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DOE/NETL Water-Energy R&D Activities

Power Generation

e Alternative “non-traditional”
water sources——

: |
& Ad_\_/ance_dmohn%rﬁcfg_\iery/reuse,_
and treatment technology: — =

» Systems and engiltééring analysis

Carbon Capture & Storage Water Oil & Gas Exploration
= Availability
E - &
Quality
Issues
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IEP Power Plant-Water R&D Program

 Funded under Innovations
for Existing Plants IEP Eundin
(IEP) Program J

FY2008 FY2009

« Both inhouse and extramural $36.1 M $40 M
R&D

 Research focused on:
— Advanced cooling $5.0
— Water recovery & reuse
— Non-traditional water

— Advanced water
treatment/detection $2.0

$6.0

$23.1

» Supporting engineering and
system analysis

0 CO2 Capture &0 CO2 Compression & Water & ORD
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History

o July 23-24, 2002 “Workshop on Electric Utilities and
Water — Emerging Issues and R&D Needs,”
Pittsburgh, PA

« FY 2003 — 1st Competitive solicitation seeking
advanced technologies in cooling, water recovery &
reuse, non-traditional water, and detection/treatment

« FY 2008 — 2"d solicitation (Financial Opportunity
Announcement) focused on advanced cooling, water
recovery & reuse, and non-traditional water
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Three Things Power Plants Require

1) Access to transmission lines

2) Available fuel, e.g., coal
or natural gas

3) Water
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Thermoelectric Generation & Water

e 2000 thermoelectric water

U.S. Freshwater Withdrawal (2000) req ul rementS:
— Withdrawal: ~ 136 BGD

Domestic, 1% — Consumption: ~4 BGD
Irrigation, 40%

Public Supply, 13%

U.S. Freshwater Consumption (1995)

Livestock, 1% Commercial, 1%
Thermoelectric, 3%

Thermoelectric, 39%

Mining, 1% Aguaculture, 1% Domestic, 6%
Mining, 1%

1 0,
Industrial, 5% Industrial, 3%

Livestock, 3%

* Thermoelectric power plants compete
with other use sectors.

Irrigation, 81%

Sources: USGS, Estimated Use of Water in the United States in 2000, USGS Circular 1268, March 2004
USGS, Estimated Use of Water in the United States in 1995, USGS Circular 1200, 1998
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U.S. Electricity Generation by Fuel Type

Base Case 2006

Approx. 90% of current and
future electricity
generation is thermoelectric

Nuclear

20%
-

Natural gas
20%

Petroleum
2%

Renewables

Reference Case 2030
48%

Nuclear
18%

Natural gas
14%

Petroleum
1%

Renewables
13%

Coal
54%

Reference: Energy Information Administration / Annual Energy Outlook 2008
(June 2008 Release)
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Thermoelectric Power Plant Water
Consumption

Water Consumption (gal/MWh net)

0 100 200 300 400 500 600 700

NGCC

B FGD
Shell IGCC W Cooling Tower
(Dry fed)

GEE IGCC
(Slurry fed)

Supercritical PC

Subcritical PC

Nuclear

\_

J
Plants equipped with wet re-circulating cooling towers
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Water Flow Schematic for Power Plants

Water-Intensive Steam cycle Cooling water
Processes \
A

(]
Water vapor
Steam
Turbine

Cooling tower

T

Water vapor

Condenser |

Additional Other Cooling
Processes Requirements

A

Wet Souid Boijler Coolin Conling water
Waste feedwater towear Blowdown
make-up make-u

ﬂ
ﬂ
ﬂ

Raw water source (river, lake, ocean, well, municipal system, etc.)
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Water/Energy-Related Articles
Water is Impacting on Power Plant Siting and Operation

* Drought Could Force Nuke-Plant Shutdowns
—The Associated Press, January 2008

» Sinking Water and Rising Tensions
—EnergyBiz Insider, December 2007

» Stricter Standards Apply to Coal Plant, Judge Rules; Activists
Want Cooling Towers for Oak Creek
—Milwaukee Journal Sentinel, November 2007

» Journal-Constitution Opposes Coal-Based Plant, Citing Water
Shortage
—The Atlanta Journal-Constitution, October 2007

 Maryland County Denies Cooling Water to Proposed power plant

—E-Water News Weekly, October 2007 May 2006 Issue of

Power Magazine

 Water Woes Loom as Thirsty Generators Face Climate Change
—Greenwire, September 2007
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NERC 2008 Reliability Assessment

“Demand for water is increasing
iIn North America and it is a vital
resource requiring careful
management. Thermal power
plants require sufficient levels
and quantities of water for
cooling. Understanding the
iIndustry’s role in water use and
the implications of reduced
water availability on bulk power
system reliability requires
careful study.”

2008 Long-Term
Reliability Assessment

2008-2017
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Average Daily National Freshwater
Consumption for Thermoelectric Power

Generation
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Water and CO, Capture

Water directly
needed for the CO,
capture process

Conventional Pulverized Coal

Combustion
Flue Gas
Composition
Coal Gas CO 13%
— . Cleanup to 2 0 Solvent-based
_ Boiler | —> | Remove || N, | 67% [\*| CO, Capture
allEN SO,, NOX, 5
PM, trace HO | 17%
metals Other| 3%
Compression
Water indirectly needed for
cooling of make-up power to _ _
offset parasitic power required to Enhance oil Geologlca_ll
operate CO, capture technology <recovery sequestration

Source: NETL “2007 Pulverized Coal Oxyfuel Combustion Power Plants” August 2007 Final Report.
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NETL Water Management R&D

Evaporation

Turbine Water recovery & Drift
Offset freshwater
E use with non-
. traditional water
Generator Scaling control sources
R R — e o s |
I == === — Make-Up Water
" Steam Lvarm Water v W Co0liNg W e _
| | Cool Water Moist
I stack gas
. Steam
I | Condensate Condenser 1 Blowdown Water
| I Water recovery
. . - Make-up from flue gas
! I Coald Water
I | Water r 1
1 & A ESP -
. .~ Coa
or q #
\4 FGD
A"’ I I FE
Air Pollution Control Devices Stack
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IEP Water-Energy R&D Goals

Short-term goal

 Technologies ready for commercial
demonstration by 2015

* Reduce freshwater withdrawal and consumption
by 50% or greater

* Levelized cost of less than $3.90 per thousand
gallons freshwater conserved

Long-term goal

 Technologies ready for commercial
demonstration by 2020

 Reduce freshwater withdrawal and
consumption by 70% or greater

« Levelized cost of less than $2.60 per thousand
gallons freshwater conserved
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Zebra Mussel Control Technology

* NETL funded New York State Museum, Cambridge Field
Research Laboratory, Cambridge, New York

* Tested more than 700 soil and water
samples before discovering
Pseudomonas fluorescens,

a naurally occurring bacterium

« U.S. Bureau of Reclamation tested
bacteria on mussels in 2008 at
hydroelectric plant on Colorado River
near Laughlin, Nevada -- results said SR
to be promising Quagga mussels

o '- .
e IJ:"

* Bacteriato be commercially available to power industry and
water treatment plants in 2009
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Key Takeaways

 Water and energy interconnected

- : “Whiskey is
— Water critical to operation of tor drinking:
existing thermoelectric power plants or drinking,
and siting/permitting of new plants water is for
fighting.”
— Deployment of CO, capture technology
projected to increase thermoelectric _ Mark Twain

water withdrawal and consumption

« DOE's Office of Fossil Energy actively engaged in energy-
water research and supporting systems analysis and data
management; but continued RD&D needed to bring advanced
water management technologies to state of commercial

readiness

« Continued collaboration and coordination with other Federal
agencies critical to success
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To Find Out More About NETL’s Energy-Water
R&D
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http://www.netl.doe.gov/technologies/coalpower/ewr/water/index.html

http://www.netl.doe.gov/technologies/oil-gas/EP_Technologies/
Environmental/Env_Science/water.html
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- Water Projections
- 316b Regulatory Impacts on Energ

Security
Erik Shuster/Jeff Hoffmann

Office of Systems Analyses and Planning

Existing Plants Projects Meeting, October 27, 2008



Water/Energy-Related Articles
Impacts on Power Plant Siting and Operation

 Drought Could Force Nuke-Plant Shutdowns
— The Associated Press, January 2008

 Sinking Water and Rising Tensions
— EnerqyBiz Insider, December 2007

o Stricter Standards Apply to Coal Plant, Judge Rules;
Activists Want Cooling Towers for Oak Creek

— Milwaukee Journal Sentinel, November 2007

« Journal-Constitution Opposes Coal-Based Plant, Citing
Water Shortage

— The Atlanta Journal-Constitution, October 2007

« Maryland County Denies Cooling Water to Proposed May 2006 Issue of

power plant Power Magazine
— E-Water News Weekly, October 2007

« Water Woes Loom as Thirsty Generators Face Climate
Change

— Greenwire, September 2007
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U.S. Electricity Generation by Fuel Type

(~91% Thermoelectric)

Petroleum
3%

ReferepeeiCase-2030
Nuclear
19%
Natural gas
12%
Petroleum
1%

Coal Renewables

Jp— 1910/

Reference: Energy Information Administration / Annual Energy Outlook 2008
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Competing Water Demands
«2000 thermo

Livestock. 1%
Mining. 1%

Industrial. 5%
Acquaculture. 1%

* Thermoelectric power plants competes with
other use sectors.

Sources: USGS, Estimated Use of Water in the United States in 2000, USGS Circular 1268, March 2004
USGS, Estimated Use of Water in the United States in 1995, USGS Circular 1200, 1998
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NETL’s Water Needs Report

e Thermoelectric Power Generation

—coal steam, combined cycle, other
fossil steam, and nuclear

e Projected national and regional
freshwater withdrawal and
consumption through 2030

e Examine water use of deployed
coal-fired power plants with
carbon capture technologies
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NETL’s Water Needs Report

e Thermoelectric water use

— 5 Cases
» Cooling systems for new additions
» Water sources
» Retrofit of once through systems

— No Carbon Capture

« Carbon Capture water use

— 4 Scenarios
« Make-up power for carbon capture retrofits
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Cooling System Terminology

General:

Specific: -

+ Discharge

Associated
with:

Relative System
Characteristics:
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Case Descriptions

Case Description

Rationale

Case 1: Additions and retirements
proportional to current water source and
type of cooling system.

Status quo scenario case. Assumes additions and retirements follow
current trends.

Case 2: All additions use freshwater and
wet recirculating cooling, while
retirements are proportional to current
water source and cooling system.

Regulatory-driven case. Assumes 316(b) and future regulations
dictate the use of recirculating systems for all new capacity. Retirement
decisions hinge on age and operational costs rather than water source
and type of cooling system.

Case 3: 90% of additions use freshwater
and wet recirculating cooling, and 10% of
additions use saline water and once-
through cooling, while retirements are
proportional to current water source and
cooling system.

Regulatory-light case. New additions favor the use of freshwater
recirculating systems, but some saline capacity is permitted.
Retirement decisions remain tied to age and operational costs, tracking
current source withdrawals.

Case 4: 25% of additions use dry cooling
and 75% of additions use freshwater and
wet recirculating cooling. Retirements are
proportional to current water source and
cooling system.

Dry cooling case. Regulatory and public pressures result in significant
market penetration of dry cooling technology. Retirement decisions
remain tied to age and operational costs, tracking current source
withdrawals.

Case 5: Additions use freshwater and
wet recirculating cooling, while
retirements are proportional to current
water source and cooling system. 5% of
existing freshwater once-through cooling
capacity retrofitted with wet recirculating
cooling every 5 years starting in 2010.

Conversion case. Same as Case 2, except regulatory and public
pressures compel state agencies to dictate the conversion of a
significant amount of existing freshwater once-through cooling systems
to wet recirculating.
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Average Daily National Freshwater Withdrawal for

1OV

160
140

Daily Withdrawals (BGD)

Thermoelectric Power Generation

120 -

100 -
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80 -
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40
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Average Daily National Freshwater Consumption

for Thermoelectric Power Generation

C

TGS
\
\
\

—Case 1
= Case 2

N

—_—

= Case 3
———Case 4

Daily Consumption (BGD)
w

o)

Case 5

10

|8 oy AV

820
800
780
760
740
720

- 700

680

- 660

640

o9N

Thermoelectric Generating

Capacity (GW)

NATIONAL ENSRGY TECHNOLOGY LASDRATORY



Average Daily Regional Freshwater Withdrawal
for Thermoelectric Power Generation

4
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W
o

—
o

Withdrawal (BGD
N
o
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-10 ?g. o m e
((/0 Q,Q' 00\

M Water Withdrawal, 2005 # Incremental Water Withdrawal, 2005-2030
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Average Daily Regional Freshwater
Consumption for Thermoelectric Power

Generation
Q "
'o- W b
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W Water Consumption, 2005 ® Incremental Water Consumption 2005-2030
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Carbon Capture Water Use Analysis

e Investigates additional water used
for carbon capture technologies

o 1storder approach

« Provides several boundaries ¢
points to make further analys
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Carbon Capture Assumptions and
Scenarios

« Assumes that carbon mitigation policies will be applied in the
year 2020

 All new and existing PC plants with scrubbers and IGCC
plants would utilize carbon capture technologies by 2030

— PC plant w/out scrubbers are not required to capture CO,

 All new cooling systems will be recirculating

« Carbon capture technologies would remove a nominal 90% of
the CO, that would be generated from the fuel carbon

 Looked at available technologies
— Chemical and physical absorption solvents
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Develop carbon capture scenarios

(boundaries)

D

Scenario 1 Only accounts for the increased Reduced capacity will be
water requirements for the carbon replaced with some other “non-
capture technologies used for the thermoelectric™” generation that
retrofits and new builds doesn’t require cooling water
Do not account for the reduction in
capacity due to the retrofits
Scenario 2 Additional capacity needed to make All new IGCC plants required for
up for the parasitic loss of the the makeup power use
Builds _Oﬁ of retrofits are supplemented by new recirculating cooling and include
scenario 1 IGCC plants with carbon capture carbon capture technologies
Scenario 3 Additional capacity heeded to make All new supercritical plants
up for the parasitic loss of the required for the makeup power
Builds _fo of retrofits are supplemented by new use recirculating cooling and
scenario 1 supercritical plants with carbon include carbon capture
capture technologies
Scenario 4 Additional capacity needed to make All new nuclear plants required
_ up for the parasitic loss of the for the makeup power use
Builds _fo of retrofits are supplemented by new recirculating cooling
scenario 1 nuclear plants




Calculate retrofits and
parasitic power loss

« Used EIA 2030 forecast
— Existing fleet
— Scrubbed plants
— New additions (IGCC and PC)
— Retirements

« Retrofit will require 30% parasitic load
* Retrofits
— EXisting — Retirements — Unscrubbed = 264 GW

 Parasitic Power Loss (build new plants to replace, Scenario
dependent)

— Retrofits * 30% = 79 GW
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Additional Water Required for CO, Capture

Additional Water Withdrawal for CO2
Capture Scenarios
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316(b) Regulatory Impacts on
Energy Security
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316(b) Scenario Analysis

High-level analysis, focus on
potential impacts to
electricity supply reliability

Collaborative Effort
e DOE
e NERC

NETL provided necessary
data on regional impacts

* Affected facilities
* Performance impacts

NERC
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http://www.nerc.com/filesINERC_SRA-Retrofit_of _Once-Through_Generation_090908.pdf
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Limited Water Availability — Emerging

High

Likelihood

Low

Reliability Issue

Figure 12: Emerging Issues Risk Evolution:
1-3 Year & 6-10 Years

Mercury Regulation

Tranr.mk.smn of the
21st century

Greenhouse Gas
Reductions
Increasing y
adoption of
demand-side and
distributed o
generation Rising Global

Demand for Energy

& Equipment
Fuel Storage &

Transpnrt

Im:ted Water 1-5 Years
Availability e
6-10 Years
Consequence High

Source: NERC 2008 Long-Term Reliability Assessment, October 2008
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Scenario Results

Figure 15: NERC US - Cooling Tower Retrofit Effects on
Adjusted Potential Resources
Summer Peak Demand
60,000
50,000 f T £
= 40,000 B E g
= g o=
< 30,000 2a n
ST
@ =
20,000 283
@39
10,000 <o
0 s
2013 2014 2016
Derate Effects
I Retirement Effects
—— Total Capacity Reduction
% of Margin Lost due to Retirements and Derate Effects
Source: NERC 2008 Long-Term Reliability Assessment, October 2008 Source: 2008-2017 NERC Capacity Margins: Retrofit of Once-Through Cooling
Systems at Existing Generating Facilities
Small overall impact... ...however regionally significant!
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co mpfetfngwgagig& sustainability puzzle
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Emerginglssues and Challenges

NETL Water Projects Review - October 2008
Mike Hightower
Sandia National Laboratories




Presentation Overview

2y

» Energy-Water Connection and Interdependencies
 Energy-Water Report to Congress Highlights
* Energy-Water Regional Needs Workshops

— Regional and national issues and challenges
— Summary of science and technology needs identified

* Potential impact of energy development and growth
on national and regional water resources

Background info @ www.sandia.gov/energy-water




Water Withdrawal Trends by Sector

500 500 I I
= Total Freshwater
— Surface Water

400 400 = Ground Water

8
8

g

8
(Billion Gallons per Day)

Water Withdrawals
(Billion Gallons per Day)
Fresh Water Withdrawals

[USGS, 2004]
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Water Consumption by Sector

U.S. Freshwater Consumption, 100 Bgal/day

Domestic
7.1% Commercial

1.2%

Livestock
3.3%

oelectric
3.3%

A

Industrial Mining
Irrigation 3.3% 1.2%

80.6%
[USGS, 1998]
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The U.S. will need 50% more
electricity by 2035

L
=
R4
c
9
E

ENERGY ..« /)L T5[2

6000

5000

4000

3000

2000

1000

0

1945

Projection:
y = 67.05(x) - 130,700

1965

=y

: ~50% more
electricity
needed in

U.S. by 2035

Source: DOE/EIA-0384(2004)
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Water Demands for Future
Electric Power Development

=0

« Water demands could
almost triple from 1995
consumption for
projected mix of plants:
and cooling

ption

 Carbon emission
requirements will
increase water
consumption by an
additional 1-2 Bgal/day 0

Water Consum

( billion gallons per day)
N W A OO N o ©
|

1995 2005 2015 2025 2035

ENERGY--11




The U.S. will need 33% more
Transportation Fuels by 2030

2y

* Fuel use will 30
increase despite _ [
gains in efficiency g =2 - Olmports

« Current initiatives g E’_ 20 1 [ O Alt. Fuels
for domestic £ 3 I i
alternatives likeoil S § | T : I B Biofuels
shale and biofuels 2 § 1w0{- P HHHMH 1

* Major hydrogen E 5 - ;L?odp':i':: o
use will be post
2030 0




Water Demand/Impact of Transportation Fuels

Fuel Type Relationship | Relationship Water Consumption
and to Water to Water Water c_unsumed Average gal
: A per-unit-energy | water consumed
Process Quantity Quality [ gal  MMBTU ] per gal fuel
Conventional Oil & Gas | Water needed to RIoduCRd yester
extract and refine; generated from
B Witerpiotiesd | LSRR L L N alL N
- NG extraction/Processing from extraction from processing: 23 ~15
Biofuels Wastewater generated
from processing;
; ; Wat ded : - o
| ASmnEthapIEgeeEsng | S owing Agricultural irrigation |- e cenun
- Corn Irrigation for EtOH feedstock and for runoff an_d infiltra?ion 2500 - 31600 ~ 980%
""""""""""""""""""" fuel processing: contaminated with - 2 S
- Biodiesel Processing P 9 | fertilizer, herbicide, and |- 4= =t
- Soy Irrigation for Biodiesel pesticide compounds 13800 — 60000 ~ 6300*
- Lignocellulosic Ethanol Water for processing, | Wastewater generated, _ sy
agnd other synthesized Energy crop impacts | Water quality benefits of 24— 13035 {ethanol) 2-6%
Biomass te Liquid (BTL) fuelg ©n hydrologic flows | perennial energy crops 14 — 90 1§ {diesel) ~2-615
Qil Shale Wastewater generated: " i
-In situ retort Water needed to In-situ impact uncertain;| :'__‘_?_ ____________________ ':'__2_ ___________
B R e Extract / Refine Surface leachate runoff 15 -401 31
. Water needed to Wastewater generated;
il Sands Extract / Refine Leachate runoff 20 -30 ol -6
i Wastewater generated
Pynthetic Fuels Water needed for from coal mining and 35 - 70
- Coal to Liquid (CTL) synthesis and’or CTL processing ~4.5-9.0
““““““““““““““““““ team reforming of |~ T T T T T T T T T g Ty T T ey T
- Hyd RE Electrol § g 20241 ~31t
______ Y __r_cig_e_rj______Et_:_t:c_)_si'?f_ natural gas (NG) [ PR e veesenemen vt et s
- Hydrogen (NG Reforming) AD—501 ~7F1

T Ranges of water use per unit energy largely based on data taken from the Energy-Water Report to Congress (DOE, 2007)
* Conservative estimates of water use intensity for irrigated feedstock production based on per-acre crop water demand and fuel yield

I Estimates based on unvalidated projections for commercial processing; § Assuming rain-fed biomass feedstock production
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Emerging Water Demands for ~
Alternative Fuels Development
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Oil Shale development will be regional and ~
impact water availability and quality |

* Reserves are in areas of
limited water resources

» Water needed for
retorting, steam flushing,
and cooling up to 3
gallons per gallon of fuel

« Concerns over in situ
migration of retort by-
products and impact on
ground water quality

ENERGY <17

Figure 3.2
The Shell In-Situ Conversion Process

Overburden

= Producer Heatar = -
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SOURCE: Adapted from material provided by Shell Exploration and
Production Company.
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Growing Limitations on Fresh Surface and
Ground Water Availability

500

« Little increase in surface water

£ storage capacity since 1980

£3 o , :

25w Oeaian Rat wen o Concerns over climate impacts
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( Based on USGS WSP-2250 1984 and Alley 2007)

* Many major ground water
aquifers seeing reductions in =

water quality and yield o
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Most State Water Managers Expect Shortages
Over The Next Decade Under Average

Conditions

shortage

Bl Statewide

B Regional

[ Local

X [__]None

No response or uncertain




Water challenges are nationwide

i

Projected
Population
Growth
(2000-2020)

Source: Campbell
(2000)

Total Freshwater Withdrawal, 1995/ Available Precip

percent, number of counties in parentheses

B =500 (49)
B 00t0500 (267)
| 30to100 (2363)
_ 5to 30 (740) EPRI 2003
] 1to 5 (1078)
Oto 1 (E14) L
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Estimated Capacity Change 1995-2025 (Gw)
AEO Estimates

