract)

AVEnergyOuth8A8n6 = mean(EnergyOuthsASn6).At

AvEnergyOuth8A5n6 = -14.2027J

CONCLUSIONS

The electrical connections implemented on the test setup provide improved conductivity and therefore lower
losses as seen by the ratios of output to input energies on identical samples.

EnergyRatio AVEnergyOuty71900E dge EnetgyRatio AvEnergyOuty71 90EdgeCal
071900Edge = 071900EdgeCal =

8¢ AvEnergyIng;1900Edge £ AvEnergylng71900EdgeCal
EnergyRatloO-,w()OEdge = 17.961% O'd Setup EnergYRatl0071900EdgeCal = -24.044 % NeW Setup

The S1 material on carbon veil appears to have greater storage energy than the production material
currently used in the graphite bricks. This makes it a viable candidate for testing in bricks.

Average energy extracted = 21.73 J compared to 14.2 J for the Mk 8A brick material
(previous production runs have produced energies of up to 18 J)

The S1 material has a lower production cost as will be discussed in later bulletins
The P1 material has lower performance than existing material and is discarded from future study..
The Ratio of output to input energy is an indication of resistive losses within the material, the S1 material

has a slightly lower ratio and hence higher losses than the Mk 8A brick material. Work should be
performed on improving conductivity
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AvEnergyOutS 1 032901 AvEnergy OUthS ASné
EnergyRatio = — EnergyRati =
gyRatiog) 032901 = craving) 032901 gyRation (kg ASn6 AVEnergylny g ASng
EnergyRatio, = -24.955% EnergyRati = —~26.599 %
S1_032901 OMk8ASR6
Energy Comparison Graph

The graph below compares the third run of the P1, S1 and Mk8A Sn6 samples in terms of accumulated energy

Cummulative Discharge Energy Comparison
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