EMM Region 5

EMM Region 10

and \INTER

Legend

- Major Lakes (National)
regions4

Totcapchg

[ -9.050000 - 0.000000

[ 0.000001 - 11.630000
[ 11630001 - 26.920000

[ 26.920001 - 44560000
[ 44560001 - 133.230000




Emerging Interest in Energy and Water
Issues and Challenges

 State and national water and energy
groups
— 24 invited presentations in FY07

and 08 on energy and water
challenges

— Research and regulatory groups
considering future energy and
water needs

* |Increased media interest

— NATURE, ECONOMIST
— Technical magazines

* NSF/NRC interest in energy debate
and interdependencies research

« Growing international concerns and

challenges WATER IMPLICATIONS Of

_ - - BIOFUELS PRODUCTION
Europe, Australia, Asia, Canada _ ' INTHE (INTEDIcTaTEe

W ATER RESOURTCES

[T ris

(2l



Contemporary Example: Southeast U.S.
Drought Impact on Nuclear Power Production

A0 Associsted Press
A

Jan. 23, 2008

" LAKE NORMAN, N.C. - Nuclear
reactors across the Southeast
could be forced to throttle back or
temporarily shut down later this
year because drought is drying up
the rivers and lakes that supply
power plants with the awesome
amounts of cooling water they
need to operate.
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The Biofuel-Water Connection..
Subject of Increasing Discussio

Ociober 2007 REPORT

Water Implications of Biofuels
Production in the United States

4319
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Growing Use of Non-traditional
Water Resources

Power Requirements For Treating

5 20 T T
15
= —— Waste Water Reuse
= 10-
g S—lesinstan o Today The Future
= > 15 -
5 8 8
g — / 7-
e 8 ™
Q w0 / < 6,
= - E
52 10 / - E 5
] / S 4
2 c / A4
5 S / %
F . 7
=4 5 / ]

- LN
2 i .
3 . i Conventional rackish Brackish Sea Water
2 " =,_—"’./ i Treatment NF RO RO

1980 2000 2010 2020
Year

(From EPA 2004, Water Reuse 2007, Mickley 2003) (Einfeld 2007)

 Desal growing at 10% per year, waste water reuse at 15% per year
« Reuse not accounted for in USGS assessments
Non-traditional water use y intensive




Brackish and Saline Groundwater i
Potential Resource for Algae Producti

Saline aquifers in the
continental U.S. The
brown shading refers
to the depth of the
aquifer. With
appropriate treatment,
inland brackish water @
resources could be q‘.,”' 2
an important source =
of water for
thermoelectric power
plant cooling and

biofuel production. T i i o L,
(Data from Feth, 1965) ] i.vuaus

— e
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Produced Water from Qil & Gas

Green=oil, Red=gas, Yellow=mixed




Summary of Major National Needs

and Issues Identified in Regional Workshops

Better resources planning and management

* Integrated regional energy and water resource planning and decision
support tools

« Infrastructure and regulatory and policy considerations for improved
energy/water efficiency

« Improved water supply and demand characterization, monitoring, and
modeling

Improved water and energy use efficiency

« Improved water efficiency in thermoelectric power generation

« Improved biofuels/biomass water use efficiency

« Reduced water intensity for emerging energy resources
Development of alternative water resources and supplies

* Non-traditional and oil and gas produced water use and reuse
« Improved energy efficiency for non-traditional water treatment and use

ENERGY.-1




Research Program for Electric ~.
Power Sector + Improve dry and hybrid

cooling system

performance

» Improve ecological
performance of intake
structures for hydro and
once-through cooling

.+ Improve materials and
cooling approaches
compatible with use of
degraded water

Hybrid Wet-Dry Cooling » Electric grid infrastructure
System upgrades to improve low
water use renewable

M
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Research Program for Alternative

Fuels Sector

Reduce water use for
cooling in biofuels and
alternative fuels production

Reduce water use in
processing

Develop low fresh water
use technologies such as
algal biodiesel

Assess non-traditional
water use for fuels
applications

Assess hydrologic impacts
of Iarge cellulose blofuels



Research and Development Program
for Integrated Resources Management

Accelerate water resources
forecasting and management

Evaluate impacts of climate
variability and improve
hydrological forecasting

Improve common decision
support tools

Develop system analysis
approaches for: Co-location of
energy and water facilities,
improved national
transmission capabilities to
support renewables,
distributed generation of
biofuels




NATIONAL ENZSRGY TECHNOLOGY LASORATORY

DOE/NETL’s Innovations for Existing
Plants Water-Energy R&D Program
Goals & Evaluation Methodology

James Murphy, RDS/SAIC

NETL — Existing Plants Water Projects Meeting

October 27-28, 2008
Pittsburgh, PA



Presentation Outline

 Development of water-energy R&D goal

 Proposed methodology to measure progress
toward achievement of goal
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Attributes of the Goal Statement

 Target date
— Short term
— Long term

 Performance targets
— Percentage reduction in freshwater use

« Costtargets

— Percentage cost reduction compared to
current “state-of-the-art” technology

— Achieve specific levelized cost
» Cost per freshwater conservation - $/gallon

(3- NATIONAL ENSRGY TECHNOLOGY LASORATORY



IEP Water-Energy R&D Goals

Short-term goal

 Technologies ready for commercial
demonstration by 2015

* Reduce freshwater withdrawal and consumption
by 50% or greater

» Levelized cost of less than $3.90 per thousand
gallons freshwater conserved

Long-term goal
 Technologies ready for commercial
demonstration by 2020

 Reduce freshwater withdrawal and
consumption by 70% or greater

» Levelized cost of less than $2.60 per thousand
gallons freshwater conserved

NATIONAL ENSRGY TECHNOLOGY LASORATORY



IEP Water-Energy R&D Goal Statement

The short-term goal for the IEP water-energy R&D activity is to
have technologies ready for commercial demonstration by 2015
that, when used alone or in combination, can reduce
freshwater withdrawal and consumption by 50% or greater for
thermoelectric power plants equipped with wet recirculating
cooling technology at a levelized cost of less than $3.90 per
thousand gallons freshwater conserved.

The long-term goal is to have technologies ready for commercial
demonstration by 2020 that, when used in combination, can
reduce freshwater withdrawal and consumption by 70% or
greater at a levelized cost of less than $2.60 per thousand
gallons freshwater conserved.
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Target Dates

 Short term goal - 2015
— Maintain current technology development schedule

« Long term goal - 2020

— Provide five additional years for technology
enhancements
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Performance Targets
Current Water-Energy R&D Categories

Stack
Evaporative
Liosy

» Category A — non-traditional water source
used to supplement freshwater for cooling

water makeu pa
p c I | I‘
» Category B —increase cycles of I 4 5

concentration (COC) to reduce blowdown, and
consequently reduce cooling water makeup CaliRony~

Waler Redoction
v Cloal Drving

—-

Boller Category T)
Flue Gas Wated
Recaviery

» Category C —reduce cooling tower

! Category C°
evaporatlon loss

Cooling Tower
Waler Recovery

Cooling Tower
Evaporative Lose

 Category D — reclaim water from combustion

flue gas ( —
 Category E — utilize waste energy derived

from recirculating cooling water to reduce
COOIing tower evaporative IOSS Category I3 Cooling Tower Category A

Inerease Cyeles of Blowdown Alternale Sairees
Concentrution of Make up Water

Cooling Tower
Make-up

Condenser

The estimated percentage reduction in freshwater withdrawal and
consumption for the five technology categories ranges from 5% to almost
30%. However, by combining technology categories, up to almost 60%
reductions are possible for both withdrawal and consumption.
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Performance Targets
Technology Category - Individual and Combination

'é:izn;)rlogy Freshwater Withdrawal Freshwater Consumption
Com%in)a/ltion Reduction, % Reduction, %
A 27.0% 27.0%

B 11.1% 0.0%

C 20.0% 20.0%

D 3.8% 3.8%

E 5.6% 5.6%

AB 38.1% 30.4%
AC 47.0% 47.0%
BC 28.9% 20.0%
ABC 55.9% 50.4%
ABDE 46.9% 40.3%
ACDE 55.3% 55.3%
BCDE 36.7% 28.8%
ABCDE 63.7% 59.1%

Based on this analysis, it was recommended that the short-term performance
goal be stated as a 50% reduction in water withdrawal and consumption and
the long-term goal a 70% reduction.

Source: NETL internal study, July 2006.
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Performance Targets
Cooling Water System Flow Relationships

Impact of Cycles of Concentration on Blowdown &

Makeup Water
100%

90%
80%
70%
60%
50%
40% -
30% -
20%
10%

0%

Reduction, %

i
|
|
|
t
i
|
i
|
L

i
i
4

2 3 4 5 6 7 8 9 10

Cycles of Concentration

—&— Blowdown Reduction, % —m— Make-up Reduction, %

* Make-Up = Evaporation + Blowdown + Drift

* Blowdown = Evaporation/(COC - 1) — Drift
where: COC = cycles of concentration
assume drift = 0
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Cost Targets
Cost Comparison of Wet and Dry Cooling Water
Systems for a Reference 500 MW Coal-Fired Power Plant

. Direct Dry
Cost Component We:(tzc():g;;ng Cooling
(2006%) Delta
Equipment Capital Cost Step 1: Dry & Wet Cooling Cost
Capital cost, $/kwW 78 168 90
Total capital requirement, Million $ 38.8 83.8 45 dry @ 4.29 mills/lkWh
First year carrying charge, (1,000 $/yr) 6,601 14,251 7,650 _
wet @ 2.09 mills/kWh
Annual Operation & Maintenance Cost (x1,000)
Maintenance 388 838 450
Water treatment 844 0 -844
Auxiliary power 1,051 2,102 1,051 .
Lost capacity penalty 0 1,183 1,183 Step 2 Dry vs. Wet A Cost
Total annual O&M 2,284 4,124 1,840 4.29 -2.09=A2.19 mills/lkWh
Total First Year Costs
$/yr (x1,000) 8,885 18,375 9,490
COE, mills/kWh 2.54 5.24 2.71 . .
$/1000 gallon water conserved NA NA 6.37 Step 3: Wet COO“ng Water Use
Levelized Annual Cost (Constant $) 425 gaI/MWh
$/yr (x1000) 7,332 15,022 7,690
COE, mills/kWh 2.09 4.29 /2—.1&\
$/1000 gal water conserved NA NA ( 5.16/ Step 4 Dry Cool Effectiveness
Levelized Annual Cost (Current $) 2.19 m|||S/kWh / 425 ga|/MWh
$/yr (x1000) 8,958 18,328 9,371
COE, mills/kWh 2.56 5.23 267 | =5.16 $/kga| conserved
$/1000 gal water conserved NA NA 6.29
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Cost Targets
Cost Effectiveness of Dry Cooling

 Dry cooling levelized cost @ $5.16 per 1,000 gallons
freshwater conserved (2006 constant dollar basis)

e Short term goal

— Cost effectiveness of R&D technologies equivalent to
approx. 75% of dry cooling ($3.90 per 1,000 gallons)

« Long term goal

— Cost effectiveness of
R&D technologies
equivalent to approx.
50% of dry cooling
($2.60 per 1,000
gallons)
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Technology Evaluation Methodology

How to measure progress in achieving DOE/NETL’s
cost & performance goals?

— Calculate levelized cost in terms of dollars per thousand
gallons freshwater conserved

— Compare project cost to NETL cost goal

 Need consistent cost methodology for use by all NETL
contractors

« Economic assumptions should be equal to those used
to establish NETL cost goal

« NETL will provide contractors an economic evaluation
guideline and cost estimating spreadsheet model to
assure consistency
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Reference Plant Data Sheet

Subcritical PC Boiler Plant Performance Summary @ 100 Percent Load (Table 7-1)
554.4 |Gross power, MW
33.8 |Auxilary load, MW
520.6 |Net Power, MW
35.4 |Net efficiency, % (HHV)
9,638 [Net heat rate, Btu/kWh (HHV)
2,335 |Condenser cooling duty, 1076 Btu/h

Reference: DOE/NETL report entitled "Power Plant Water Usage and Loss Study” , Revised May 2007
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Reference Plant Data Sheet (cont’d)

Cooling System Assumptions (Table 1-5)
System type: Closed recirculating system with evaporative mechanical draft cooling towers
89 Design dry bulb max. ambient temperature, °F
75 Design wet bulb max. ambient temperature, °F
5 Cooling tower approach, °F
25 Cooling tower range, °F
80 Cold circulating water temperature to condenser, °F
105 Hot circulating water temperature from condenser, °F
4 Circulating water cycles of concentration
0.001 |Cooling tower drift (% of CW flow rate)

Subcritical PC Boiler Water Balance Around Cooling Water System (Table 7-8)
3,891 |Cooling tower evaporation, gpm
1,297 |Cooling tower blowdown, gpm
5,188 |Cooling tower make-up, gpm

Circulating Water Flow Rate Calculation (NETL estimate)
1.0 Specific heat of water, Btu/lb-F
8.33 |Density of water, Ib/gal
186,875 |[Circulating water flow rate, gpm

Reference: DOE/NETL report entitled "Power Plant Water Usage and Loss Study” , Revised May 2007
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Input Value Sheet

General Information

Lead Company XYZ Company

Principle Investigator John Doe

NETL Project Manager Jane Smith

NETL Project # XXXXXXXX

NETL Water-Energy R&D Category Category A - Non-Traditional Water

Description of Water Technology Beta Cooling Technology

Test Site Alpha Power Company's Beta Power Plant Unit 2
Date Prepared December 30, 2008

Reference Plant Operating Assumptions Value Assumptions/Comments

Plant capacity, MW net 521 From reference plant data sheet.
Net plant heat rate, Btu/kWh 9,638 From reference plant data sheet.
Average plant capacity factor 80% Assume 80% per NETL Guidelines, Sec.6.3
Cooling tower evaporation, gpm 3,891 From reference plant data sheet.
Cooling tower blowdown, gpm 1,297 From reference plant data sheet.
Cooling tower make-up, gpm 5,188 From reference plant data sheet.
Cycles of concentration 4 From reference plant data sheet.
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Input Value Sheet (cont’d)

Water Technology Performance Assumptions &
Calculations

All performance values should be based on plant operation at full load.

Estimate percent reduction in freshwater make-up using water technology for Category A,

Reduction in cooling tower freshwater make-up, % 20.0% C, D, E, or F project.

Cycles of concentration 4.0 Estimate COC after application of water technology for Category B project.
Cooling tower freshwater evaporation, gpm 3,113 Calculated value.

Cooling tower freshwater blowdown, gpm 1,038 Calculated value.

Cooling tower freshwater make-up, gpm 4,150 Calculated value.

Reduction in cooling tower freshwater make-up, gpm 1,038 Calculated value.

Reduction in cooling tower freshwater make-up,

gallons per year 436,290,048 |Calculated value based on average plant capacity factor.

Water Technology Cost Assumptions

Costs expressed in year dollars 2008 All costs should be escalated to this year dollars for consisteny.

Process capital cost, $ 1,000,000 |Include costs for all material, equipment, direct and indirect labor, and freight & taxes.
Technology royalty fee, $ 0 Estimate fee if necessary.

Special maintenance, $ 100,000 Estimate cost of non-routine special maintenance requirements.

Special maintenance frequency, hours 16,000 Estimate operating hours between special maintenance activities.

Primary additive Additive XX |ldentify name and type of additive.

Primary additive cost & feedrate metric $/lb & Ib/hr  [Select either $/Ib & Ib/hr or $/gal & gal/hr.

Primary additive unit cost, $/Ib or $/gal $1.00 Estimate delivered price.

Primary additive feed rate, Ib/hr or gal/hr 50 Estimate feed rate at full load. Make sure units are consistent with unit price.
Secondary additive Additive YY [ldentify name and type of additive.

Secondary additive cost & feedrate metric $/gal & gal/hr |Select either $/Ib & Ib/hr or $/gal & gal/hr.

Secondary additive unit cost, $/Ib or $/gal $2.00 Estimate delivered price.

Secondary reagent/additive feed rate, Ib/hr or gal/hr 10 Estimate feed rate at full load. Make sure units are consistent with unit price.
Increase in flue gas duct pressure drop, in H,O 0.00 Estimate pressure drop at full load.

Aucxiliary electric power consumption, KW 100 Estimate consumption rate at full load.

Process water consumption, gallon/hr 20 Estimate consumption rate at full load.

Process steam consumption, Ib/hr 100 Estimate consumption rate at full load.

Service air consumption, cfm 100 Estimate consumption rate at full load.

Waste by-product production, Ib/hr 20 Estimate production rate at full load.

No. operators per shift 0.5 Estimate additonal operating personnel per shift. (Fractional entry is acceptable.)
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Cost Calculation Sheet

XYZ Company

Beta Cooling Technology

Plant Operating Assumptions Value Factors [Assumptions/Comments
Plant capacity, MW 521 From input sheet.
Net plant heat rate, Btu/kWh 9,638 From input sheet.
Average plant capacity factor 80% From input sheet.
Cooling tower water make-up, gpm 5,188 From input sheet.
Reduction in cooling tower freshwater make-up, gpm 1,038 From input sheet.
Costs expressed in year dollars 2008 From input sheet.
Capital Cost
Process capital cost (PCC) 1,000,000 From input sheet.
Process capital cost w/ retrofit factor 1,000,000 1.00 Retrofit difficulty factor assumed 1.00 per NETL estimate.
Technology royalty fee 0 From input sheet.
General facilities, % 100,000 10% Assume 10% of PCC per EPRI TAG.
Engineering & construction management fees,% 100,000 10% Assume 10% of PCC per NETL Guidelines, Sec. 7.1.1.
Assume 5% of PCC per NETL Guidelines Table 6 AACE standards for
Process contingency, % 50,000 5% commercial technology or modifications to commercial technology status.
Assume 15% of PCC per NETL Guidelines Table 7 AACE standards for project
Project contingency,% 150,000 15% control design stage.
Total plant cost (TPC), $ 1,400,000
Total capital requirement, $/kW 2.69
Calculated using 1st year current $ carrying charge rate from economic factors
Total first year capital carrying charge, $/yr 289,800 worksheet
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Cost Calculation Sheet (cont’d)

Fixed O&M Cost

Operating labor, $/yr 219,000 Calculation based on estimated operating labor per shift at $50/man-hr.

Routine maintenance, $/yr 30,800 2.2% Assume 2.2% of TPC per NETL Guidelines, Sec. 7.2.1.

Special maintenance, $/yr 43,800 Calculation based on special maintenance cost and frequency from input sheet.
Assume 30% of operating labor and 12% maintenance costs per NETL

Supervisory/clerical, $/yr 69,396 Guidelines, Sec. 7.2.1.

Total fixed O&M cost, $/yr 362,996

Total fixed O&M cost, $/kW-yr 0.70

Variable O&M Cost Calculate annual variable costs using plant capacity factor.

Primary additive, $/yr 350,400 Calculation based on estimated unit cost and feed rate.

Secondary additive, $/yr 140,160 Calculation based on estimated unit cost and feed rate.

Additional fan power, $/yr 0 Auxiliary power unit cost per calculation on misc. factor worksheet.

Auxiliary power, $/yr 21,024 Auxiliary power unit cost per calculation on misc. factor worksheet.

Process water, $/yr 316 Process water unit cost per calculation on misc. factor worksheet.

Process steam, $/yr 1,939 Steam unit cost per calculation on misc. factor worksheet.

Service air, $/yr 3,268 Service air unit cost per calculation on misc. factor worksheet.

Waste disposal, $/yr 1,402 Waste disposal unit cost per calculation on misc. factor worksheet.

Total Variable O&M Cost, $/yr 518,509

Total Variable O&M Cost, mills’lkWh 0.14
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Cost Calculation Sheet (cont’d)

Total First Year Costs

$lyear| 1,171,305
Increase COE, mill/lkwh 0.32
$/kgal freshwater make-up conserved 2.68
Levelized Annual Cost (Constant $)
$lyear| 1,063,505
Increase COE, mill/lkwh 0.29
$/kgal freshwater make-up conserved 2.44
Levelized Annual Cost (Current $)
$lyear| 1,324,061
Increase COE, mill/lkwWh 0.36
$/kgal freshwater make-up conserved 3.03
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Questions?
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To Find Out More About NETL’s
Water-Energy R&D:

SENERAY lab

ABOUT NETL Home = Technaologiss = Coal & Power Systemns > innovalions for Exizting Planis NEWS

KEY ISSUES & MANDATES. Coal and Power System: EVENTS CALENDAR

RESERNC ' PUBLICATIONS

LoOn Julke 22 308 DOE apnounced the =election of 10 project= under
Funding Oppeorunity Announcement DE-P=36.0 1233 entitled “"Ressarch

- and Development of Advanced Technologiss and Concepts for Minimization

L of Freshwater Withdrawal and Consumption in Coal-Based Thermoslectric

Power Plantz." Project awards are anticipated to be made later this vear

v 00 Juhe 31 2008 DOE gnnounced the selecton af 15 projects under
Funding Cpportunity Announcement DE-PS25-08HTDO1 34 entitled "Carbon
Dioxide Capture and Separation Technology Development For Application To
Exg=ting Pulvsrized Coal-Fired Power Plants: Project awards are gnticipated
to b= made later this year

¥ Welcome to the innovations for Existing
Plants homepage. The The Innovations
for Existing Flants ([EP} Program = an
- integral part of NETL'= Coal and Power
EMERGY ANALYSES- Systems ROAD portfolio. Coalis a vital
: energy resource in the United States,
SOLICTTATIONS & BUSINESS providing approximately half of the
electricity =upply to the country.

EBUCATION Through the IEP Program we are
NIRRT striving to sustan the strategic role of . Erbicitiss Gtk
SHOO coal in fhe nation's energy mix by —
maintaining its integrity as an affordable ¢ Water-Ensroy interface
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Cost Targets

Economic Assumptions

Economic Assumptions Reference: NETL Guidelines, Sec. 7.3
Year dollars 2006 |Per study requirements
Project life, yrs 20

Book life, yrs 20

Tax life, yrs 20

Federal and state income tax rate, 9 38%

Tax depreciation method ACRS |Accelerated cost recovery system - 150% DB
Investment tax credit 0.0%

Construction interest rate 11.2% |[Not used in calculations.
Inflation rate, % 3.0%

Non-fuel escalation rate, % 0.0% [Not used in calculations.

Financial Structure Reference: NETL Guidelines, Table 9 - low risk projects
0 Current $ Current $ | Constant $ | Constant $
. Y% of Total

Type of Security Cost, % Return, % | Cost, % Return, %
Debt 80.0% 9.0% 7.2% 5.8% 4.7%
Preferred stock 0.0% 3.0% 0.0% 0.0% 0.0%
Common stock 20.0% 20.0% 4.0% 16.5% 3.3%
Discount rate 11.2% 8.0%

Levelization Factors: Current $ Constant $

Levelization factor for O&M 1.253 1.000

1st year carrying charge factor 20.7% 17.0%

20-yr levelized factor for capital 15.7% 13.0%

N> B
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Cost Targets
Cost and Performance Assumptions

Cost & Performance Assumptions: Value Reference
Annual escalation rate, % 3.0%

Plant capacity, MW 500

Capacity factor, % 80%

Wet tower capital cost, $/kW (2002%) 69 (1)
Capital cost adder for dry tower 90 (3)
Fixed maintenance as % capital cost, % 1.0% (D)
Water treatment, $/kW-yr (2002%$) 1.5 (1)
Aux. power as % plant capacity (Wet) 1.0% (2)
Aux. power as % plant capacity (Dry) 2.0% (2)
Lost capacity penalty, % (Dry) 1.0% (2)
Energy cost, $/kWh 0.030 (1)
Water evaporation @ full load, gal/MWh 425 (4)
References:

(1) "An Investigation of Site-Specific Considerations for Retrofitting Recirculating Cooling Towers at Existing
Power Plants - A Four-Site Case Study", May 2002, Parsons report for DOE/NETL

(2) EPRI August 2004 report #1005358 titled "Comparison of Alternate Cooling Technologies for U.S. Power
Plants: Economic, Environmental, and Other Tradeoffs"

(3) Capital cost adder for dry cooling system based on average dry vs. wet delta capital cost from two
references:

Burns & McDonnell evaluation for Sempra Energy, November 2002 - 76 $/kW adder (dry @ 172 $/kW vs. wet
@ 96 $/kW)

EPRI August 2004 (see reference 2) - 99 $/kW adder (dry @ 135 $/kW vs. wet @ 36 $/kW)

(4) "Power Plant Water Usage and Loss Study", May 2007, Parsons report for DOE/NETL.
Average of 449 gal/MWh for subcritical PC and 402 gal/MWh for supercritical PC plant.
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Application of pulsed electrical fields
for advanced cooling
in coal-fired power plant

"Advanced Technologies and Concepts
to Minimize Freshwater Use in Coal-Based Thermoelectric Power Plants"
Topic 2: Advanced Cooling Technology
U.S. DEPARTMENT OF ENERGY
National Energy Technology Laboratory

Drexel University
Y. Cho, A. Fridman, and A. Gutsol
Oct. 28, 2008



Background

Thermoelectric generation accounted for 39% (136 billion
gallons per day) of all freshwater withdrawals in 2000.

- Why so high?

High concentration of mineral ions in the circulating cooling
water due to evaporation of pure water evaporates

- Mineral fouling problem, reducing condenser capacity

To maintain a desired calcium level in the cooling water,
- cycle of concentration, COC = 3.5
— continuously blowdown with fresh makeup water



Three reactions leading to mineral fouling

Reaction 1: dissociation of bicarbonate ions into hydroxyl ions and
carbon dioxide

HCO; (aq) <> + OH (aq) + Coz(g)T

Reaction 2: hydroxyl ions produced further react with existing
bicarbonate ions, producing carbonate ions and water
HCO; (ag) + OH (aq) <> CO,* (aqg) + H,0 (/)

Reaction 3: reaction between calcium and carbonate ions, resulting in
the precipitation and crystallization of calcium carbonate particles

Ca%* (aq) + CO,?* (aqg) <> CaCO, (s) \}



Goal of the Project

To develop a scale prevention technology based on integrated
system of physical water treatment (PWT) and a novel filtration
method.

To significantly reduce water blowdown, which accounts
approximately 30% of water loss in a cooling tower.



Specific Target

To increase COC from 3-4 to a higher COC (8-10)
How?

To continuously convert dissolved calcium ions in water to
calcium particles (PWT technology) and

To continuously remove them



Reduced Blowdown by Increasing COC

If Makeup water is 100 gpm,
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Continuous Removal of CaCO, Particles

Evaporation = 67 gpm

Wind =3
T

|I¢

Cooling
tower

Main loop

Blowdown
=30 gpm
Pump
Cycle=3

(A) Conventional technology

Evaporation = 67 gpm

[ TWind =3

Particles
Filtered
Out

Small system
Large system

Makeup
=75 gpm

Blowdown
=5 gpm

Cycle=10

(B) Present technology
(Maintain high COC)



TASKS

Task 1
Development of a self-cleaning filtration system

Task 2
Validation test of a self-cleaning filter system to prevent mineral
fouling and biofouling



Use of Wire-Plate Electrode Configurations
to Produce Plasma Discharge in Water

Wire = Tungsten Wire

Plate = Stainless Steel Filter Membrane



A Self-Cleaning Filtration System
with Spark Discharge in Water

Electrode

\m | Water Inlet

I —
Particle Outlet |

-
Metal Mesh

Fig 1. Schematic diagrams of a self-cleaning filter using
spark discharges in water: (a) electrode on top; (b) electrode

at bottom of the filter surface.
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Scanning Electron Microscopy Photographs
of Deposited Particles on Filter Membrane

Electrode._ | Water Inlet
““-,H_‘ | ¥

“J
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Particle Dutlat —_—

— Clean Water
/"H /\ / Outlet
\___‘_ ey

Metal Mesh

(a) glass spheres
Fig 1. Schematic diagrams of a self-
cleaning filter using spark
discharges in water:

(b) calcium carbonate particles

spark discharge



A Self-Cleaning Filtration System
with Spark Discharge (Cooling Tower Water)

® Flowmeater Pairstaltic Pump
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Fig. 4. Change of pressure drop under repeated pulsed spark discharges using
different flow rates using calcium carbonate CaCO, produced by simulated cooling

particles produced by simulated cooling tower tower



A Self-Cleaning Filtration System

with Spark Discharge (Artificially Hardened Water)

Pressure Drop, Torr

An artificially hardened water with hardness of

1,000 mg/L of CaCO, from a mixture of

calcium chloride (CaCl,) and sodium carbonate

(Na,CO,)
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Fig. 7 Changes in pressure drop under repeated pulsed spark discharges with an artificially

hardened water.




Pressure Drop, Torr

A Self-Cleaning Filtration System
with Spark Discharge (Artificially Hardened Water)
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Fig. 10 Changes in pressure drop under repeated pulsed spark discharges with different frequencies with an
artificially hardened water.



Design Optimization of a Self-Cleaning Filter
via CFD Modeling

Fig. 7. Schematic diagram of new self-clean
filter

Figure 11 Velocity contour plot
Fig. 10. Velocity vector plot




Construction of a Self-Cleaning Filter
and a Mini Cooling Tower

YYY
Collection Basin

Fig. 4 Schematic diagram of the mini water Fig. 3 Close up picture of the filter and pressure
cooling tower transducer




Construction of a Self-Cleaning Filter
using Pulse Spark Discharge in Water

Fig. 5 Picture of a filter
system with plasma
generator

Cartridge housing

v

Fig. 6 Left: cartridge housing
(side view). See a drain
outlet at the bottom for the
removal of debris; Right:
cartridge housing and 10”-
long cartridge (top view)



Validation Test with a Self-Cleaning Filter

Pressure drop, psi
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Fig. 3 Changes of pressure
drop under various flow
rates
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l Particle
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Fig. 7 Schematic diagram of
the cartridge housing



Validation Test with a Self-Cleaning Filter
with Pulse Spark Discharge in Water

Pressure drop, psi
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Fig. 7 Changes of pressure drop with spark
discharge



Use of Spark Discharges
to Maintain Constant Pressure Drop across Filter

Clean Water
Outiel 4

Diffapantial Pressuns

Transtucet  []-
%
l.\

Cartndge
pe

. , Catindgs
-~ 7 Housing

na'n

11 _- Water Inlet

Pressure Drop, psi
H
N
1

T T T T T T T v T T T T T T
0 50 100 150 200 250 300 350
Time, sec

Fig. 9 Changes of pressure drop with spark discharge over an extended time
period at different flow rates



Validation Test Using Spark Discharge
to Prevent Bio-fouling in Cooling Water

} | *
rFys -

«——

Fig. 10 Schematic diagram of the bio-fouling
prevention system by spark discharge



Theoretical Modeling (Breakdown Mechanism)

Fig. 1. (a) —initial bubble form at the moment of high voltage application; (b) — bubble elongation
and gaseous plasma filament formation due to interaction of electrical forces with surface tension
and external pressure forces.

Fig. 2. (a) Photo of corona discharge in water; (b) schematic diagram of needle shape filament



Theoretical Modeling (Breakdown Mechanism)

 Static Pressure — Surface Tension
* Hydrodynamic pressure

Balance ——> Max velocity of filament
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Fig. 3. Comparison of calculated and measured propagation speed of filament during breakdown
of water



Theoretical Modeling (Breakdown Mechanism)

Stability Analysis

Surface of the perturbation

walter

Y

r=r, +gexp(ikz + iwt)

» Electrostatic Pressure

 Static Pressure — Surface Tension
* Hydrodynamic pressure

Z
_\/\ Filament

water

o
-

Fig. 4. Schematic diagram of disturbance at
the surface of filament

Generally, the surface tension tends to
minimize the surface area and subsequently
stabilize the disturbance, while the
electrostatic force tends to push the
disturbance to grow.



MILESTONE LOG

Year 1

93006

31-Dec

3/31/2007

Year 2

Year 3

Task Development of an integrated PWT and filtration system

1Q

2Q

3Q

4Q

1Q

2Q

3Q

4Q

10

2Q

3Q

4Q

Task 1. Development of self-cleaning membrane filter

Task 1.1: Review on self-cleaning filter technology

[xkkkkkx

Task 1.1a: Prepare a report on self-cleaning filter technology

Kick-off meeting with DOE staffs

%

[Task 1.2: Theoretical modeling of dielectrophoresis

KKk

ekkkkkk

Task 1.3a: Design of conductive filter (both lab visualization and field uses)

kK|

[hkkkkk

Task 1.3b: Design of pulse power supply

Fkkkk|

[Task 1.3: Construction of complete filter system with pulse power system

[x*kkkkk

Project review - Annual contractor review meeting

[Technical report - for the first year effort

Task 1.4: Visualization of particle adhesion on filter medium with microscope

Rk kkkkkk

Task 1.5: Visualization of particle dislodge from filter medium with
microscope

[hkkkkkk

Project review - semiannual

*]

Task 1.6: Optimization of filter design based on Tasks 1.4 ad 1.5

*kk|

[hkkkkkk

Task 1.7: Construction of self-cleaning filters for fouling tests

Project review - Annual contractor review meeting

Technical report - for the second year effort

[Task 2: Validation test of an integrated PWT and self-cleaning filter system

Task 2.1: Conduct baseline fouling tests - mineral fouling

XKk

Task 2.2: Conduct baseline fouling tests - biofouling fouling

kad

Project review - semiannual

Task 2.3: Conduct baseline test - combined mineral and biofouoling

Pk kkkk

Task 2.4: Conduct test with integrated PWT - mineral fouling

*kkkk|

Task 2.4: Conduct test with integrated PWT - biofouling

*kkkk|

Task 2.4: Conduct test with integrated PWT - mineral and biofouling

*kkkk]

Preparation of final report - draft

W

Submission of the final report

Project review - Annual contractor review meeting (last)




Conclusions

The present project has developed a novel filtration method
using pulse spark discharge in cooling water.

CaCO, particles are continuously produced and removed.
The present technology can significantly reduce water blowdown,

which accounts approximately 30% of water loss in a cooling
tower.
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"Use of Air2Air™ Cooling Tower
Technology to Recover Fresh Water at
Thermoelectric Power Plants”™

Sponsored by
National Energy Technology Laboratory,

Department of Energy
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Water at Power Plants
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The Air2Air

Water Conservation Cooling Tower

SIPX




Air2Air Technology
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Condensing Module

Warm Moist Air

Warm Dry Air

[l 2

Cold Ambient Air

Condensed Water

Hot Moist Air
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Water Recovery Potential
at Example Site with A2A:

2.82M GPD
3157Acre-Ft./yr.

® 561,000GPM @ 106.6/83.5/66degF
® GPM,,, = GPMg X Range degF X 0.0008
® GPM, = 20% X GPM,,p

SIPX




Full Scale Validation

1. Coal-fired power generation station in New

Mexico

2. Complete rebuild of single counter-flow cell

3. Milestones, as follows:

Milestone Description Year Dates
1. Finalize Host Site Agreement with Power 6/30/06
Company . COMPLETE
: : i 12/31/06
2. Design & Procure Materials of Construction COMPLETE
for the Air2Air Test Cell
1. Construction of the Air2Air Test Cell ) 8/31/07
COMPLETE
1. Testing of Winter, Spring, Summer 3/31/09
Operation 3 IN PROCESS
2. Final Report drafted 6/30/09

SIPX




Construction




Iidation - Operation




-Iidation - Operation
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Air2Air Technology
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Testing/Validation

> Results — 48 Hours, Feb. 28 - March 1,
40,735 Gallons collected and averaging
14.1 GPM for that period, Level 5 only
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:

San Juan A2A San Juan #2 Cond Flow Top
g E & 8
¥
§
:

8
5
i

NGTE: Each poed b kot Bow i 1-12°
Mt T i

g =
T 2

20 fi 1 sat

8
z

Feb 2008

SIPX




Testing/Validation

> Results — Total for May = 914,054 Gallons
collected, averaging 20.47 GPM for the
period
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Water Conservation
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Field Validation of Model

Water Conservation

RH vs. Water Conservation %

120%
100% o 955919, o 95% o 96% 1017
80% * 86% 819%
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60% T . _ -  WC97%)
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A typical
500 MW
combined cycle
power plant
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770,000

865,000
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A2A Plume Advantages

Water Conservation

= Less make-up
" Less blow-down
" Less chemical treatment

Compared to ACC
= Colder Water
= |ess Parasitic Power
= | ower Capital Cost

Reduced Plume -
= Lowers the Actual Grains of Moisture Exiting the Tower
= No Change Pump-Head
= No Water to A2A Heat-Exchanger [No Icing, No Fouling]
Possible Collection/Use - High Quality
Condensate

SIPX




Many Thanks to the NETL/Department
of Energy for this Opportunity...
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Water Conserving
Steam-Ammonia Power Cycle

Donald C. Erickson

Energy Concepts Co.

DOE SBIR Phase Il Project
DE-FG02-05ER84201

NETL Existing Plants Water Projects Meeting
October 27, 2008



OUTLINE

Nexus of Water, Energy, and Climate

Higher Efficiency, Lower Temperature Cycles
Conserve Water and Energy

Steam-Ammonia Absorption Power Cycle
Demonstration Project in Kotzebue, Alaska
Water Conserving Aspects
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CONTEXT

Ultimate question - carrying capacity
Current ecological footprint - 1.5 planets

Twol/thirds of global population have
unacceptably low living standard

*Economic growth” paradigm exacerbates the
Crisis

Sustainable paradigm - economic stability plus
rapidly shrinking ecological/carbon footprint



Objectives

o Conserve Water and Energy
— Higher efficiency saves energy
— Reduced heat rejection saves water
— Higher efficiency reduces CO2
— Saved energy can be used to reclaim waste water

e Concentrate on low temperature waste heat
— Between 160°F and 300°F (>90°F above ambient)
— Exceedingly large and under-utilized resource



APPROACH
Steam Ammonia A bsorption Power Cycle

* Why the Absorption Power Cycleis Preferred

— vs Organic Rankine Cycle
 glide match for higher efficiency
o smaller, lower cost turbine
o smaller, lower cost heat exchangers

— vsthe Kalina Cycle
 avoidstotal condensation (corrosion problem)
 higher performing components
e no need for “DCSS’



Power Cycle Comparison
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APPROACH
Steam-Ammonia Absorption Power Cycle

» Why agueous ammoniais the preferred
working fluid
— superior transport properties
— optimal pressures
— non-corrosive to low cost materials
— high latent heat
— less than half the heat transfer surface



Working Fluid Properties
Condensing at 35°C (95°F)

H,O NH; Propylene R134a
Pressure [bar] 0.06 13.5 14.7 8.9
[psia] 0.82 196 214 129
Latent Heat [J/g] 2418 1122 314 168
[Btu/lb] 1039 483 135 72
Density [kg/m”] Liquid 994 588 486 1168
Vapor 0.04 10.5 315 43.4
Liquid Thermal Conductivity [W/m-K] 0.611 0.457 0.107 0.078
Liquid Heat Capacity [J/g-K] 4.183 4.873 2.775 1.466
Liquid Viscosity [10°®, kg/m-s] 720 120 83 172
Condensation-side Coefficient [W/mz—K] 3021 2417 587 517
Water-side Coefficient [W/m?-K] 5000 5000 5000 5000
Overall Coefficient [W/m?-K] 1883 1629 526 468

292,(2, 2 2,)k*h, 20.68,, T, 2T "
20.7297
? N?, T, 2T

surface **

[2 ?

surface "

h

condensati on

where, T o - T gyface = 10K
N =100
D =1Jinch]
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Absorption Power Cycle

Optimal pressures - compact, economical
equipment
Glide-matching heat input

Glide-matching heat rgjection - more
efficient, and conserves water

Uses more of the glide heat (system
efficiency vs cycle efficiency)



Qualitative Power Cycle
Comparison

Temperature




(WASTE) HEAT SOURCESFOR
ABSORPTION POWER CYCLES

e Prime mover exhaust

e Boiler/furnace/kiln exhaust
e Process fluids

e Geothermal heat

o Solar thermal heat



Dual Function Absorption Cycle
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Avena Power Plant: Modified System
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DEMONSTRATION PLAN

* Design, build, and test 25 kW laboratory prototype
APC

— validate performance of single rotor helical screw
expander

* Field demonstrate 150 kW APC at Kotzebue
Electric Association
— 180°F jacket water heat source
— generic application useful at many other sites
— Alaska Energy Authority interest

— KEA isan early adopter - has implemented numerous
other advanced energy efficiency and renewable energy
projects
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Alr Flow Required for Power
Cycle Heat Rgection -
Dry Cooling vs Wet Cooling

Six times more for same condensing pressure
Three times more for max power production
Coolant glide doubles (40 vs. 20 ?F)

~ 3% penalty on heat rate



WATER CONSERVATION ASPECTS

e Opportunity cooling
— onhethird of heat rgection to city water

— reduces energy used by city residents to make
hot water

« Damp cooling
— dry radiator cooling most of year

— wet cooling tower cooling only on hottest days
of summer



CONCLUSIONS

The century-old absorption power cycleis
being re-constituted

The APC excels at converting low
temperature waste heat to power

The planned 150 kW demonstration at
Kotzebue Electric Association will convert
180°F jacket heat to power at 9% efficiency

Water will be conserved by opportunity
cooling and by damp cooling



Effect
of
Damp
Cooling

Incremental Electricity Cost (mills/kWh)
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Steam-Ammonia Power Cycle

Two Rankine cycles with two interconnections
Adds superheater and economizer

Major system efficiency gain dueto glide
matching

Each working fluid stays within its optimum range

Patented



Steam boiler

Steam supgrheat 1 o
— > - L
/ — — — water preheat
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P NH3 pump_/ NH3 Condenser
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H20 pump




L imitations of Steam Power Plants
with Low Temperature Glide Heat

e Deep vacuum - large and costly components

« Boiling temperature selection - Hobson's
choice

e Condensing temperature - similar tradeoff



RECOVERY OF WATER FROM
BOILER FLUE GAS

Project DE-FC26-06NT42727

Dr. Edward Levy
Dr. Harun Bilirgen
Energy Research Center
Lehigh University

DOE-NETL Water Meeting
Pittsburgh, Pa
October 27, 2008
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BACKGROUND

« Concentrations and Dew Points
> Water vapor
6tol5vol%....... 95t0 130 F
> Sulfuric acid
Oto 40 PPM ........ 220t0 310 F
 Flue Gas Inlet Temperature....... 300 F
« Cooling Water Inlet Temp...... 50to 110 F






QUESTIONS

« How much flue gas moisture can be
recovered?

 Heat rate Impacts...How large?....Will
depend on how much sensible and
latent heat can be captured.



 Can we control the region over which
acid condenses?

e Acid corrosion...... What heat
exchanger designs and tubing
materials will be needed to avoid
serious acid corrosion problems?

 What will be impact on Hg emissions?



PROJECT OBJECTIVES

Explore technical issues involved in using
heat exchangers to condense H,0 from boiler
flue gas

Develop new designs for condensing heat
exchangers

Perform pilot scale tests and measure acid
and water condensation patterns

Determine maximum recoverable water from
flue gas

Determine potential heat rate benefits



HEAT EXCHANGER SYSTEM
DESIGN PHILOSOPRHY

> Cool flue gas and condense acids
and water In stages

> Condense sulfuric acid In
high temperature heat exchangers

> Condense water vapor and other
acids Iin low temperature heat
exchangers
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PILOT-SCALE TESTS

e Lehigh University Boiler
> #6 fuel oil and natural gas

> flue gas slip stream after
economizer

e Coal-Fired Power Plant
> high moisture coal
> flue gas slipstream after ESP
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AXIAL VARIATIONS OF FLUE GAS
TEMPERATURE

350

300

o HX4

80F-Mean: Test 0731 BL a, b, ¢

Fuel: Coal

Config.: Bare Tube

Dry Gas Flow Rate: 318.9 Ib/hr

Flue Gas Temp.: 321.0°F

Cooling Water Flow Rate: 772.6 Ib/hr

PA HX5

PA HX6

90F-Mean: Test 0805 T90 a, e

Fuel: Coal

Config.: Bare Tube

Dry Gas Flow Rate: 360.0 Ib/hr

Flue Gas Temp.: 292.2°F

Cooling Water Flow Rate: 736.2 Ib/hr

100F: Test 0806 T100

Fuel: Coal

Config.: Bare Tube

Dry Gas Flow Rate: 366.2 Ib/hr

Flue Gas Temp.: 312.4°F

Cooling Water Flow Rate: 751.8 Ib/hr

Cooling Water Temp.: 77.2°F Cooling Water Temp.: 90.0°F Cooling Water Temp.: 100.5°F
LT‘ 250 N |
o —— 80F-Mean
= —8—90F-Mean
S 2001 BN 1
() —A—100F
Q.
£
o
" 150
©
)
S
i 100
501
O T T T T T T
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Cumulative HX Area [ft"2]
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Cooling Water Temperature [°F]

AXIAL VARIATION OF COOLING WATER
TEMPERATURE

180 . . | HX5 . | |
m | | |
| | |
80F-Mean: Test 0731 BL a, b, c 90F-Mean: Test 0805 T90 a, e 100F: Test 0806 T100
Fuel: Coal Fuel: Coal Fuel: Coal
Config.: Bare Tube Config.: Bare Tube Config.: Bare Tube
160 A Dry Gas Flow Rate: 318.9 Ib/hr Dry Gas Flow Rate: 360.0 Ib/hr Dry Gas Flow Rate: 366.2 Ib/hr
Flue Gas Temp.: 321.0°F Flue Gas Temp.: 292.2°F Flue Gas Temp.: 312.4°F
Cooling Water Flow Rate: 772.6 Ib/hr Cooling Water Flow Rate: 736.2 Ib/hr Cooling Water Flow Rate: 751.8 Ib/hr
Cooling Water Temp.: 77.2°F Cooling Water Temp.: 90.0°F Cooling Water Temp.: 100.5°F
I I I
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ] B
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AXIAL VARIATIONS OF FLUE GAS MOISTURE
CONCENTRATION

Calculated Moisture Fraction [Vol. %, wet basis]

10

80F-Mean: Test 0731BL a, b, c

Fuel: Coal

Config.: Bare Tube

Dry Gas Flow Rate: 318.9 Ib/hr

Flue Gas Temp.: 321.0°F

Cooling Water Flow Rate: 772.6 Ib/hr
Cooling Water Temp.: 77.2°F

90F-Mean: Test 0805 T90 a, e

Fuel: Coal

Config.: Bare Tube

Dry Gas Flow Rate: 360.0 Ib/hr

Flue Gas Temp.: 292.2°F

Cooling Water Flow Rate: 736.2 Ib/hr
Cooling Water Temp.: 90.0°F

100F: Test 0806 T100

Fuel: Coal

Config.: Bare Tube

Dry Gas Flow Rate: 366.2 Ib/hr

Flue Gas Temp.: 312.4°F

Cooling Water Flow Rate: 751.8 Ib/hr
Cooling Water Temp.: 100.5°F

@

= —

—B—380F-Mean
—8—90F-Mean |
—/— 100F

10

20

40 50

Cumulative HX Area [ft"2]

60

18



MOISTURE CAPTURE EFFICIENCY VS INLET
COOLING WATER TEMPERATURE

90

Date: Jul. 31. - Aug. 06.

Fuel: Coal

Config.: Bare Tube

Dry Gas Flow Rate: 307-384 Ib/hr

Flue Gas Temp.: 263-323°F

Cooling Water Flow Rate: 574-1496 Ib/hr
Cooling Water Temp.: 76.8-100.5°F
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o
|

a1
o
|

Total Moisture Capture Efficiency [wt%]
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o

N
o

30

60 65 70 75 80 85 90 95 100 105 110
Inlet Cooling Water Temperature [°F]



COMPARISONS BETWEEN

PILOT- SCALE WATER CONDENSATION DATA

AND HEAT AND MASS TRANSFER MODEL
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90

80

Condensation Efficiency [wt%]
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EFFECT OF INLET COOLING WATER

TEMPERATURE

Date : Jul. 31. - Aug. 15.
Fuel : Coal
Config. : Bare Tube

B Measured
® Predicted

— Poly. (Measured)

_— Poly. (Predicted)

Dry Gas Flowrate : 307-392 Ib/hr |-
Flue Gas Temp. : 294-304 F
Cooling Water Flow rate : 756-891 Ib/hr
Cooling Water Temp. : 75.8-100.5 F Averaged Error for 12 Cases = 7.0 %
70 75 80 85 90 95 100

Inlet Cooling Water Temperature [°F]




Condensation Efficiency [wt%o]

EFFECT OF COOLING WATER FLOW RATE

90
80 A
o
70 - o .g
o
60 - ©
50 -
Date : Aug. 05. - Aug. 06.
Fuel : Coal
40 m Measured Config. : Bare Tube
) Dry Gas Flow rate : 361-384 Ib/hr
e Predicted Flue Gas Temp. : 253-307 F
—— Poly. (Measured Cooling Water Flow rate : 756-1449 Ib/hr
Averaged Error for 8 Cases =6.3 % Poly. (Predicted Cooling Water Temp. : 88.2-90.7 F
30 T T T T T T : T T T
600 700 800 900 1000 1100 1200 1300 1400 1500

Cooling Water Flowrate [lb/hr]

1600



COAL DATA
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Predicted Condensation Efficiency [wt%]

100
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80

70

60

50

40

30

20

10

NATURAL GAS DATA

. e Averaged Error of 9 tests : 2.4%

Test 0627-0629, 0220 - 0221
e e Fuel : Natural Gas
Config : Bare Tube
Wet Gas Flowrate : 256-592 Ib/hr
. S Inlet Water Mole Fraction : 11-14.9 Vol%, wet
e Flue Gas Inlet Temp : 222-346 °F
Cooling Water Flowrate : 491-1374 Ib/h

10 20 30 40 50 60 70 80 90
Measured Condensation Efficiency [wt%]

100
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WATER CAPTURE EFFICIENCY

 Results suggest that water capture
efficiencies greater than 70 percent will
be possible for some process
conditions.

e However, for other combinations of
process conditions, much lower water
capture efficiencies are to be expected.

26



Condensation Efficiency [wt%]

EFFECT OF LOW COOLANT
FLOW RATE ON CAPTURE

EFFICIENCY

100
90 -
80 -
70 -
Oo—O
9@ .b‘
60 -
50 ~
— Predicted
40 ® Measured
30 Variations of mcw / mfg Measured Predicted
Configuration Bare Tube Bare Tube
Fuel Coal Coal
20 A Flue Gas Flowrate [Ib/hr] 400 — 417 285 — 2000
Cooling Water Flowrate [Ib/hr] 1145 -1460 1000
10 - Inlet Flue Gas Temperature [°F] 278 - 307 300
Inlet Cooling Water Temperature [°F] 88.2 -90.9 90
Inlet Moisture Fraction [vol%wet] 12.3-145 14.5
O T T T T T T T
0 0.5 1 15 2 2.5 3 3.5

mcw / mfg




SULFURIC ACID
MEASUREMENTS

 Flue gas--Controlled Condensation
Method

« Condensed water-- Laboratory
analysis of acid concentrations
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OIL DATA...WATER VAPOR CONDENSATION
PATTERN

HX3 @ HX4 ® HX5 ® HX6 @

*************************************** 1January 16, 18,19, 2007 |

Average Flue Gas Moisture [Vol.% Wet Basis]

0 10 20 30 40 50 60 70 80
Cumulative HX Area [ft?]



OIL DATA...H2504 CONDENSATION PATTERN

Average H,SO, Concentration [ppm]

|January 16, 18, 19, 2007

20 +

0 10 20 30 40 50 60 70

Cumulative HX Area [ft]

80
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Sulfate Concentration in Flue Gas [ppm, wet]
'_\
o

COAL DATA...H2504 CONDENSATION
PATTERN

Concentration in Flue Gas Test0814BLa Test0815T100
Dry Flue Gas Flowrateé [Ib/hr] 385.3 369.5
Inlett H20 Fraction [Vol%, W et] 12.5 12.7
Coal Cooling W ater Flowrate [Ib/hr] 828.8 854.3
Inlet Cooling W ater Temperature [F] 75.8 100.3
Inlet Flue Gas Temperature [F] 314.1 306.9
—@— Test 0814BLa-CCM(COAL)

—A&— Test 0815T100-CCM(COAL)

(o)
!

0 T T T T T T T
0 10 20 30 40 50 60 70

Cumulative HX Area [ft?]
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Flue gas from coal and oil had:

 Similar inlet vapor H,SO,
concentrations

 Similar H,SO, concentrations In
condensed water

 Radically different flue gas H,SO,
profiles

e The reasons for these differences are
under investigation.

32



Hydrochloric and nitric acids

condense In same temperature
range as water vapor
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Nitrate Flowrate in Condensate [mg/hr]

NITRIC ACID

4 : : : :
Concentration in Condensates | | Test0731BLa | Test0731BLb | Test0731BLc | Test0813BL
Dry Flue Gas Flowrate [Ib/hr] | 307.5 1 329.9 319.4 374.8
Inlet H20 Fraction [Vol%, Wet] 13.6 | 13.3 13.3 13.4
354+ ~Coal |~ Cooling Water Flowrate [lothr] — | -~ 7737 | 7744 | 7697 | 7551 -
Inlet Cooling Water Temperature [F] 76.8 1 77.4 77_41 77.6
Inlet Flue Gas Temperature [F] | 319.4 323.5 320.2 320.7
S —m-— Test 0731BLa-CD(COAL)
—9— Test 0731BLb-CD(COAL)
. —A— Test 0731BLc-CD(COAL)

N
|

=
(63}
|

-
1

0.5 A

—@— Test 0813BL-CD(COAL)

130

Calculated Wall Temperature [°F]

70
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Chloride Flow Rate in Condensate [mg/hr]

80

HYDROCHLORIC ACID

70

60 -

50

Concentration in Condensates Test0116BL Test0302BL Test0302T90
Dry Flue Gas Flowrate [Ib/hr] 503.9 3735 342.8
. Inlet H20 Fraction [Vol%, Wet] 9.1 10.7 10.8
””””””””” ’#Oél ~ Cooling Water Flowrate [Ib/hr] | 637.6 | 6682’3’ | 3826
Inlet Cooling Water Temperature [F] 48.3 41.6 90.3
Inlet Flue Gas Temperature [F] 350.9 338.8 314.8

—0— Test 0116BL-CD(OIL)
—B- Test 0302BL-CD(OIL)
—A— Test 0302T90-CD(OIL)

160

80

Calculated Wall Temperature [°F]
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FLUE GAS MERCURY
MEASUREMENTS

Used sorbent traps at flue gas inlet

and at exit of condensing heat
exchanger system.

Vapor phase mercury was reduced
by 60 percent.
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ENHANCING WATER CAPTURE
EFFICIENCY AND UNIT HEAT RATE

Analyses performed to determine:
> Maximum recoverable flue gas water
vapor
> Maximum unit heat rate improvement
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SEPARATE HEAT EXCHANGERS
INTO THREE GROUPS

BOILER COMBUSTION
T FEEDWATER T AIR TO T AMBIENT
TO FWH BOILER AR cooe aas
TO STACK
5| GROUPI FLUE GA,S GROUPII |FLUEGAS| GRouP I
FLUE GAs| (FG-FWH) (FG-AHX1) > (FG-AHX2) >
FROM ESP cOLD
COLD BOILER COMBUSTION ANBIENT
FEEDWATER AIR ic

CONDENSATE CONDENSATE CONDENSATE
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Descriptions of HX Groups

Group Heat Sink Water Capture Heat Rate Decrease
Boiler Feedwater Yes Yes
[l Combustion Air Yes Yes

11 Ambient Air Yes NO
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Coal

'

BOILER

T Combustion Air

COMBINED ANALYSES OF

BOILER & TURBINE CYCLE

Flue Gas

Combustion Air

Flue GasT TCondensed H,O

FG-AHX1

i

Cold Feedwater Group li

APH

Flue Gas

-

FG-FWH
Group |

Air
—

Condensed H,O

l Heated

Feedwater

FORCED
DRAFT
FAN

Combustion Air
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Captured Sensible and Latent Heat Preheat
Cycle Feedwater

F Flue Gas

l

Steam

FIOM  Extraction
APH

E

l

231.4°F <

AN

FWH3

Cold Feedwater

N\

Flue Gas
FWH

lFIue Gas

87.1°F

H,O Condensate
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 Use captured sensible and latent
heat to preheat cycle feedwater

e CHX reduces need for steam
turbine extractions, increases MW
output, and improves heat rate

 Preheating combustion air
iImproves boiler efficiency
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GROUP | & I RESULTS

Flue gas water capture efficiency and
heat rate depend on coal moisture
content, inlet feedwater temperature,
HX effectiveness, and ambient air
temperature

Heat rate reduction:
2.6 to 3.8 % (winter)
1.8to 3.1 % (summer)
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GROUP | & Il RESULTS
(continued)

 \Water capture efficiency:
21 to 34 % (winter)
10 to 26 % (summer)
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COMBINED ANALYSIS OF
GROUPS |, I, & 1

Coal

'

BOILER

T Combustion Air

Flue Gas

Flue Gas

Ambient Air

FAN

A A

—>

FG-AHX2
Group Il

Condensed H,0

Exhaust to
Atmosphere

Flue GBST TCondensed H,0

Combustion Air

Cold Feedwater
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Flue Gas

pr—
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FG-AHX1

Air
€

FORCED
DRAFT
FAN

Flue Gas

Group |

l Heated

— I
Condensed H,0

Feedwater

Combustion Air
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TOTAL WATER CAPTURE
EFFICIENCY

Total Water Capture Efficiency

FG-AHX1, FG-AHX2 £=0.85

100.0%
90.0%
80.0% -}
-FWH e=0.
20.0% @ Summer FG-FWH e=0.85
o Summer FG-FWH e=1.00
B Winter FG-FWH e=0.85
60.0%
< Winter FG-FWH e=1.00
50.0%
40.0%
6.0% 8.0% 10.0% 12.0% 14.0% 16.0% 18.0%

Inlet Flue Gas Moisture Volume Fraction




INTERPRETATION OF RESULTS

 Flue gas water capture efficiency
Increases greatly with addition of
Group Il HX, and it is strong function of
coal moisture content and ambient air

temperature.
 \Water capture efficiency:
50to 72 % in summer (/77 F air)
81 to 88 % Iin winter (33 F air)
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TOTAL MOISTURE RECOVERY AS
PERCENT OF COOLING TOWER
MAKEUP WATER

Percent
Low Moisture Bituminous 6.41to 8.5

PRB 14.1 to 16.5

High Moisture Lignite 22.2t0 24.8
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POTENTIAL APPLICATIONS IN
CARBON CAPTURE SYSTEMS

 Reduce flue gas temperature, moisture
content and acid concentrations ahead
of amine or ammonia scrubbers

e Reduce moisture content of CO2/H20
mixture entering CO2 compressor
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WHAT'S NEXT?

Project DE-NT0005648

Recovery of Water from Boiler Flue Gas
Using Condensing Heat Exchangers

~unds also provided by Southern
Company and Lehigh University
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TASKS

* Develop techniques to enhance H,S50,
capture at high temperature end of CHX

« Perform additional field tests for H,O,
H,S0O,, HCI, HNO,; and mercury capture.

> Unit with high sulfur coal and FGD
> Unscrubbed unit firing PRB

e Determine corrosion resistance of
avallable corrosion resistant materials

> Laboratory corrosion tests
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WHAT’S NEXT (cont.)

e Scale up heat exchanger design for
commercial-size units

e Estimate capital costs

e Determine condensed water
treatment needs
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POTENTIAL BENEFITS

Water recovery

Heat rate improvement
Acid capture

Hg removal

Technology useful in CO, capture
systems

56



THANK YOUI!!

QUESTIONS?
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A Synergistic Combination of
Advanced Separation and Chemical Scale Inhibitor
Technologies for Efficient Use of Impaired Water
as Cooling Water in Coal-Based Power Plants

Jaspir S.Gill
Icoicompan S
. Pl Argonne
N and Seth Snyder NATIONAL LABORATORY
ANL

Nalco Company and Argonne National Laboratory
NETL Water and Power Plants Program 2008 Review Meeting
October 27, 2008, Pittsburgh, PA



e Introduction

e Technical Approaches
e Task Plan

e Progresses to Date

e Next Steps
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NALCO Nalco Company Overview

e Nalco Company is a leader in water
treatment with more than 70,000
customers worldwide

e Three business units
— Industrial and Institutional
— Paper
— Energy

e Nalco produces & supplies chemicals,
equipment and service for a wide range
of customers including power plants
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NALCO Project Overview Argonneé

NATIONAL LABORATORY

e Participants
— Nalco Company, LEAD

— Argonne National Laboratory, via CRADA (Nalco-Argonne
CRADA #C0600501)

e Duration

— 41 months (March 31, 2006 to August 30, 2009)

e Goal
— To minimize fresh water use by using impaired water for
cooling
e Technology needs
— Scale control technologies for impaired water in recirculating
cooling water systems at high cycles of concentrations
e Approach

— Synergistic combination of physical and chemical
technologies
e Separation processes to reduce the scaling potential
= Scale inhibitors to extend the safe operating range




e Phase 1: Technical Targets and Proof of
Concept (Years 1 & 2)

— Task 1: Identify Limiting Factors for High Cycles and
Quantify Technical Targets (Months 1-12)

— Task 2: Develop High Stress Calcite and Silica Scale
Control Chemistries (Months 1-18)

— Task 3: Develop Advanced Membrane Separation
Technologies and Processes (Months 2-18)
e Phase 2: Technology Development and
Integration (Years 2 and 3)

— Task 4: Develop Additional Novel Scale Control
Chemistries (Months 19-30)

— Task 5: Develop and Integrate Separation Processes
(Months 19-30)
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1}
) ALED Jask Plan (cont’d) Argonne;

e Phase Three: Technology Validation
(Years 3 and 4)

— Task 6: Pilot Technology Demonstration
(Months 30-41)

— Task 7: Prepare Final Report (Months 40-41)



"\l Open Re-circulating A
Cooling Water System A~gonne ..

Cycles of concentration

=1+ Q/(Qg+Qp+Q,)

Scaling potential exists,
If supersaturation ratio > 1

If Q, and Q, are negligible

Qs

Flow Rate (gpm)
Supersaturation Ratio

Evaporation, Q¢

=Y
(63}

3 Major Issues ; |
J I Drift, Qp 0 cycles 1©

e Corrosion

° Blof(_)ullng I<( v Recirculating Cooling | , | cakage o
- Scaling Water g9e. R
Cooling
Tower
Condenser — Blowdown, Q
Makeup Water Qr. ¢ bondenser ;
— ¥ () _/1
Qwm» Cm T
Q: Flow Rate Condensed Water Low Pressure Steam

C: Concentration to Boiler from Turbines




Inhibitors

Argonne;
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Chemistry
Phosphonates
PO,H,
~ 1™ oH
PO,H,
HEDP

Polymers
COOH
M
Polyacrylic Acid

Mechanisms
Threshold Inhibitors
— Delay the ordering process

Crystal Modifiers
— Form irregular crystals that are less adhering

Dispersants
— Keep crystals suspended in water

lons Crystals
©
© ~©
© ﬁ%
© ©
Clustering Ordering Growth

Stages of Crystallization



;ﬂxrgcmm—:-é

MNATIOMNAL LABRORATORY

lon-exchange membranes
Process l \\‘
Waste Process Waste

Waste Stream ) :
Waste Collection AHA  compartment CMX Collecttlont AHA Strezim . OMX Collecttlont Clean
Cgltlection compartment l l compartmen compalmen compartmen Drocess
ream
i IV, I stream

Process

Waste
stream 0 ' Collection
: . ne ce . - :
inlet <+ . 100-500 cell airs in commercial unit Stream inlet
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Synergy of Separations A
and Scale Inhibitors Argonne "7

Model Water: Agricultural Drainage Water in California (EPRI and CEC, 2003)

Model Water “as-is” With 50% removal

of Ca

New antiscalant

_> :
/ Current antiscalant

0 5 10 15
Number of Cycles

Calcium Sulfate SR




;ﬂ\rg::mm-":é

MNATIOMNAL LABRORATORY

e Reviewed Literature and existing Nalco
data on characteristics of impaired
waters.

— Produced water
— Municipal secondary effluent

e Additional target impaired waters were

Identified and samples collected for
analysis

e Calculated of scaling limitations of
Impaired.



oduced Water
cteristics
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Reference Tsai (1995) Nalco EPRI & CEC EPRI (2004)
(2003)
Location Site B Site C | Gillette, Central McGrath | Fairway,
WY Valley, CA , NM NM
Type CBM CBM Oil Well Mixed CBM
pH 7.6 7.2 8.1 7.9 7.1 8.0
TDS, mg/L 8,000 | 14,700 4,000 3,879 | 12,714 12,236
Na, mg/L 2,640 6,200 870 982 4,149 3,620
Ca, mg/L 18.9 22.1 44 40 143 31.0
Ba, mg/L 10.1 27.2 1.5 3.1 25.1
Fe, mg/L 3.87 3.16 0.6 41 4.87
Cl, mg/L 18.9 1,920 25 920 6,298 2,018
S04, mg/L 6.9 10.6 0] 110 544 4.3
HCO3, mg/L 1,976 | 11,700 2,684 1,100 765 6,381
SiO2, mg/L 15 120 18.5 21.4




Icipal Secondary A
haracteristics Argonne ™

Reference Nalco EPRI & CEC
(2003)
Location OCWD, DDSD, Naperville, | Bay Area,
CA CA IL CA
pH 7.8 8.0 7.9 7.0
TDS, mg/L 940 1190 555 869
Na, mg/L 230 248.3 88.0 76
Ca, mg/L 82.0 52.1 64.0 76
Fe, mg/L 0.55 0.19 0.08
Al, mg/L 0.4
Cl, mg/L 290.5 120 102
S04, mg/L 220.8 60 68
PO4, mg/L 2.5 0.6 2.0 6.0
HCO3, mg/L 305 171 1100
SiO2, mg/L 26.0 8.3 17




<IN\leey Scaling Limitations

AAAAAAAAAAAAAAAA

e Common cycle-limiting species
— Calcium carbonate

— Silica/silicate
e With co-presence of high silica

— Calcium sulfate
» Often due to sulfuric acid for pH control

— Calcium phosphate (municipal effluent)

— lron and aluminum

e Challenges vary for each impaired
water and power plant



Plioposed Technical 3\
Strategy Argonne

M4\ ALCO

Universal methodology to develop case-
specific solutions

e Recognize and address interdependence of
scaling/corrosion/biofouling

e Use model to select and control operating
conditions, such as pH and cycles of
concentration

e Address scale control and blowdown
management simultaneously

e Use combination of different technologies for
scale control, including scale inhibitors,
separation technologies and cooling tower
operations

— Need a well-equipped technology tool box



Progress Update Argonne‘)

MNATIOMNAL LABRORATORY

e Scale control chemistries for high stress calcite and
silica control

e Silica/silicate
— Laboratory screening of candidate chemistries completed
— Selected promising candidate
— Completed two field trials at Coal fired PP using the selected
molecule
e Calcite/Calcium sulfate control
— Candidate chemistries identified
— Laboratory screening completed
— Field trial completed at ZLD

Established the Limits of Chemical Treatment
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MvaLco SilicaScale 10D

e Silica is often the limiting factor in impaired waters

e |t is often encountered in both hot surfaces and cold
surfaces

e Silica scales are tenacious, insulating, and difficult to
remove.

e Silica deposition Is caused by:

— polymerization

— precipitation with multi-valent ions
— co-precipitation with other minerals
— biological activity

Silica deposition processes occur
simultaneously, and all must be controlled.



cium Carbonate Arge,rzﬂnz:%

Different polymorphs are formed depending on the
temperature, salinity and presence of multivalent
lons in the brine

o|_ess soluble at higher temperature and higher pH

Can be controlled by either acid or
scale inhibitor



boratory Study  argonpe =

Beaker Study

Silica SI0, PPM

Time (minutes) No Inhibitor 20PPM Inhibitor
0 300 300
10 230 300
20 180 300
30 160 290

45 150 280



boratory Study  agonne e
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Soluble Silica vs. Total Hardness (30ppm TX13813)
300
250
‘e 200 |
o
&
(9V
O
» 150 -
¢  Soluble Silica
A Total Silica
100
memmme POy . (Soluble Silica)
s Poly . (Total Silica)
50 T T T T i
0 200 400 600 800 1000
Total Hardness (ppm)




SSIEINPIASE 7 &3 Progress  agone
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Field Study

1. Coal Fired Western PP with
ZLD

2. South Western Power Plant
limited by Silica



5e Study 1 Argonne &
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e Coal Fired with Total of =500 Megawatts electric
output.

e There are multiple units each> 100MW generating
capacity.

e The cooling towers operate at 7-8 cycles and is a ZLD
facility with on site evaporative pond.

e The source of make up water (30-35 PPM as SIO,) is a
blend of River water and well water stored in Ponds.

eThe towers have PVC Splash fill.
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nical Treatment  agonnee

3DT195 40 PPM (Tag control)
3DT199 5PPM (slaved)
TX138813 (silica inhibitor) 20 PPM (Slaved)
Bleach 0.43 ppm FRH (ORP

control)
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Tower Chemistry Value Unit
pH 7.6 Unitless
Calcium 378 ppm as Ca
M Alkalinity 71 ppm as CaCO3
Conductivity 6,860 uS/cm
Aluminum 0.0 ppm Al
Ammonia 0.0 ppm NH3
Chloride 494 ppm ClI
Iron 0.0 ppm as Fe
Magnesium 182 ppm Mg
Manganese 0.0 ppm Mn
Silica 224 ppm SiO2
Sulfate 2,544 ppm SO4
Turbidity 35 NTU
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CT4 Mineral Concentration Cycles
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nditions(BD)

Argonne;

(Conductivity from 6200 to 18590 US/Cm)

Mineral Cycles
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xchanger After the Upset




‘mance of LL99B0.  »

. Argonne
jum carbonate Control) B0 G

Comparison of Inhibition at 300X Calcite Supersaturation, pH
9.0, Temperature 55 °C

Inhibitor Active Dose PPM | % Inhibition
AMP 25 41
HMDTMP 25 55
PBTCA 25 57
HEDP-AMP-AA/AMPS Copolymer 23.4 60
LL99BO 25 100
PMA 25 56
AEC 25 62




Mixed calcium carbonate and calcium sulfate
Inhibition with LL99BO0, pH 7.5 250 °C; SO4

1500 PPM
Inhibitor Dose PPM % Inhibition at various Calcium PPM
50 100 500 1000

PAA 5 100 100 60 0
10 100 100 60 0

PMA 5 100 80 70 0)
10 100 80 60 0

LL99BO & 5 100 100 100 72
Polymer 10 100 100 100 89




>400 MW Net Coal Fired Power Generation station

Water Recirculating Rate varied between 100,000-
200,000 GPM

Make up water source Is river water

Automated Blow down based on conductivity and
Calcium level at a rate of 280-312 GPM (average)

HTI ~ 168 hours; 11-12 cycles of concentration
High Efficiency Fill



lon/parameter

pH

Conductivity (uS/Cm)
Calcium

Magnesium
Alkalinity

Chloride

PPM
7.6-8.0
6300-6500
1600-1700
1000-1200
70-90
375-425

lon/parameter
Sulfate

Sodium

Silica

Total Phosphate
O-Phosphate
Turbidity (ntu)

PPM
3600-4200
650-725
65-110
8.1-8.9
5.1-5.7
2.1-2.3




e Feasibility of membrane separation technologies
— Electrodialysis and electrodeionization (Argonne lead)

e Task started when CRADA with Argonne was
sighed

e Key technical issues
— Selectivity
— Energy consumption
— Flux
— Scale control



ind 5.3 Membrane Separation \
logy Feasibility Evaluation Argonne *=
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Evaluation electrodialysis (ED) membrane separation to
remove hardness from impaired water

e Screen ion-exchange membrane

« Evaluate energy cost for processing stream

Evaluation of Resin Wafer ElectroDeionlzation (RW-

EDI) membrane separation to remove alkalinity and in-

situ pH control for impaired water

e Screen and optimize resin wafer

« Optimize EDI stack configuration for pH-control and
maximum alkalinity removal

Integration evaluation of EDI and heat-exchanger system



Compositions of Simulated _
Waters Argammi}

Feed Compositions

Water # 1A 1B 2A 2B 3A 3B
High Hardness High Hardness Produced Water | Produced Water | Produced Water | Produced Water
Water simulated Water Water (Gilette, WY) (Gilette, WY) (Fairway, NM) (Fairway, NM)
Side Stream at 10
cycles with 50% Side Stream at Side Stream at | Molecular
Make-up Removal of Calcium Make-up 10 cycles and pH Make-up 10 cycles and pH] Weight,
and Magnesium at 8.0 8.0 g/mole
Stream simulated pH 7.5
Application # 1 1 2 2 2 2
Analyses
Calcium, mg/L as Ca 70.0 350.0 0.0 0.0 0.0 0.0 40
Magnesium, mg/L as Mg 19.0 95.0 0.0 0.0 0.0 0.0 24.3
Sodium, mg/L as Na 275.0 2750.0 1045.0 1345.0 3800.0 15500.0 23.0
Chloride, mg/L as ClI 390.0 3045.0 50.0 500.0 2000.0 20000.0 355
Sulfate, mg/L as SO4 192.0 2739.0 0.0 0.0 0.0 0.0 96
Bicarbonate, mg/L as HCO3 121.5 121.7 2655.0 2662.9 6405.3 6395.2 61
Carbonate, mg/L as CO3 0.3 0.5 22.5 24.2 82.9 168.4 60
Carbon dioxide, mg/L as CO2 4.7 3.6 30.5 29.8 61.5 44,7 44
Total dissolved solids, mg/L 1079.0 9099.0 3785.1 4505.1 12285.1 42065.1
pH 7.5 7.5 8.0 8.0 8.0 8.0
Temperature (0C) 25.0 25.0 25.0 25.0 25.0 25.0
Applications

#1: Preferential removal of calcium over sodium using ED
#2: Removal of alkalinity without acid using WSED or EDI

Cations (mN) 17.02 144.88 45.43 58.48 165.22 673.91
Anions (mN) 16.99 144.85 45.68 58.55 164.11 673.83
NacCl equivalent (mg/l) 995 8475 2665 3423 9633 39422



5 of Feasibility Evaluation

ess Removal from 10X blowdown and
makeup water——""""""""

M4\ ALCO

Hardness is preferentially removed compared to mono-valent ions

Process Range Salt Removal Power consumption

Salt content (inlet - effluent) (%) (kWh/100 gal water)
9000 ppm to <10 ppm > 99% 3.0
1000 ppm to < 15 ppm >98% 0.45

nnnnnnnnnnnnnnnnnn



Its of Feasibility Evaluation
Kalinity Removal & pH Adjust

Power effluent
Process Range Salt Removal consumption pH
(kwWh/100 gal
Salt content (inlet - effluent) (%) water)
4000 ppm to <40 ppm > 99% 3-5 55-7.0.
500 ppm to < 40 ppm >94% 1-2 5.5-7.0

nnnnnnnnnnnnnn




ment of Pre- and Post-Treatment of

ater Reused for Heat-Exchanger

Impaired Water

galiday

100,000

Blow-down water

Make-up water

Process Concentration (inlet - effluent)] 5000 - 500 ppm 500 - 50 ppm
Power consumption wkh/100gal 5.00 1.00
Effluent pH 6.0-7.0 5.5-6.5
Estimated Capital cost $ 150,000 | $ 500,000
Electricity KW 300 60

Argonn e"\




REUSE OF INTERNAL OR EXTERNAL
WASTEWATERS IN THE COOLING SYSTEMS OF
COAL-BASED THERMOELECTRIC POWER PLANTS
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October 27, 2008
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PROJECT GOAL

« Assess potential of three different
Impaired waters for use in recirculating
cooling water systems

— secondary-treated municipal
wastewater

— passively-treated coal mine drainage
— ash pond effluent



NONTRADITIONAL SOURCES OF COOLING
WATER: TREATED MUNICIPAL WASTEWATER

* 11.4 trilion gallons of municipal
wastewater collected and treated annually
in U.S.

* EXxperience with use of treated municipal
water for power plant cooling in arid west;
e.g., Burbank, Las Vegas, Phoenix

 Significant additional treatment beyond
secondary treatment (e.g., clarification,
filtration, N and P removal)



NONTRADITIONAL SOURCES OF COOLING
WATER: PASSIVELY-TREATED AMD

 Significant flows of abandoned mine drainage
(AMD) in coal mining regions

 NETL has confirmed magnitude and reliability
of AMD as source of cooling water

« Adequate treatment (to raise pH, remove
dissolved solids and metals) prior to use Is
largest concern

« Passive treatment systems offer potential for
Inexpensive source of cooling water



NONTRADITIONAL SOURCES OF COOLING
WATER: ASH POND EFFLUENT

« Water-ash slurry systems used

commonly to remove bottom ash and fly
ash

» Slurry is directed to ponds where
settling of ash particles occurs

» Slurry water is often discharged

* Potential to reuse the slurry water in the
slurry system and as cooling system
makeup water



PROBLEMS WITH USE OF
IMPAIRED WATERS

* Precipitation and scaling
* Accelerated corrosion
* Biomass growth



Review of Regulations Relevant to
Reuse of Impaired Waters

= The basis of reusing water.

= Cooling tower blowdown
discharge.

= Air emissions when using
Impaired waters.

= Transporting wastewater
across boundaries (interstate
or intrastate).

Franklin Township Municipal Sanity Authority,
Murrysville, PA.



Basis for Water Reuse

* None of the current regulations
directly prohibit the use of reclaimed
water as power plant cooling water.

In the “Guidelines of U.S. Water
Reuse” (2004), USEPA suggested
the treatment requirements and
standards for reclaimed water
reutilized as cooling water In
thermoelectric systems.




Cooling Tower Blowdown

Discharge

* Clean Water Act (CWA) 8402, EPA establishes the
National Pollutant Discharge Elimination System
(NPDES), which requires that all point source discharges
of pollutants to surface waters must be authorized by
NPDES discharge permits. Limits in NPDES permits can
be technology-based or water quality based.

e

—

Depending on technologies
adapted in cooling tower design,
the concentrations of available
chlorine, chromium, and zinc are
likely to be confining factors.




Control of Air Emissions

« Aerosols are the major concern
for cooling tower emissions

 In National Ambient Air Quality
Standards (NAAQS) and Regional
Haze Regulations,” (EPA, 2005),
cooling towers are categorized as
potential point sources of
pollutants emission with volatile
organic compounds, PM10,
PM2.5, and NH,

 Possible issues with emissions of
concentrated metal and chemicals =

11



Transporting Wastewater
Across Boundaries

* One potential approach that may alleviate
severe water shortages in drought areas, such
as Arizona, Texas, and Florida, Is to transfer
natural or treated water from other regions
where it may be available in larger quantities

* Most transfer events
between states were
evaluated on a case-by- [ L=

. ot 2 TN PR e
case basis and records Fesa | o
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SUMMARY — Task 1

» EXxisting regulations do not prohibit the
use of Impaired waters for cooling
purposes. Regular monitoring and
evaluation Is required to meet the
discharge and air emission regulations.

« Cases of interbasin transfer showed that
most transfer events were evaluated on
a case-by-case basis without explicit
prohibition.



Feasibility Analysis of Using
Wastewater in Cooling Towers

Assess availability of impaired waters (quantity and
proximity) to meet cooling needs of coal-based
thermoelectric power plants:

Build a scenario of water supply: Construct a map of
publicly owned treatment plants on GIS.

Build a scenario of water demand: Develop an equation to
estimate the water demand for a proposed power plant.

Spatial analysis: Use the GIS map to evaluate the potential
wastewater flowrate within a specific range of each
proposed power plant.

Compare available wastewater flowrate and estimated
water needed for proposed power plants.

14



Inventory of Available Wastewater

A GIS-based tool is developed to assess the availability of
secondary effluent from publicly owned treatment works in
the continental U.S. Digital geographic map containing
17864 publicly owned treatment works in the lower 48 states
IS developed as potential water supply.

POTW Flowrate, MGD
0 -10
> 10 -50
© &0 -100
0 226 450 900 1,350 1,800 © 100 - 200

O N — e a
Copyright by Shib-Hsiang, 2007 ® 200 -1200




Inventory of Water Needs

 The 110 proposed power plants are from EIA annual
report 2007.

« U.S.is divided into 8 major NERC regions (shown in
color) and 13 minor regions.




Estimation of Water Needs

( Project a list of proposed | )

Build an equation to estimate

power plants as water

Y

the cooling water need based [—

demander layer on the . .
on generating capacity

\_ same GIS map Y, \_ Y,

« A total of 110 power plants proposed in 2007 was used
to assess water demand.

« Water needed for power generation is 1.2 gallon per
KWh.

« The equation for estimating cooling water need:

Water needed =
Capacity (kW)*1.2 (gal/lkwWh)* 24 (hr)*0.75 (Load factor)



Supply vs. Demand

_ Total Daily Cooling Total Daily _Percentage of

Region Water Need. MGD Wastewater Flow Available Waste_water

’ rate, MGD needed for cooling, %
ECAR 27.5 4873 0.56
ERCOT 15.0 1993 0.76
FRCC 42.9 1374 3.12
MAIN 1.6 3318 0.05
MAPP 25.7 1167 2.20
NPCC/NY 0.1 1112 0.01
SERC 28.2 3915 0.72
SPP 17.5 2077 0.84
WECC/CA 22.5 3636 0.62
WECC/NWCC 44.9 1910 2.35
WECC/RM 9.3 1061 0.88

18




How many POTWSs are needed to satisfy the
cooling water demand?

Proposed power plants
that have sufficient

Average number of
POTWs withina 10

POTW:s needed to
satisfy cooling water

Region W;Sitix\l?:trisvf\gtthr:; rlO mile radius of a needs within a 10 mile
cooling water needs, % proposed power plant radius

ECAR 86 2.9 1.1
ERCOT 63 3.0 1.2
FRCC 83 4.6 1.4
MAIN 75 7.0 1.0
MAPP 91 3.1 1.0
NPCC/NY 100 4.0 1.0
SERC 95 2.1 1.0
SPP 17 2.0 2.0
WECC/CA 100 4.9 1.0
WECC/NWCC 76 2.8 1.0
WECC/RM 33 2.0 1.0




How many POTWSs are needed to satisfy the
cooling water demand?
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Summary — Task 2

s POTWs located within 10 and 25 mile
radius from the proposed power plants can
satisfy 81% and 97% of power plant cooling
water needs, respectively.

= On average, one fairly large POTW can
completely satisfy the cooling water
demand for each of these power plants.



OVERVIEW

 Materials and methods
— Lab-scale studies
— Pilot-scale studies



Bench-scale Water Recirculating System:
Scaling Kinetics




Bench-scale Water Recirculating System:
Corrosion Studies

Flow meter

Potentiostat

=1

| § |
Electrode, i

o/

. Recirculating flow !

T

Electrode holder

Pump

X

Valve

7\
( P )
_

Synthetic
wastewater

_—_
Hot plate




Design of T-section for Electrochemical Study

Applied small Measure induced
Voltage (AE). B Current (Al)
Y-
Reference Potentiostat
electrode (SC )\\

Flow directi




Pilot Scale Cooling Tower System

Design

Design Criteria

Flowrate

Water
Temperature

Cooling
capacity
Airflow rate

Cycle of
Concentration

Blowdown
Control

3GPM
105°F

10°F

150 CFM
4 COC

Conductivity
of water

<] solenoid Valve

Q’ Flow Meter

[E=2] Totalizer
Manual Valve

E Drift Eliminator @105"!:

Variable Frequency
drive fan capable of
1000 CFM airflow

Q=3GPM

(O

A

Make Up Water

60 ° Full cone
spray Nozzle

Main 2 Side Stream
Packing Stream | B (Monitoring
= coupons)

1] Conductivity
Meter

Copper Coil

7500 KW
Immersion
== Heater

Blowdown Discharge






Pilot Scale Cooling Tower System




Pilot Scale Cooling Tower System
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Experimental Matrix for Scaling Study with
Secondary Wastewater

Source Water Concentration of antiscalant (mg/L)
Exp. # Actual  Synthetic CoC Chlorine addition * PMA PBTC TKPP
a N 1 - - - -
b v 4 - - - -
C v 4 - - 10 10
d \ 4 1ppm chloramines - 10 10
e \ 1 - - - -
f v 4 - - - -
g \ 4 - - 5 5
h v 4 - - 10 10
i v 4 1ppm chlorine # - 10 10
j v 4 1ppm chloramines - 10 10
k \ 4 1ppm chloramines 10 5 -
I \ 4 1ppm chloramines 20 10 -
m N 4 w/0 ammonia - 10 10
n v 4 w/o phosphate - 10 10




Scaling behavior of secondary wastewater:
actual vs. synthetic

Deposits (mg)

Deposits (mg)

3 CoC 1 (a)
1 ——CoC 4 (b)
2
1 -
O ’M‘;

0 2 4 6 8 10
Water recirculating day

——CoC 1 (e)
——CoC 4 ()

0 1 2 3 4
Water recirculating day

Deposits (mg)

Deposits (mg)

0

—e—Blank (b)
—=-PBTC-TKPP 10ppm each (c)
——(c)+1ppm choramines (d)

2 4 6 8 10

Water recirculating day

—e—Blank (f)
—=-PBTC-TKPP 5ppm each (g)
—=-PBTC-TKPP 10ppm each (h)

1 2 3 4
Water recirculating day




Actual waters concentrated by evaporation are not

suitable for scaling studies because a significant

amount of dissolved solids precipitates during the
evaporation process

800 4 Theoretic
o Model predicted
600 4 ° Measured

400

TDS (mg/L)

200 <




Deposits (mg)

Impact of disinfection by chlorine and chloramines
on scaling control effectiveness

—e—Blank (f)

—PBTC-TKPP 10ppm each (h)
——PBTC-TKPP 1ppm chlorine (i)
——PBTC-TKPP 1ppm chloramines (j)

—e—Blank (f)
——PMA-PBTC 10/5 ppm 1ppm chloramines (k)

Water recirculating day

——PMA-PBTC 20/10ppm 1ppm chloramines (l)

Deposits (mg)

PMA (mg/L)

0 1 2 3 4 5 6 7
Water recirculating day




Relative Corrosivity
(normalized to COC4)

Ol

Ammonia Is
corrosive
especially in the
absence of PO4

Ammonia is
corrosive in the
bsence of TTA



TKPP is
protective to mild

steel and
. aluminum:
eljative
inhibitivity TTA is protective
normalized to
é e iz to copper




Influence of Key Parameters on Corrosion

Mild steel Aluminum Copper Copper-nickel
Ammonia -Very -Very -Very -Very aggressive
(100 ppm) aggressive (esp. | aggressive aggressive (esp. | (esp. w/o PO,)
w/o PO,) -Negligible w/ | w/o PO,) -Negligible w/ TTA
-Negligible w/ TKPP (10ppm) | -Negligible w/ (2-4ppm)
TKPP (10ppm) TTA (2-4ppm)
Free CI2 Aggressive NC Very aggressive | Very aggressive
(1ppm)
Monochlorami | Aggressive Aggressive Not aggressive | Some aggressive
ne (1ppm) in the presence | in the presence of
of TTA (2-4ppm) | TTA (2-4ppm)
Phosphate Some protective | Aggressive NC NC
(20ppm)
TKPP Very protective | Very protective | NC NC
(10ppm) (esp. w/o PO, (esp. w/o PO,
because of co- | because of co-
precipitation) precipitation)
TTA NC NC Very protective | Protective only w/
(2-4ppm) even w/ NH4 NH,




Biofouling potential of Secondary Treated Municipal
Wastewater in Bench-Scale Experiments

@ FTWW 1 COC, no inhibitor and no biocide

mL)
o
-
8

« Heterotrophic bacteria count

in both COC1 and COC4
exceeded the target criteria T
of 104 CFU / ml (CTI, 2006) - '

* As the cycles of
concentration increase,
wastewater may be more
susceptible to biofouling,
due to increase In organic
loading and nutrients

Time (days)

Planktonic HPC

@ FTWW 1 COC, no inhibitors, no biocide
B FTWWACOC, no inhibitors, no biocide
O FTWW 4 COC, with inhibitors, no biocide

Time (days)

Sessile HPC




Comparison of Chlorine Dose Requirements for
Free Chlorine and Chloramine

« The decay rate of
monochloramine is much

slower than that of free

o

- —&— Monochloramine
C O rl n e " < 35 Free chlorine

w

(ppm as Cl 2)
N
(4, w

* Chlorine dose required to
maintain certain
monochloramine level may
be much lower than for
maintaining free chlorine.

Residual chlorine
-

2
24

Time (h)

Monochloramine and free chlorine

o decomposition at 4 COC and pH 8
e Chloramination may reduce

chlorine requirements and
be more cost-effective.



Bench-Scale Experiments for Biofouling
Control by Chloramination

6 12 o
+ In FTWW 4 COC, the TN
planktonic HPC was 1.2 x 23 \\l " tost
105 CFU / mL before adding | i’ \ [oes
chloramine. 0+ —o
0 2 4 6 8 10 12 14 16 18 20 22 24 26
[+ HPC - Monoshioramine > Total Chiorine ]

Effects of monochloramine on planktonic heterotrophic bacteria

’ For bOth d Osage 1 O . 5 - 1 maintaining total chlorine between 0.5-1 ppm as CI2 at initial 100 ppm
ppm aS Cl and 1 2 ppm a.S NH5-N in FTWW 4 COC in bench-scale circulating system
2 -

Cl, monochloramine seems [ — ———
very effective and can keep 9 .

plantonic HPC under M& 58 N\ )
detection limit for 10 hours. N WW\N\% \ -

Time (h)

Effects of monochloramine on planktonic heterotrophic bacteria
maintaining total chlorine between 1-2 ppm as CI2 in FTWW 4 COC in
bench scale circulating system
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Cooling water scaling when using secondary treated
MWW at Franklin Township

30
)5 8 9 || ——Tower C (PMA-PBTC 20/10ppm)
3 20 1 ——Tower B (blank)
- 1 Disc number
2 15 | —e—Tower A (PMA-PBTC 10/5ppm)
3 10123456
s )
2 1
5 /// \\ volatile
0 organics
0 5 10 15 20 25 35.9%
Immersion time (day) '
Bunburnable mass  Oburned mass
_ 100% T
5 250 I minerals
o
e 56.8% bound
o 50% 4 water
= i 7.3%
= 25% o
nd I
0%

7 8 9
Coupon disc number



SEM-EDS examination of solids collected from
coupon discs

Coupon disc for
synthetic
wastewater

Coupon disc for
actual wastewater




Bio-growth in the deposited solids of disc coupons

Cn

LH ] Im im (E1] LR Tl

-,

ot NE %
\(:’aA(:c.V Spot Magn
#5500 KV 40 2000x
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Exp

Det WD
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Settled solids at the
bottom of recirculating
water basin

Algal cells found inside
the in-line flowmeter

" . A -
. wAcc N SpotMagn  Det WD Exp
= BI00KY A0 2000x S
. - g

I . EDS on spot A | ) EDS on spot B

Nitzschia palea



Corrosion Criteria for
commonly used alloys

Source: Puckorius, (2003) Cooling Water System
Corrosion Guidelines. Process Cooling & Equipment.

Unacceptable
Poor

5 MPY
- Fair \ 0.5 MPY
3 MPY Good \ 0.3 MPY

-

S~ 0.2 MPY

1 MPY
Excellent 0.1 MPY

Mild steel piping

“




14 1

O mild steel (21 day avg)

TKPP10_TTA TTAL MCA1-2 TKPP10_TTA TTA2 MCA2-3
2_MCA1-2 2_MCA1-2

il .
_ 27 || mmild steel (16-21 day avg)
> / )
= °T || Oaluminum (21 day avg)
2 gl
©
c
S
n
o
3
O
TKPP10 _TTA TTA1_MCAl1l-2 TKPP10 TTA TTA2 MCA2-3 MCA2-3
2_MCA1-2 2_MCA1-2
0127 || Ocopper (21 day avg)
o.1-/ B copper-nickel (21 day avg)
5
S 0.081
2
©
= 0.06-
2
3
= 0.04-
]
®)
0.02 1

MCA2-3




Ammonia Concentration in Pilot-Scale Cooling
Towers

« All towers were dosed with
sodium hypochlorite
solution at rates intended to
achieve 0.5-1.0 ppm as CI2
monochloramine in the
circulating water.

« The monochloramine was
formed in situ through
reaction with the ammonia
present in the wastewater.

« Average ammonia
concentration in the raw
makeup water was 18.4+6.8
ppm NH;-N but all towers
have relatively low ammonia
concentration.

—~-CTA 0-CTB -4~ CTC -= Makeup water

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Time (d)

Ammonia concentration in makeup water and
in three cooling towers in pilot scale tests at
Franklin Township Municipal Sanitary
Authority, Murrysville, PA, July-August, 2008




Results of Pilot-Scale Experiments for
Biofouling Control by Chloramination

(pp

° Once the total Chlorlne and (A) 525W+cmmmmmme+cmmonocmoramme+cmp|ankmnichqi;
monochloramine were NIAa 1o F

above 1 ppm as Cl,, HPC
were reduced below the R 2B

0 2 4 6 8 10 12 14 16 18 20 22 24 26

r 3
T2
r 1

0

Residual chlorine

o
o

log of planktonic HPC (CFU / mL)

target criteria of 10* CFU /

mI (CTI’ 2006) (B) gg;‘i \*CTBtotaIchlorine+CTBmonochIoramine~A—CTBpIanktonicHP(i;
T m 1 ﬁf I

HNe Ll

« It appears that when total

o 2 4 6 8 10 12 14 16 18 20 22 24 26
Time (d)
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log of planktonic HPC (CFU / mL)
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SUMMARY: Scaling (1)

Water pre-concentrated by evaporation is not
representative of higher COCs.

Several scale inhibitors were effective in the absence
of disinfectants.

Addition of chlorine impaired the effectiveness of the
antiscalants.

Phosphate, either present in the makeup water or
added as corrosion inhibitor, worsened scaling.

Ammonia helped mitigate scaling.



SUMMARY: Scaling (3)

Biomass significantly contributed to scaling; therefore,
control of biogrowth in both the makeup tank and the
recirculating system is required.

Addition of phosphate-containing chemicals should be
avoided or minimized.

Less aggressive disinfectants, such as chloramines,
worked better with scale control chemicals.

The beneficial effect of ammonia observed in bench-
scale studies could not be relied on as the ammonia
was effectively stripped out in the pilot-scaling cooling
towers.



SUMMARY: Corrosion (1)

« Methodology of instantaneous corrosion
rate (ICR) Is established.

* In terms of corrosion, feasibility of using
Impaired waters in cooling systems can
be evaluated through ICR measurement

* From lab experiment, key parameters to
corrosion have been identified:
— Protective: phosphate, TKPP, TTA

— Aggressive: ammonia, free Cl2 and
monochloramine

— Aggressivity of ammonia overcome by
TKPP and TTA



SUMMARY: Corrosion (2)

TKPP failed to reduce corrosion since it
co-precipitated with PO,

MCA 2-3 was more corrosive than MCA
1-2 to all alloys, especially to copper.

All alloys were covered by deposition,
and thus were protected. The deposition
also made TTA less effective.

In general, except for aluminum (pitting
in all situations), corrosion rate of alloys
were within acceptable range



SUMMARY: Biofouling (1)

* Increase In cycles of concentration can
Increase the susceptibility of biofouling
for secondary treated municipal
wastewater

* Bench-scale recirculating system results
show that chloramination can be an
effective oxidizing biocide option for
secondary treated municipal
wastewater.



SUMMARY: Biofouling (2)

» Relatively high organic load in secondary
treated municipal wastewater makes
biofouling control a challenging task

 Ammonia stripping can significantly affect
biocidal efficacy of monochloramine formed
by adding chlorine directly into the
wastewater

« Continuous supply of biocide may be
required to control biogrowth in cooling
tower using secondary treated municipal
wastewater as makeup



USE OF TREATED MUNICIPAL WASTEWATER AS

POWER PLANT COOLING SYSTEM MAKEUP WATER:
TERTIARY TREATMENT VS. EXPANDED CHEMICAL REGIMEN
FOR RECIRCULATING WATER QUALITY MANAGEMENT

David Dzombak
Carnegie Mellon University

Radisav Vidic
University of Pittsburgh

October 27, 2008
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PROJECT GOAL

« Evaluate benefits and costs of
Implementing tertiary treatment for
secondary-treated municipal wastewater
prior to use in cooling systems vs.
expanded chemical management of
cooling water chemistry




BACKGROUND

* Treated municipal wastewater Is a
common, abundant and widespread
source of impaired water

« ~80% of US power plants have sufficient
cooling water supply from 1-2 POTWSs
within 10 miles

e ~97% from 1-2 POTWs within 25 miles



PROBLEMS WITH USE OF
IMPAIRED WATERS

* Precipitation and scaling
* Accelerated corrosion
* Biomass growth



SPECIFIC OBJECTIVES

Determine benefits and costs of
different levels of additional treatment

Determine different chemical treatment
regimens required for waters with
different levels of tertiary treatment

Perform comparative life-cycle analyses

Determine critical economic, technical
and social factors



RESEARCH TASKS

Task 1: Project management

Task 2: Establish relationships with power
plants that use treated ww as cooling makeup

Task 3: Conduct initial lab studies
ask 4. Conduct long-term field tests

ask 5: Perform comparative life-cycle cost
analyses and overall cost-benefit analysis




PROJECT SCHEDULE

Budget Period 1 : Budget Period 2 : Budget Period 3 : Budget Period 4
MonthafterStarf 1 2 3|4 5 6 7 8 9 10 11 12113 14 15{16 17 18 19 20 21 22 23 24125 26 27|28 29 30 31 32 33 34 35 36'37 38 39[40 41 42 43 44 45
Calendar Year| 2008 2009 2010 201 002
CalendarMonty O N D{J FMAM I JAS'ONDIJFMAMIJASOND{JFMAMIJASOND[JFMAM]
Phase Task Descripton | i |
R
| Reporting ! ! |
Establih reatonships with plans tht : : |
Use wastewater for cooling ——— ! ! !
Conduct nifial studies in aboratory ' ' :
” I — _ |
Conduct long-term (up to 3 month) . | —
field tests with the test waters. ! ! ,
i | g Ceomeaters s O
overall cost-benefit analysis ) ) |
Miestone ID | 2 3 4 5 b 1 § 9 10l 12 3 115
Decision Poins | | B
| | |
Quarterly Progress Reports X X X Xi X X X Xi X X X X X X X
Topical Reports Xi Xi Xi
Final Technical Report : : : X




SUMMARY

Collaborative project. Carnegie Mellon and
University of Pittsburgh

Goal: evaluate benefits and costs of tertiary
treatment for municipal wastewater prior to
use Iin cooling systems vs. expanded cooling
water chemical management

Methods: Lab tests, field tests, economic
analyses

45-month schedule



Development and Demonstration of a
Modeling Framework for Assessing the
Efficacy of Using Mine Pool Water for
Thermoelectric Generation

Prepared for: USDOE
National Energy Technology Laboratory
Water and Power Plants Review Meeting
October 27, 2008

Bruce Leavitt
Paul Ziemkiewicz
WV Water Research Institute Project WRI-232

RAS - - : . o :
V¥ West VirginiaUniversity West Virginia Water Research Institute



Objective

* Develop and demonstrate a computer
based design aid around the Beech
Hollow Power Plant that can be used by
developers in evaluating the hydrologic,
chemical, engineering, environmental
benefits and costs of using mine pool
water as an alternative to traditional supply

WestVirginiaUniversity West Virginia Water Research Institute



Task 1.1 — Identify Mine Water

Sources

 WVU mine discharge mapping was
combined with location data obtained from
Operation Scar Lift reports, and field
reconnaissance to locate discharges
within five miles of the proposed power.

 Both above drainage and below drainage
mines were identified.

 Two wells were drilled to intercept below
drainage mines.

WestVirginiaUniversity West Virginia Water Research Institute



Mine
Discharge
Locations

Near

Beech
Hollow

" WestViginiaUniversity West Virginia Water Research Institute



Task 1.2 — Quantify Water
Volume and Water Quality

e JB-1, Primrose, Hopper, and a discharge on the
North Branch of Robinson Run were equipped
with H-Flumes and pressure transducers. Data
were also obtained from a pressure transducer
operated by PADEP.

* Monthly water quality was measured from all
primary sites.

e A pressure transducer was installed in both
wells.

WestVirginiaUniversity West Virginia Water Research Institute



JB-1 with H-Flume

wv-WestVIIgimaUmversigf West Virginia Water Research Institute



JB-1 Discharge

I Rain 2007 -2008
3000 3
2500 2.5
2000 I 2
1500 1.5
1000 | 1
500 - I | | 0.5
I o TTR AL ML R TR
29-Sep 29-Nov 29-Jan 30-Mar 30-May 30-Jul

wv-West\/!rgiJﬁleniversigf West Virginia Water Research Institute



Task 1.3 — GIS Mapping

e 1:1,200 scale mine maps were obtained from
the Hillman Library and the PADEP map
repositories.

 These maps were composited and geo-
referenced in Arc Map format. The extent of
underground mining and any identified surface
mining was digitized.

 Water level data from wells and mine discharges
were used to identify the extent of mine flooding.

WestVirginiaUniversity West Virginia Water Research Institute



Montour #9
Mine Map

1 inch =
100 ft.

WestVirginiaUniversity

West Virginia Water Research Institute



Task 1.4 - Mine Discharge
Selection

* Precipitation data were combined with mine
discharge data and stream recharge records to
generate a mine recharge equation that allows
the estimation of the water availability from
under historic rainfall conditions.

WestVirginiaUniversity West Virginia Water Research Institute



Task 1.4 - Mine Discharge
Selection continued

e AENEERE | QISEE I\Iélleoa\l/\r/] Per%:gr:tile Per?:gr:tile
IB-1 3,060 941.3 649.2 495.8 834.6
Primrose 887 210 230.5 176.0 296.3
Mogéour 675 111.4 196.4 148.4 250.3
McDonald 1,678 est. 495.7 498.5 380.6 640.8
Mogiour 2,085 N/A 442.4 337.8 568.8
Bulger 1,009 N/A 237.5 179.4 302.7
Total 9,394 1,758 2,254 1,718 2,893

WestVireiniaUniversi West Vireinia Water Research Institute
o



Task 1.5 — Collection and

Treatment System design

 \Working with the Beech Hollow design
team a collection system will be designed
to pipe the mine water to the power plant.

 Based on power plant requirements, a
treatment system will be designed using
Initial hydrated lime treatment.

* Anticipated capital and operating costs will
be generated.

WestVirginiaUniversity West Virginia Water Research Institute



Task 1.5 — Collection and

Treatment System design continued

* Due to the number and location of mines
supplying water to the Beach Hollow
facility a transfer system was designed
using mine to mine transfers to reduce the
amount of overland piping.

 The mine water treatment plant is based
on hydrated lime, with the potential to add
soda ash softening if desired .

WestVireiniaUniversity West Vireinia Water Research Institute
g Y g
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Task 2.1 - General Information
Module

 Module will query the user for:
— Site information.
— Owner information.
— Anticipated construction date.

— If the mine water will provide: makeup water or both
makeup water and heat rejection.

« User will specify the inflation rate.

» Design program will consist of a Microsoft Excel
spreadsheet with Visual Basic for Applications
(VBA) modules.

WestVirginiaUniversity West Virginia Water Research Institute



Task 2.2 - Water Source Module

 Module will query for:
— Mine discharge flow rate.
— Water quality.

— Distance from the source to the treatment
plant.

— Elevation of mine water.

— Elevation of mine water pump.

— Elevation of treatment plant.

— Maximum elevation of the pipeline.

WestVirginiaUniversity West Virginia Water Research Institute



Task 2.2 - Water Source Module

 Module will recommend:
— Three different pipeline diameters.
— Estimated installed cost for each option.

 Module will calculate:
— Low flow discharge rate for above drainage mines.
— Sustainable yield for below drainage mines.

 Module will accept multiple water source inputs.

WestVirginiaUniversity West Virginia Water Research Institute



Task 2.3 - Water Treatment
Module

« User will have the option of forcing the module to
minimize mine water temperature.

 Module will size the treatment plant equipment
based upon:
— Water treatment volume.
— Raw water chemistry.

 Module's calculations will assume that:
— Hydrated lime will be the neutralization regent.
— Either air or hydrogen peroxide will be oxidant.

WestVirginiaUniversity West Virginia Water Research Institute



Task 2.4 - Cost Module

 The use of mine water can result in cooler
summer makeup water temperatures. This will
result in an increase in power plant output
compared to surface water sources.

 |f the user elects to use mine makeup water, the

module will calculate overall operational cost
savings.

— The method described by Thomas Hamilton,
2000, using heat rate curves, has been
Incorporated into the module.

WestVirginiaUniversity West Virginia Water Research Institute



Effect of Cold
Water
Temperature
on Turbine-
Generator
Output.

After Hamilton
2000

WestVirginiaUniversity

West Virginia Water Research Institute



Task 2.5 - Module Integration

 VBA modules will be integrated into a
design aid.

e Calculations and the user interface of the
design aid will be extensively tested.

* Design aid will incorporate a user's manual
that will explain the application of design
ald and basic cost data employed.

WestVirginiaUniversity West Virginia Water Research Institute



Design Aid Requirements

* Using the design Aid will require:
— 90 MHz Pentium Computer.
— Microsoft Windows 2000 or XP.
— 48 MB RAM.
— Microsoft Office 2000.
 Design aid and user’s manual will be

available via the WV Water Research
WWW site.

WestVirginiaUniversity West Virginia Water Research Institute
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% Energy-Economic Modeling:

Conceptual Layout of the Project

CO, System Power Plant System

Geological System

Can a power plant sequester Carbon Dioxide in a geological saline formation,
while also utilizing treated water for cooling or other uses?
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Progress of the Modeling Efforts

« Completed Phase I:

TI me“ne — Developed a Test Case Model
+ Formation Assessment, CO, and Water
2008 + San Juan Power Plant

» Desalination (Reverse Osmosis)
— Initial results indicate there may be several hundred years worth of CO, storage
capacity in saline formations
— Potential to displace and produce these waters, with treatment, could supplement

the additional water requirements
(parasitic loads due to CCS and producing and treating the water)

Summer
- Ongoing:

— Additional Geosystems Analysis
* Detailed TOUGH 2 modeling of the Morrison Formation
Fa” + Additional Potential Formation / Locations
— Collaborative Paper Presentation at the USAEE / IAEE conference
(New Orleans, 12/08).

 Where we are going:
— Studying the expansion to additional aquifers

2009 + — Looking to develop a portfolio of power plant systems (e.g., supercritical coal)
models for comparison
— Final Product
* Framework for Analysis -- coupled sequestration and water treatment
system assessment for new candidate sites




The Model

Building the Assessment Framework

CO.

(2)

(3)
jaline Aquifer >

Briefly describe steps.

(1)

(2)
3)

(4)
(5)

CO, power plant
emissions

CCS Potential

Saline Aquifer CO,
sequestration potential

Pump Saline Aquifer for
use at the power plant

Desalinate water for use
at the power plant

Note: Carbon Capture and Sequestration (CCS)



ot

* Costs
— $/kWh
— Carbon Capture and Sequestration
— Treated Water Costs

Key Metrics of Interest

 Water
— Volumes associated with Formations, flow rates
— Length of time water may last

« Carbon Dioxide
— Volumes of CO, potentially sequestered, flow rates
— Length of time geological sink may last

— Financial ($/kWh), Energy (parasitic energy for systems) and
Water (additional water for additional/parasitic systems)
costs




# Developing the

Test Case Model Assessment Framework

* Developing a Test Case to build the Framework

— Looking to scale up the assessment to the Regional &
National scale

- Power Plant: San Juan Generating Station
— 1,848MW Subcritical, Coal, Steam power plant

— Annual Water Consumption: 22,400 acre-ft/year
(7.3 billion gallons/yr) with the cooling towers
representing 90% of consumption

— Annual CO, Emissions: 14.5 million ton/yr

 Saline Formation: Morrison Formation
— 3,000+ million metric tonnes CO, sequestration capacity
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Formation CO, REACT ‘box model’ studies

« Several Aquifers were studied in these formations:
— Mesa Verde / Point Lookout
— Dakota
— Hermosa / Paradox
— Morrison

* Insights:

— Morrison may have the more favorable geochemical/geospatial
conditions for CCS & water treatment and use

— Morrison has a broad regional occurrence
— Assess Formation’s long term ability to retain sequestered CO,



v,

e San Juan Power Plant and

S,

Morrison Formation

Source: Biedigjer,:_zot)_s

‘ San Juan Power Plant ‘

Morrison
Formation
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S,

Salinity Profile for the Morrison Formation

- Has been recognized for it’s CO,

sequestration potential

 Meets some of the assessment’s

criteria by having a low salinity
throughout

0 30 60 Kilometers
= |

(Source: Hovorka et al., 2000, Sequestration of Greenhouse

Gases in Brine Formations; Texas Bureau of Economic Geology)

(Proposed EPA, UCI Water Rule on TDS)

« TDS (g/kg) for NATCARB-listed
Morrison wells in the:San Juan Basin

LR 000l ol

Utah;l Colorade.

b 5y

Arizona New Mexico

n X a0 S0 60 MILES

0 W 3
| : . |

o 10 0 30 &0 50 &0 KILOMETERS 3448 b
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ock-Water-CO, Interactions in the Morrison

* CO, injection will lower formation water pH initially to ~3.5
* But, reactions w/formation minerals will bring the pH back to ~4.9 in less
than a century.

e Changes in brine chemistry relevant to desalinization are elevated
levels of iron and silica.

* Unlikely the CO,-charged fluids will mobilize deeply buried uranium
e Deposits (just one log in 21examined exhibited a significant ‘hit”)
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odeling CO, Injection in San Juan Basin:
Developing the Earth Model

Hydrostratigraphy Earth Model

Table 2. Absolute permeabilities used for Morrison "layer-cake" TOUGH2 model SJGS dlrectly above
Hydro-stratigraphic Unit Conductivity (ft/s) Permeability (m2)5
Horizontal Vertical Horizontal Vertical

Lower Mancos Confining Unit ~ 1.00E-08 1.00E-12 7.46E-16 7.46E-20

Dakota Aquifer 4.40E-06 3.90E-10 3.28E-13 2.91E-17

Brushy Basin Confining Unit 1.00E-07 9.50E-11 7.46E-15 7.09E-18

Morrison Aquifer 5.44E-06 3.90E-10 406E-13 291E-17
Wanaka Confining Unit 1.00E-07 4 R0E-10 7.46E-15 3.13E-17
Notes:

'Frenzel, 1983

®Thomas, 1989

SKernodle, 1996

“Estimated for similar rock type

Sassumes temperature of 30°C and brine density of 1100 kg/m®

Morrison Aquifer (~ 200 m saturated
thickness) is injection target
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ﬁodeling CO, Injection in San Juan Basin:

S,

Calculating Manageable CO, Injection Rates

—mbe—Injection interval

| CO,Gas

m_ Saturation
P TOUGH2
——_ ﬂ!— [ T 1 11 N T O T [ T T T T (I?ruessf1ggg)
(MSL, Meters) o - 16 yrs —c——— simulations of
0N T 111 T T Tt T T Tt 7T 111 iniecti
) (B I l l /ll'op of Morri;on Aclyuifer X CO2 nj ec?lon
- 30 yrs e — into Morrison
- EREEEREEEEREREEEREEREERE o Fm.

T 200 4073500 4079000 A076300 407000 4075300 4031000 AT 40840 i

Northing (UTM, NAD27, meters)

00008

* Injection rate of
2,500 metric tons/day
can be achieved
without near-wellbore
damage

Injection-induced pore pressure (in blue
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Modeling CO, Injection in San Juan Basin:
Calculating Storage Capacity (Morrison, ~3,300 million metric tonnes)

-

002 Mass Storage TOUGH2 simulations constrain the
amount of storage capacity in Morrison
Mornson:Aquifer Fm and the CO, plume migration distance

3 6EHI7 { —&— Total Injected

J0DEH)Y | —m— Gas Phase
e 2E5EHIT
3
™ 20EH7

Plume Migration, fxn of injection rate

—k— Agueous
Phaze

= 156407 10
£ 1.0E+7 £
5 0E+0R <
0.0E+00 : ; . 9
i 10 20 0 40 €
Years of Injection > ~—4—.032kg/s
a —B-0.32 kg/s
S ——0.63 kg/s
; o ® 3.17kgls
Wanakah Formation 5 A 158500
—a— Total Injected 2 B 31.7 kg/s
3EEH07 s
3 0E407 —8— (Gas Phase qE;
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Carbon Sequestration:
Water Consumption & Water Withdrawal

Water Consumption
(BGD)

Water Withdrawal

c—rr::m.nmg:-;qm:nc

e Carbon Capture and Sequestration 1 water consumption

« However, Water Consumption is small relative to Water Withdrawal
 Point: Experts Point out overall water withdrawal may only change
slightly

Source: DOE/NETL-400/2008/1339, Figures ES-5 & ES-6.
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} Deep Saline Formations:

Potential Limited CO, Sequestration Volume

S,

2l /i

\ ! fi s
;T Ve {‘-‘{ J ('-,JJ : _,l:fi o ‘f
| ; - r'ﬂ' bf g - ¢ : I j J ;

- ~ ~
o, W
5. L) A

If aquifers are used:

* CO, injection wells
likely to be restricted
to those sites with y
TDS
> 10,000 Illg/L Salinlity
I <5.000 mgiL gl
47

I 5.000-10,000 mg/L |f 1

[ 10,000 - 35,000 mg/L e, :3

I > 35,000 mg/L .}:-\;—,' Bt N
e

W
Source: Davidson et al. 2008 (Batelle)
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Water Treatment Options
Order of Magnitude Technology Cost Options

Option A Option B Option C Option D
. , BWRO-
gzﬁ; g‘:sje s’;’ﬁ:;:‘f; 2"’,‘3""79”’ & BWRO-no conc BWRO-evap injection  HERO +
concentrate disposal (e.g. ponds) disposal ponds well BC retrofit
7 $/1000 gal $/1000 gal $/1000 gal  $/1000 gal
Annualized Total Capital $ 290 $ 5.04 $ 324 § 2.59
Annual O&M $ 231 § 235 § 232 $§ 273
Electrical $ 042 $ 042 $ 042
Membrane Replacement $ 0.00 $ 0.00 $ 0.00
Other $ 054 $ 054 $ 0.54
Total Cost (O&M+cap) $ 521 $ 7.39 $ 5.56
Cost of Desalination only - includes (B)\?\J?Fci)g-ﬁo conc (B)\F/)\tl::c{)g-zvap (B)\F/)\}Egc (H)IF—Z)tI-l?(;+[)BC
ZZIS}; ;g:;ﬁ) 'Ze(:.?;_&ngign’:; no GW disposal ponds injection well retrofit
pumping) $/1000 gal $/1000 gal $/1000 gal  $/1000 gal
Annualized Total Capital $ 1.59 §$ 1.59 $ 159 §$ 1.28
Annual O&M $ 1.34 § 1.34 § 134 $ 1.43
Electrical $ 042 $ 042 §$ 042 $ 0.86
Membrane Replacement $ 0.08 $ 0.08 $ 008 $ -
Other $ 059 $ 0.62 $ 059 §$ 0.64
Total Cost (O&M+cap) $ 2.93 $ 2.93 $ 2.93 [

Note: Brine Water Reverse Osmosis (BWRO); High Efficiency Reverse Osmosis + Brine Concentrator (HERO+BC);
Ground Water (GW); Operations and Maintenance (O&M). Source: Bureau of Rec. Handbook.
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valuating Combined Carbon Sequestration
and Power Plant Cooling Water Needs:
Using the Integrated Systems Framewo

rFopn At = L

Water, Energy and Carbon Sequestration
(WECS) Model

Peter H. Kobos, Malynda Cappelle, Jim Krumhansl, Tom Dewers
Dave Borns, Pat Brady and Michael Hightower
SANDIA NATIONAL LABORATORIES

Homalea b o mabbgegang Jdoraary speratel by Sanlia Corporstion. s Leckhee d Martin Compagy. B the
Tuates| States Departusent of Buergy mder © omlrac) TE-ACO8 0L ALISN00

Phase II, vers, 10/20/ 2008

Click Here to Confinue




Working Interface:
Using the Interactive Systems Model to Evaluate Scenarios

BN T R T S o L - T=
Power Plant CCS Assumptions CO2 Sink Displaced Water MNanonal
Laboratomes
‘Saline Aquifers for Combined Thermoelectric Power Plant Water Needs and Carbon Sequestration at a Regional-Scale
' 1."; | Input Variable | -~
Power Plant Emissions (CO2) 14,512,417 ton/yr
% CO2 Sequesterad 50 %
_Farmation Depth ! 57411t
£ |10 ~5 % 1 _ Formation Size ssmmt | >Parameters
E Power Plant Water Demand 5.90 cubic ftfs
bl L L B s 0k | 5971612 550 palony:
- ~100 % T | : .T'?:.SfJ'n';fgf* )
- | High-Leval Results |
*— - CO2 Sink Longevity | 508 yr N
[ Potential Displaced Water | 792,984,148 gallon/yr
0 - 2.20 MGD
Base Cost Base Cost +CCS+WT % of Annual Plant Demand Mat 12 %
Years Worth of H20 in Fermation | 63 yr >. RCSUltS
| Base Cost | Elactricity Cost 4.50 cents/EWh
Carbon Capture and Sequestration (CCS) ' _Water Treatment Costs | $6.11 per thousand gallons
Water Treatment (WT) “Electricity Cost, CO2 Seq & H2O Treament | 9.02 cants/kWh v
COZ per year (D) ®oH20 San Juan MGD Base Cost of
Recovery Electricity
tondyr G MG G
20,000,000 % {} i cents/kWh G
10,000,000 100 F 201
oL ﬂﬁij [ D-’-i]
[ 14,512,417 ton/yr | 50% | [ LSicubleemjamm | (8| [ 0% | | 17.8ameD 4.50 cents/kWh |
|
3 0 10 LT -




(1) Carbon Capture and Sequestration (CCS),

B

20%+|Energy Penaltz“T costs ~100%J 1H,O demands

(2) CCS, 50%
capture and
sequestration,
~7 mmt/yr

(3) Morrison Formation,
3,000+ mmt, 100s yrs. worth of
CO, sequestration capacity

CO,

<Z Saline Aquifer >

H.O Treatment

&

(2)

B

(5) Produced
Water
Treatment,
1 costs ~5%,
meet
potentially a
portion of
Power Plant’s
annual H,O
demand

(4) <1 - 4 Million Gallons per Day for
~50-100s yrs., Assuming 30%
recoverable produced water potential



}' Assumptions with the Framework:

Caveals

« Can we sequester CO, at these flow rates?

« Can we produce water at these flow rates for what period
of time?

* Will there be sufficient communication between the CO,
and the H,O in the formation without complications?

* Others...
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Evaluating Saline Aquifers for Combined
Carbon Sequestration and Power Plant

Cooling Water Needs:
Phase | Efforts and Phase Il Goals

Thank You

Acknowledgements: This work is developing under the funding and
support of the National Energy Technology Laboratory.

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United States Department of Energy under Contract DE-AC04-94AL85000.
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Spiritwood Industrial Park

————————————————————————————————
« $350+ million project

« Located in Jamestown, North Dakota
100-million-gallon ethanol plant

» Cargill malting facility expansion

Spirtwood Station (Great River Energy)

— 99MW coal-fired electricity
— 200,000 Ib/hr steam



Bismarck Tribune

June 16, 2008

* Headline: Ethanol plant on hold near
Jamestown

— "The State Water Commission says the
aquifer in the Spiritwood area does not have
enough capacity to provide water for the
ethanol plant and for the Cargill malting plant,
which has expanded.”



Mankato Power Plant

« 365-MW natural gas-fired combined-cycle plant
located in Mankato, Minnesota.

« Calpine Corporation 12-MGD wastewater
reclamation facility:

— 25% used as cooling-tower makeup

— 75% discharged directly to the Minnesota
River

* Project conserves drinking water resources and
Improves discharge water quality. _
S)EERC



Intrpduction

. Adequate suppltes of quality water are
~ critical to the eXIstlng and future power
generatlon needs of the natlon ' |

~« Thermoelectric power generatlon faces =
_ significant societal, political, technical, and_?“.__-_.;_f
legal chail___-_.;:' es ln add ressmg waier . =




Justification
————————————————————————————————————
* A decision support system (DSS) would be
a useful tool for power generation utilities
to rapidly assess critical water issues,
including the availability of adequate
supplies of suitable water for new
generation or the assessment of

supplemental supplies at existing power
plants.



DSS Project Objectives

* Initiate the development of a regional
Web-based DSS to provide power utilities
with an interactive assessment tool to
address water supply issues when
planning new, or modifying existing,
generation facilities.

=) EERC

— Enuesgy &+ Fwpvrommncatad Reseseoh Combor



&) EERC

@ Northern Great Plains Water Consortium

About NGPWC | Partner Contacts | EERC Contacts | Site Map

ﬁ
 ——— Energy-Water

Sustainability

Water Law

Water Resource Featured Tool

DSS - Desision Support System This area will be used to highlight a tool on the DSS site. The Demand for Water
Water is the most critical limiting

Treatment Technology Desription
resource throughout the world.
Sustainable economic growth
regjuires a reliable supply of water
for energy, agriculture, and a
growing population. Water is
necessary for urban development,
power production, growing and
processing high-value crops, oil and
gas development and processing,
and industrial manufacturing.
Satisfying all of these competing
needs requires a better

i . understanding of water




DSS Region Selection

‘
* Minnesota, North Dakota, South Dakota:
— Politically diverse region

— U.S. Environmental Protection Agency (EPA) Region
5 (MN), EPA Region 8 (ND, SD)

— Eastern vs. western water law doctrine
— Watershed districts vs. county water boards
* The EERC has a history of dealing with local-

and state-level jurisdictions in Minnesota and
North Dakota on numerous water projects.



Water Resource DSS
Components

* Geographic information system (GIS)-
based

— Surface waters (U.S. Geological Survey
[USGS])

— Groundwater (states)

Select Tool Task

Search Attributes

Map Contents

— Nontraditional resources (USGS, states, ?) | - muswerseouee

# [Jcurrent station Data

— Water quantity (USGS, StateS) + [JHistorical Discharge Them
3 + DHistcrlcalD:stha'ge Stats
— Water quallty (EPA STORET) # [JWwTP Permits Thematic (
£ []wwTe Permits
 Text-based oy
— Water treatment/minimization issues B i
- Water quality ey
— Legal Issues o
# [Vusa
4 w
< >




Current Data Distribution

Water Resource Web Application " =~ = 2 R e

OO0 ¥% 0 _ . 5K ESRI | ESRI Support Center | Help
i Tasks b

Select Tool Task
Search Attributes

| Results

f?lép Cﬁ;llents

i Nav_igatiol_'l
D;;rvieu-

| F——

| Grid Results




Real-Time Water Flow

Water Resource Web Application ¢ ﬂ;__

0O ¥R O _ K
e

Select Tool Task
Search Attributes

| Results

| Map Contents

MNavigation

Overview

| Export to Excel

E Grid Results

%4 Local intranet

+ 0% v




Live Link to USGS Gaging
Station Data

Water Resource Web Application J 4 3-,.-

OO ¥YH O . _ K ESRI | ESRI Support Center | Help

i Tasks

Select Tool Task
Search Attributes

| Results

| Map Contents

Nawvigation
Overview

Export to Excel

Current Station Data
select all ,Unselect all, Zoom to all

STAID STANAME =18 URL
g pf/ Jusgs.gov nwis/ uw?
| a 5 O 06469400 :LPESTEH CREEK NR PINGREE, . I[';tﬁ‘lqlﬁg;zgterdata usgs.gowv/ nwis f uw?
[ Gl 4 0 06470000 .:‘T;IES RIVER AT JAMESTOWN, http: / / waterdata.usgs.gov f nwis /uv?

'“ S

% Local ntranet 0% T




Live Link to USGS Gaging
Station Data

28 USGS Home

¢ Contact USGS
Search USGS

National Water Information System: Web Interface

Data Category:

USGS Water Resources Rezik§mie

News: Recent changes

USGS 06469400 PIPESTEM CREEK NR PINGREE, ND
PROVISIONAL DATA SUBJECT TO REVISION

Available data for this site Time-senes: Real-ime data v

This station is operated in cooperation with the

Armv Corps of Engineers
Omaha District

« Hood-tracking chart
« Historical daily values
+ Current stage-discharge rating

Awvailahle Paramatarc Outont format nNavs b2
Pone Q Internet L 100% ~ I




Historical Stream Flow Data

§

[+ -] ESRI | ESRI Support Center | Help

: Tasks

Select Tool Task
Search Attributes

-
| Results v D
| Grid Results w 2>
| Map Contents a 3

+ []Historical Discharge Stats 50th percentile
= [¥]Historical Discharge Stats 75th percentile
#0618 cfs

®619 - 2800
$2s01 - 8325

326 - 15000

15001 - 36500
listorical Discharge Stats W
£ >




The Hunt for Informative Aquifer
Data

* Although there is

an understanding
of the distribution of
aquifer-bearing 1
material, there is BT Ny
much less known % Vo
with regard to the e NP e G
yield potential. N
_ _ NEERYS

Distribution of Glacial Aquifer
Material in the Tristate Area



Aquifer Yield Data

Water Resource Web Application ©

il k -
—alras AL

ESRI | ESRI Support Center | Help

Select Tool Task
Search Attributes

Results

Grid Results

Map Contents

Nawvigation

Overview

Export to Excel




Distribution of Wastewater

Treatment Discharge Points

ik

Water Resource Web Application

[+ I - 'o (i T ESRI | ESRI Support Center | Help

| Tasks

Select Tool Task

Search Attributes

e — A A
Results L

Grid Results b
Map Contents —

= [“]water_Resource 'y &
# [JCurrent Station Cata
# [JHistorical Cischarge Them
# [JHistorical Discharge Stats
# [JwwTP Permits Thematic {
+ [v] wWwTP Permits A

# [ waternay

# [ JND Surface Aquifers
# [Jwaterbody i ~
# [JMN aquifer Yield Thematic &

# MmN aquifer Yield

+ Tr|-5tate Map
# [V]usa




Thematic Map of Wastewater

Discharge Data

Water Resource Web Application ¢

| Grid Results

Map Contents

EELRasuurce
:ij Current Station Data
ﬂﬂlstcncal Discharge Thematics
%[]Hlstcrical Discharge Stats
Tu‘."u*"T’-—’ Permits Thematic (Million Gz
*1-4
@5-10

11-19

20 - 48

49 - 251

[CIwwTe Permits

i:[ Waterway

j] ND Surface Aquifers

ﬂ Waterbody

- MN Aquifer Yield Thematc

MN Aquifer Yield

=1

o= 5 0 S0 Mles




Selection of Wastewater
Treatment Plants

Water Resource Web Application R

cOwhRoO._ =B

Tasks

ESRI | ESRI Support Center | Help

Select Tool Task
S

earch Attributes

Results
Grid Results
Map Contenlts

Nawvigation o

Owerview

Export to Excel

Select Tool Task & X

Select from Layer: WWTP Permmits Thematic (Million Gallons)

. @ = % 9




Results Window Showing WWTP
Information

Water Resource Web Application __l‘?‘

OO0 ¥R o._ &
!‘TBSHS_ } 7 —

Select Tool Task

Search Attributes

| Results

Map Contents

| Nawigation
— :
i Overview

| Export 1o Excel

WWTP Permits Thematic (Million Gallons)

o~
Select all ,Unselect all, Zoom to all
: ___Name Permit Mo | County |
Ty Wausau Paper Printing & Crow "
Ok O |writing LLC 4 MN0001422), -0 Brainerd MN 2007 | o
American Crystal Su =
@M O P gar 5 MNO001929|Polk Crookston MN [2007
o American Crystal Sugar - E East Grand
@[] O [Emes ol 10 MN0001937|Polk S MN |2007
£ American Crystal Sugar -
@19 O Fras 10 MNO001945|Clay Moorhead MN 2007
@ my O Martin Marietta Materials 2 MNO0OD4031|Stearns |Waite Park MN (2007
(|7 O |petroit Lakes wwTP 3 MN0020192|Becker  |Detroit Lakes [MN (2007 |
L M |
&>
o ° @ i %
Select Tool Task & (X @ *
Select from Layer: WWTP Permits Thematic (Million Gallons) °
o - e @
" I = BT 9
S S5 a 50 Miles
I




Nontraditional Water

* Produced water
from oil and gas
production

* Distributed
resource
— Unreliable
— Low quantity

* Deep saline
waters

1| Produced Water Total
1| Million Gallons

i ] 001-013

[ ]o13-o046

| ] 0.46-1.21

B 121281

5| Il 251 -680

\
R D
1 ;

| !

S s




* Total dissolved solids (TDS)

Water Quality Issues

Silica
lron
Ca/Mg

Chemical oxygen demand (COD)

Fecal contamination



Water Quality

* Currently integrating locations from EPA’s
STORET database

S)EERC



U.S. Water Law

* Annotated links to the
following:

— Eastern vs. Western
Water Law

— Indian Reserved Water
Rights

— South Dakota Water
Law

— North Dakota Water
Law

— Minnesota Water Law




U.S. Water Law

Western — prior appropriation doctrine — “first in
time —first in right.” First to put water to
beneficial use has senior water right.

Eastern — riparian rights doctrine — reasonable use

- by owners of land physically touching water
body.

Indian Reservations — water rights reserved when
land reserved for reservation. Tribal water rights
usually senior to other claimants.



Project Status
e ———

* Recent acquisition of software package to
augment functionality of interface.

* Compilation of GIS-based information nearly
complete.

— STORET data to be attached next

* Text-based information being integrated into
Web layout and tables.

* Test version available for DOE and industry
review before December 15. -
S)EERC



DSS Phase 2

\

* Expanded region

* Also include produced water where
sufficient quantities exist

* Expand information on deeper (saline)
aquifers

S)EERC






Northern Great Plains Water
Consortium (NGPWC)

NETL Water Projects Meeting

Pittsburgh, Pennsylvania

October 28, 2008
é? RRWC - Northern Great Plains Water Consortium ﬁ;‘_!#



Background

« Water is the most critical limiting resource
throughout the world.

 Sustainable water supplies are needed for:
— Energy production.
— Growing and processing high-value crops.
— Industrial manufacturing.
— Expanding populations.



NGPWC

 The EERC is developing a partnership
between the U.S. Department of Energy
and key stakeholders, representing
electrical power generation utilities, oil and
gas companies, industry, municipalities,
and other interested entities to address
critical issues that impact the water
resources of the northern Great Plains

region. =) EERC



="

] T T 1

-".

sy




NGPWC Membership

* Membership requires an annual fee for
participation.

* Members provide input for the
development of project activities.



NGPWC Goals and Objectives

* The overall goal of this program is to
assess, develop, and demonstrate
technologies and methodologies that
minimize water use and reduce impacted
water discharges from a range of energy
technologies, including coal combustion,
coal gasification, coalbed methane, and oil
and natural gas production.



NGPWC Fact Sheet
T

Northern Great Plains EERC

“Water Consortium (NGPWC)

Water Use Fact Sheet

The Demand for Water

W
[ —

v = Ly

Thinking Outside the Box to
Address Water lssues

o i choag the Lo

24 faalittoey

DRAFT

i’l;rﬁng Re_gloml 'H:er Usein Perq:u:tiur

L 43 Qo028 L8188 B3

T gubeg oot = 74305 galions
1 gallon = 1785 ey
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Tirescal dadly use for & S0000-person madwegmern ity 9 238 X7 3PS
Duily pumping voluee for @ comte-pvot arigator for
130-acret Pa section) 108 24 n 1805
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U.S. Water Withdrawals
e e ———

2%

;Domestic, U;xgstodc, and
Mining

O Public Supp!

5% o

O Aquaculture
W Industrid
B Thermodectric Power

W Irrigation

(USGS Circular 1268, 2004) é-@ EERC



Regional Water Withdrawal
Comparison

%1%

b
I
O Domestic, Lweslock and lulmmg
O Public Supply "i _
O Aquaculture el
B Industrial
B Thermoelectric Power
M| Irrigation

i S
s
k|

]

=)EERC
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North Dakota Water Withdrawals

1%

12% %

B Domestic, Livestock, and
Mining

O F ublic Supply

OAquaculture

B Industrial

[l Thermoelectric Power

M Irrigation

7%

(USGS Circular 1268, 2004)



Annual History of North Dakota —

35

R R

B e e e e S B S S i e e B mn

A= S e e e S s S

Coal Mined

Million Short Tons

L e

1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

ND State statistics publicly available at www.oilgas.nd. gov/stats/statisticsvw.asp.




Withdrawal Rate Comparison
T ——

10000

9000 _ o= :
8 8000 O Dome§t|‘c, Livestock,
2 and Mining
Q e @ Public Supply
§ 6000
g 5000 - B Industrial
m
5 4000 |
E 0 @ Thermoelectric
§ 3000 Power
8 2000 m Irigation
]
= 1000 ] :
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Withdrawal vs. Consumption

Once-Through | Closed-Loop
State (MGD) (MGD)
Montana 84 .4 25.6
Wyoming 179 64.6
North Dakota |887 14.5
South Dakota |0 5.24
Nebraska 2390 424
Minnesota 1330 939
lowa 2510 27.6
Wisconsin 6090 3.99




Bakken Formation

‘
* Estimated 3.0 t0 4.3

billion barrels of

technically

recoverable oil.

* Largest "continuous"
oil accumulation ever
assessed by the U.S.
Geological Survey.

* Located mainly in
North Dakota and e o

Montana. -;:_—.Q EERC



Bakken Frac Water
e

* Frac water is freshwater that is used to
pressurize and fracture oil-bearing formations to
increase permeability and enhance the flow and
recovery of oil.

* As much as 1.0 million gallons of water per well
to fracture the Bakken Formation.

* Transported to well site in 7500 to 8000-gallon
tanker trucks.

* Transportation costs for long haul distances can

be excessive.
e ]




Frac Water Recycling

\
* Recovery/treatment/reuse of frac flowback

waters may be an extremely attractive
economic alternative.

* The EERC, along with the North Dakota
Petroleum Council and its members, have
initiated a project to investigate the
economic potential to recover, treat, and
reuse frac flowback water.



Bakken Water Opportunities

“
* Task 1 — Inventory freshwater needs and
geographlcal distribution

* Task 2 — Assess flowback water characteristics
 Task 3 — Evaluate current water costs

* lask 4 — Assess current state of mobile water
recycling technologies

* Task 5 — Assess technical and economic
feasibility of recycling

* Task 6 — Formulation of a potential field
demonstration project

=) EER
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“Improved Performance of ACC
using SPX Wind Guide Technology”

Awardby  — [~

Y T
i | AN .
National Energy Technology Laboratory,

Department of Energy October 27. 2008

SPX




September 9, 2008

Wkl @ 8w E0T

U.S. Drought Monitor

O Droighd - Eskmme 0= HySrologesal {wase)
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Released Thursday, Septembor 11, 2008
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hitp:idrought.unl.edu/dm

Water in Western US

‘Lake Mead is lower than it has
been in 40 years.” “Lake Powell

Reservoir is over 100 feet below
its normal level.”

National Park Service 2003/2005

PAGE 2
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Water in Western US

USES:
1. Agriculture, Livestock and Irrigation

2. Fossil Fuel Power Generation
Source: USGS Circular 1268, 2004

Cooling towers represent substantial water
usage at power plants, “Producing a kilowatt-
hour of electricity... takes about 3/5ths of a

gallon of water.” Joey Bunch, Denver Post

PAGE 3

SPX




Water at Power Plants

NO, Controls

Scrubber

Steam Ganarator (Boiler)

Primary Air Fan/
Pulverizer Aszh

#—— Emissions Monitoring

Electricity

Transformer

et
Coaling
Towers

Hykird

Burner

Adapted from hitpohwsaw.eei orglindusiry_issues/environment/airMew_Source_Review/coall_pdf

Ceaiing
Towers,

Condensate
Return
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-tment of Energy Obijectives

> Grant Program Title is “Research And Development Of
Advanced Technologies And Concepts For Minimization Of
Freshwater Withdrawal And Consumption In Coal-Based
Thermoelectric Power Plants”

- “Research in this area is intended to develop technologies that
improve performance and reduce costs associated with wet cooling,
dry cooling, and hybrid cooling technologies.”

» “DOE nearer-term target is to have advanced technologies ready for
commercial demonstration by 2015”

* “...when used alone or in combination, can reduce freshwater
withdrawal and consumption”

SPX




Turbine back pressure (inch HgA)

Cooling system performance comparison

7.00

6.00 & —8— DRY

5.00 / —e—PCS
4.00 -

3.00

WET

1.00

0.00
40 50 60 70 80 90 100

Dry bulb temperature (deg F)
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ACC Module

PAGE 9
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z Wind Effects Performance

|- 0to 4mph - 4to Bmph -+ 8to 12mph - 12to 16mph - 16 to 20mph -+ > 20mph|

~

Backpressure, in Hga

'

¢ Fan starving / Stalling

e Recirculation

e Site model testing or CFD analysis to predict performance effects

e Performance of most concern during summer

PAGE 10
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> Wind Effects — Mitigation
» Optimal orientation
» Reserve capacity
» Conservative design specifications
- Wind Baffles / Screens / Diverters
« Fan margin

SPX




n — Base Design

SPX

PAGE 12




Without Wind Treatment
Iso-Velocity of 7 m/s
Quartering wind @ 27° angle
20 miles/hour

\

Patickin | Haman Dvy Crating | Maodkey

20 miles/hour'quartering wind @w [8PX | Cooling Technelogies

SPX




Modeling — Modified Design

With Wind Treatment
Iso-Velocity of 7 m/s
Quartering wind @ 27° angle
20 miles/hour

L

|SPX | Cooling Technalegies

Wedukn | Heman Gvy € oding | Mo
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Schedule

ltem Projected Milestone Date
1 Partner w/Utility: Host Site Agreement 1/09
2 Model Existing ACC Condition 4/09
3 Monitor the Existing ACC Performance 9/09
4 Install Modification 3/10
5 Evaluate Resulting ACC Efficiency Improvement 9/10
6 Reporting 12/10
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alidation Data Required

> Data for verification of an efficiency improvement:

» Exhaust steam pressure (turbine back pressure)
« Exhaust steam temperature

» Condensate flow rate

« Wind speed and direction

« Atmospheric pressure

« Ambient dry-bulb temperature

» ACC inlet/outlet dry-bulb temperature

« Fan motor horsepower

SPX




> ACC Efficiency Improvement / Reduced Costs
» Lower turbine backpressure
* Less parasitic power
» Better summer efficiency
« Potential for improvement at no/low wind conditions

> DOE/Industry Effort in an ongoing water conservation
iInvestigation

SPX
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Packmaking

7,2008

Award by

National Energy Technology
Laboratory,

Department of Energy
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"Improvement to Air2Air™ Cooling Tower Technology for
Thermoelectric Power Plants”
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A2A Configuration Change
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A2A Tower Configuration Change
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Re-Positioned A2A Module Configuration

SPX




ltem Projected Milestone Date
1 A2A Tower Configuration Analysis 12/08
2 A2A Heat Exchanger Enhancement Analysis 12/08
3 Pack Seal Development 4/10
4 Evaluate Resulting A2A Pack 3/10
5 Reporting 9/10

SPX




A2A Advantages

Water Conservation
" Less make-up
= | ess blow-down
= | ess chemical treatment

Reduced Plume -
= Lowers Actual Humidity of Exit Air
= No Change Pump-head
" No Water to A2A Heat-exchanger
= No Icing
= No Fouling

SPX
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Application of pulse spark discharges
for scale prevention and continuous filtration methods
in coal-fired power plant

Oct. 1, 2008 — Sept. 30, 2011

U.S. DEPARTMENT OF ENERGY
National Energy Technology Laboratory

Drexel University
Y. Cho, A. Fridman, and A. Starikovskii
Oct. 28, 2008



Background

Thermoelectric generation accounted for 39% (136 billion
gallons per day) of all freshwater withdrawals in 2000.

- Why so high?

High concentration of mineral ions in the circulating cooling
water due to evaporation of pure water evaporates

- Mineral fouling problem, reducing condenser capacity

To maintain a desired calcium level in the cooling water,
- cycle of concentration, COC = 3.5
— continuously blowdown with fresh makeup water



Three reactions leading to mineral fouling

Reaction 1: dissociation of bicarbonate ions into hydroxyl ions and
carbon dioxide

HCO; (aq) <> + OH (aq) + Coz(g)T

Reaction 2: hydroxyl ions produced further react with existing
bicarbonate ions, producing carbonate ions and water
HCO; (ag) + OH (aq) <> CO,* (aqg) + H,0 (/)

Reaction 3: reaction between calcium and carbonate ions, resulting in
the precipitation and crystallization of calcium carbonate particles

Ca%* (aq) + CO,?* (aqg) <> CaCO, (s) \}



Rationale

COC -2 Calcium level in cooling water = Condenser tube fouling

An innovative water treatment technology
utilizing spark discharges in water for scale prevention.

The key issue:

How to precipitate and remove dissolved calcium ions in
cooling water

so that the COC can be increased and at the same time
calcium carbonate scales can be avoided.




Objectives

To reduce the amount of fresh water needed to achieve power
plant cooling by preventing the buildup of mineral scale on
condenser tubes, thereby increasing the Cycle of Concentration

(COC) in the cooling water system from the present operational
value of 3.5 to at least 8.

New scale-prevention technology

— Use electrical pulse spark discharges to precipitate dissolved
mineral ions

- Remove them using a self-cleaning filter from cooling water.



Specific objectives of the proposed work

1. Determine whether the spark discharge can promote the
precipitation of mineral ions in cooling water.

2. Determine whether the proposed technology can increase
the COC through a continuous precipitation of calcium ions
and removal of the precipitated salts with a self-cleaning
filter.

3. Demonstrate that mineral scale on condenser tubes can be
prevented or minimized if a COC of 8 or almost zero
blowdown can be achieved via the proposed spark discharge
technology.



TASKS TO BE PERFORMED

Task 1 — Precipitation of dissolved calcium ions using spark
discharge

Task 1 attempts to maintain the desired calcium ion
concentration (~ 400 mg/L) in circulating cooling water by
precipitating dissolved calcium ions with spark discharges
instead of via local heating or blowdown.



Plasma Discharges in Water
(Drexel University)

Pulsed Corona in water

Spark Discharge in water Gliding Arc in water
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Task 1 — Precipitation of Dissolved Calcium lons
using Spark Discharge

Subtask 1.1 Modeling of Ca?* precipitation process using water-related
variables

The objective of this subtask is to investigate whether different cooling
water conditions alter the Ca?* precipitation efficiency of the spark
discharges through computer modeling of the precipitation process.

Subtask 1.2 Parametric study of Ca?* precipitation process using power-
related variables

The objective of this subtask is to investigate whether different spark
configurations alter the Ca?* precipitation efficiency of the spark discharges.

Subtask 1.3 Optimization of electrode configuration for most efficient spark
discharges

The objective of this subtask is to investigate the effects of electrode
materials and geometry on the Ca?* precipitation efficiency.




SUCCESS CRITERIA AND DECISION POINTS

Criteria for success for Task 1

The success of Task 1 study will be judged if the proposed spark
discharge technology can reduce the concentration of calcium
ions by more than 50% for different levels of hardness of
cooling water. The actual hardness of recirculating cooling
water can be as high as 400 ppm. If we can reduce the
hardness of the cooling water by at least 50% for the maximum
hardness case, we should consider Task 1 study successful.



TASKS TO BE PERFORMED

Task 2 — Validation experiments to increase COC

Task 2 will include building a laboratory cooling tower (Figure 2),
where pure water continuously evaporates as heat is added
through a small heat exchanger. In the laboratory tower, the
water lost by evaporation, wind, and blowdown is automatically
replaced by makeup water whose flow rate is controlled by a
floating valve located at the tower sump. The cooling tower will
have an automatic blowdown capability with a solenoid valve
which is turned on-off by a preset conductivity meter. The
laboratory tower will simulate a typical cooling tower operation
using the tap water supplied by the City of Philadelphia as
makeup water.



Task 2 — Validation Experiments to Increase COC

Subtask 2.1 Tests with COC of 4

The objective of this subtask is to investigate whether the
proposed spark discharge system can increase the COC, starting
at a COC of approximately 4.

Subtask 2.2 — Tests with COC of 6

Subtask 2.3 Tests with COC of 8

Subtask 2.4 Tests with zero blowdown

Subtask 2.5 Tests with bulk heating for COC of 4




Task 2 — Validation Experiments to Increase COC

Air

e

P P Py
Self F R PPy

Fan ) ) .
P CI rcu |at| ng COOI I ng Water

o TPy
F P P PPy

| cleaning
| A EELE L EELELLEELELLEELS,
filtar LS EELLEE L ELLEESLEELLES,

Precipitatio

n of Ca?* [:d)
S an

Pump

Side-stream loop

yBIowdown

5 ¢

Control valve Flowmetef

P P Py Cooling tower

Makeup water

Solenoid valve

Main loop
Conductivity meter

Heat exchanger

Hot water returr

....................
IR

Copper tube

water heate)

=

Figure 2 - Schematic diagram of a laboratory cooling tower test facility for the proposed study



Task 2 — Validation Experiments to Increase COC
(Sample Water Data)

Makeup Baseline (Day 11) | PWT-S (Day 12)
Total alkalinity (ppm) 120 260 240
Chloride (ppm) 125 1,240 1,320
Total hardness (ppm) 190 1,720 1,680
Calcium (ppm) 170 1,360 1,240
Magnesium (ppm) 20 360 440
pH 6.8 6.9 7.2
Conductivity (micromho/cm) 445 4,600 4,550

Table 1 — Previous water analysis conducted at Drexel University




SUCCESS CRITERIA AND DECISION POINTS

Criteria for success for Task 2

The success of Task 2 study will be judged if the proposed spark
discharge technology at least doubles the COC of the present
practice. In other words, if the spark discharge technology can
provide a steady operation of cooling tower operation at a COC
of 8 over at least one week at the laboratory cooling tower
system, we should consider Task 2 successful.



TASKS TO BE PERFORMED

Task 3 — Validation experiments for scale prevention (Year 3)

The objective of Task 3 is to investigate whether the proposed
spark discharge technology can prevent or minimize scale
deposits on the condenser tubes. A series of heat transfer
fouling tests will be conducted using a condenser heat
exchanger in the laboratory cooling tower. The fouling resistance
will be experimentally determined by measuring the inlet and
outlet temperatures at both cooling-water side and hot-fluid
side. The fouling resistance obtained with the proposed scale-
prevention technology will be compared with the no-treatment
case as well as the scale-free case.



Task 3 — Validation experiments for scale prevention
(Year 3)

Subtask 3.1 Tests with COC of 4

This task will deliver fouling test data, in terms of fouling
resistance over time, for the baseline (no treatment) case, and
for the proposed spark discharge technology conducted under
the identical conditions as the baseline test.

Subtask 3.2 — Tests with COC of 6

Subtask 3.3 Tests with COC of 8

Subtask 3.4 Tests with zero blowdown




Task 3 — Validation experiments for scale prevention
(Year 3)

Power supply
For spark discharge

Side-stream loop l
Self-
filter
Power supply Precipitation of y
For spark —> g2t Cooling Tower
discharge
Pump

Figure 4 - Schematic diagram of the side-stream loop in a laboratory cooling tower test facility for the
proposed study



Task 3 — Validation experiments for scale prevention
(Year 3)

Spark discharge for

cocC Precipitation of CaZ*
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= q filter
Hol =4 (e S0 Variables
strength of spark
HeTE discharge Frequency and
coc=8 Electrode geometry, ztraerrl\(gth of
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Flow velocity around
electrode

Figure 5 - Block diagram of parameters that may affect the outcome of fouling tests



Task 3 — Validation experiments for scale prevention
(Sample Fouling Data)
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Figure 6 - Previous fouling test results obtained at Drexel University using two different types of
permanent magnets [18]. R;=fouling resistance; Zero fouling resistance means a perfectly maintained
condenser tube.



Example of SEM photographs of CaCO3 Deposits
on Condenser Tubes (Sample data from previous study)
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Example of Energy Dispersive Spectrum (EDS)
of CaCO3 Deposits on Condenser Tubes (X-ray diffraction)




SUCCESS CRITERIA AND DECISION POINTS

Criteria for success for fouling test

The success of the proposed fouling test will be judged if the
proposed spark discharge technology can reduce the fouling
resistance by at least 90% compared to those obtained from the
baseline test for COC = 4. For higher COC cases (i.e., COC =6 and
8, and no blowdown case), the improvement may be less than
90%, but still greater than 75%.



DELIVERABLES - Expected Results

If the excess calcium ions in cooling water can be successfully precipitated

and removed, condenser-tube fouling can be prevented and the COC can be
doubled at the same time. This accomplishes one of the major DOE goals of
reducing/minimizing freshwater withdrawal in thermoelectric power plants.

The proposed study will begin with basic scientific research to better
understand the mechanism of pulse spark discharges in water and conclude
with a series of validation experiments to simulate scale build-up using hard
water in a laboratory cooling tower equipped with the pulse spark discharge
treatment system.

At the completion of the proposed work, a new prototype hardware using
pulse spark discharges will be available for scale-up with validating test
results. It will be a true mechanical water softener, which continuously
converts hard water to soft water with a very little energy consumption.



Task 4 — Project Management, Planning, and Reporting

Project management

Y. Cho
A. Fridman Y. Cho A. Starikovskii Y. Mukhin
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Theory Computer modeling
Task 1 Chemical Workbench
-Trgilﬁé Spark discharge
) ] Device, power
Implementation of self-cleaning |
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imitati 2 Task 2
PreC|p|tat|9n of Ca** tests Tack 3
Fouling tests
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Risk Management

Under a previous DOE NETL project (DE-FC26-06NT42724),
Drexel has successfully demonstrated that pulse spark
discharges could be produced directly in water using 40,000 V
at a frequency of 1-10 Hz with a pulse duration of 10-50
nanoseconds.

Scale-up from a small laboratory size to a large cooling tower
application.

- Two electrodes to produce spark discharges in water at
Drexel lab.

— In a large power plant, we need 1,000 or more electrodes.



Risk Management - Energy Requirement

The power of the spark discharge is approximately 2 J/pulse
and about 10-20 pulses are needed for a volume of 0.5-L water
for an effective removal of impurities from the filter membrane.

Hence, approximately 80 J/L of electric energy were consumed
in laboratory tests.

The proposed spark discharge requires only 5 KW of electrical
energy to treat water at a flow rate of 1,000 gpm.

The power needed to treat the cooling water in the 1000-MW
power plant will be 200 KW, which is only 0.02% of the full
capacity of 1000 MW.



Risk Management - Energy Requirement

Plasma Discharge in Water Comparison Chart

Pulsed
Spark
Gliding Arc Discharge Pulsed Corona
Discharge (Drexel) Discharge (Max)
Energy per Liter for 1 log reduction
in E. Coli (J/L) 860 77 150000
Power requirement for household
water consumption at 6 gpm (kW) 0.326 0.029 56.8
Power requirement for village water
consumption at 1000 gpm (kW) 54.3 4.9 9463.5
Efficiency of power supply required Excellent Excellent Poor
Maximum Water throughput based
on Maximum power (gpm) 95 2058 0.03
UV and
Central lethal biological agent of Chemical Chemical Radicals
discharge Radicals uv (OH, H,0+, H,0,)




Risk Management

Risk: The pulse spark discharge system may fail to achieve the
desired amount of calcium ion precipitation.

Mitigation/Management Approach: If this happens, the cause of
the failure may be most likely due to the high electrical
conductivity of circulating water in cooling tower system. In
order to mitigate this risk, the cause of the failure will be
investigated by reducing the electrical conductivity of water to
see if the failure disappears. After this confirmation, the energy
level of spark pulse will be increased so that a sufficient spark
discharge can take place in water. This may require a significant
improvement in the design of the power supply. It is believed
that Drexel University has enough in-house expertise to handle
the new design of the power supply.




Risk Management

Risk: The pulse spark discharge system may not achieve a
significant increase in the COC when integrated with the
laboratory-scale cooing tower.

Mitigation/Management Approach: Previously it was
demonstrated at Drexel University with a relatively clean filter
that the COC could be significantly increased with a combined
use of physical water treatment and a filtration. However, in
the present study, the failure of not being able to increase the
COC to a level of 8 can occur. This may happen mostly likely
due to the poor performance of a self-cleaning filtration
system. If this failure occurs, an attempt will be made to
improve the performance of the self-cleaning filter by adding
additional electrodes to improve the self-cleaning performance.




Risk Management

Risk: The pulse spark discharge system may fail to achieve a
significant reduction in fouling resistance when tested with the
laboratory-scale cooling tower.

Mitigation/Management Approach:

If this happens, the causes of the failure can be multivariable,

1.
2.
3.

the poor performance of the calcium precipitation process,
the poor performance of the self-cleaning filter,

the performance degradation of the spark-discharge system
which utilizes a sharp tip electrode, and

too small flow velocity at the heat exchanger such that the
deposition rate of calcium salt is much greater than the
removal rate.



MILESTONE LOG

Milestone Title

Planned
Completion Date

Milestone Verification

Method

Task 1 — Precipitation of dissolved calcium ions using spark

discharge (Year 1) (Oct. 1, 2008 — Sept. 31, 2009) Year 1
Subtask 1.1 Parametric study of Ca?* precipitation process in water

side

Subtask 1.2 Parametric study of Ca2* precipitation process in power

supply side Jun. 31, 09
Subtask 1.3 Optimization of electrode configuration for most

efficient spark discharges Sept. 31, 09
Task 2 — Continuous removal of precipitated calcium particles

(Year 2) (Oct. 1, 2009 — Sept. 31, 2010) Year 2
Subtask 2.1 Tests with COC of 4

Subtask 2.2 Tests with COC of 6

Subtask 2.3 Tests with COC of 8 Jun. 31, 10
Subtask 2.4 Tests with zero blowdown Sept. 31, 10
Subtask 2.5 Tests with bulk heating at COC of 4 Sept. 31, 10
Task 3 — Validation experiments for scale prevention (Year 3)

(Oct. 1, 2010 — Sept. 31, 2011) Year 3
Subtask 3.1 Tests with COC of 4

Subtask 3.2 Tests with COC of 6

Subtask 3.3 Tests with COC of 8 Jun. 31,11

Subtask 3.4 Tests with zero blowdown

Sept. 31, 11




PROJECT TIMELINE

Year 1

Year 2

Year 3

Q1

Q2

Q3

Q4

Q1

Q2

Q3

Q4

Q1

Q2

Q3

Q4

Task 1 — Precipitation of dissolved calcium ions using
spark discharge

Subtask 1.1 Modeling of Ca** precipitation process

Subtask 1.2 Parametric study of Ca** precipitation process in
power supply side

q
<P

Subtask 1.3 Optimization of electrode configuration for most
efficient spark discharges

Task 2 — Validation experiments to increase COC (Year 2)

Subtask 2.1 Tests with COC of 4

Subtask 2.2 Tests with COC of 6

Subtask 2.3 Tests with COC of 8

Subtask 2.4 Tests with zero blowdown

Subtask 2.5 Tests with bulk heating for COC of 4

il

Task 3 — Validation experiments for scale
prevention (Year 3)

Subtask 3.1 Tests with COC of 4

Subtask 3.2 Tests with COC of 6

Subtask 3.3 Tests with COC of 8

Subtask 3.4 Tests with zero blowdown

Task 4 — Project Management, Planning, and Reporting

Hl
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Management (CUSTOM), Vishwamitra Research Institute CUSTOM
Stephen E. Zitney Vg
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NETL IEP Water Mangement Project Meeting, Pittsburgh, PA, October 27-28, 2008
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Project Overview

Goal

Develop a simulation-based tool for the synthesis, design,
analysis, and optimization of integrated power plant and
water management systems under uncertainties

Objectives

Develop water system modeling guidelines, assumptions,
and methodologies

Algorithm development for the synthesis, design, analysis
and optimization of integrated process/water systems

Establish process/water simulation baselines for PC and
IGCC systems with and without CO,, capture

Study and simulate new water management technologies

_— NATIONAL ENSRGY TECHNOLOGY LASDRATORY
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Project Milestones (Year 1)

 Generate report summarizing findings on power
plant water usage, reuse, recovery, and treatment
data

o Deliver detailed three-year project development
plan to develop integrated power plant and water
management tools

 Develop and exercise Aspen Plus simulations for
baseline PC and IGCC power plant /w and /wo
carbon capture, including water systems

e Deliver report on Aspen Plus PC and IGCC plant
simulations with water network models

__ NATIONAL ENSRGY TECHNOLOGY LASDRATORY
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Project Milestones (Year 1)

 Deliver plan for development of an Aspen Plus case
for water technology developed under the DOE
Power Plant Water R&D Program

 Generate Aspen Plus PC plant simulation to evaluate
advanced water technology developed under DOE
Power Plant Water R&D Program

 Generate report on opportunities for applying
APECS to evaluate water mgmt technologies using
potential PDE/CFD-based equipment models

« Develop plan for developing probability distributions
for uncertainties and variabilities in water
management technologies

N> B NATIONAL ENSRGY TECHNOLOGY LASORATORY
VR
CUSTOM



QOutline of Presentation

 Project Overview

— Goals and Objectives

— Milestones

— Integrated Power Plant and Water Network

— PC and IGCC w/ and /wo CO2 Capture
e Optimal Synthesis Approach

— Heat and Mass Exchange Networks

— Multiobjective Optimization under Uncertainty
e Conclusions
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Integrated Plant/Water Case Studies
PC and IGCC w/ and wo/ CO2 Capture

Plant SEeond, Gasifier/ P 0 Removal/ CO,
i Gl : CO, Separation/Sulfur
Type (psig/°FI°F) Boiler Recovery Cap
1800/1050/1050 Selexol/-/ Claus
(non-CO,
capture cases) E
IGCC GE
I 9 .
1800/1000/1000 Class Selexol/Selexol/Claus | 90% Coal-Fired
(CO,capture Power Plant
cases)
WetFGD/ -/ Gypsum
PC 2400/1050/1050 Subcritical Wet FGD/ Econamine/ 90%
Gypsum

“Cost and Performance Baseline for Fossil Energy Power Plants Study, Volume 1.:
Bituminous Coal and Natural Gas to Electricity,” National Energy Technology IGCC Power

Plant

Laboratory, www.netl.doe.gov, August 2007.
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Water Flow Schematic for Power Plants
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Optimal Synthesis Approach

« Heat Exchanger Network Synthesis
— Minimize use of cooling water

« Mass Exchanger Network Synthesis
— Minimize use of process water

e Optimization Approach to Process
Synthesis

NATIONAL ENZECY TECHNOLDGY LASDRATORY
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Heat Exchanger Network Synthesis

« Heat exchange pinch diagrams

Two hot streams Hot Composite

HH,+ HH,

HH =F,Cp, (T T,
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Heat Exchange Pinch Diagram

Minimum heat /
utility /

Maximum heat Pinch Point/
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Optimal Heat Exchange Network Design

Aspen Energy
Analyzer

» Calculates targets for energy and capital investment

 Enables the development of improved heat integration projects,
significantly reducing operating, capital, and design costs, and
minimizing energy-related emissions

 Provides tools for performing process optimization

 Provides both graphical and algorithmic methods
__ NATIONAL ENSRGY TECHNOLOGY LASDORATORY
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Analogy between MENs and HENs

Category

MENS

HENS

Transferred Commodity

Mass

Heat

Donors

Rich streams

Hot streams

Recipients

Lean streams

Cold streams

Rich variable

Composition y

Hot temperature T

Lean variable

Composition X

Cold temperature t

Slope of equilibrium m 1
Intercept of equilibrium | b 0
Driving force e ATMIn

NATIONAL ENSRGY TECHNOLOGY LASDRATORY




Sink Composite Diagram

Source Sink Mapping

M3Sink, max

MZSink, max

Mlsink,max/
G, G, G,
Flowrate
N

Source Composite Diagram

MBSource

MZSource

Mlsource

Flowrate
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Mass Exchange Pinch Diagram
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Cooling Water System Configurations

Optimization Approach
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Mixed Integer Nonlinear Programming
(MINLP)

Optimize Z = z(x,y)=a' y+ f (X)
%Y h(x)=0

g(x,y)=—B'y+g(x)<0

Where x represents continuous variables

y represents binary variables, O or 1.

NATIONAL ENSRGY TECHNOLOGY LASDRATORY



Uncertainties

* Frequency distribution of
average load for plants
with an estimated peak
capacity between 400 and
700 MW for four seasons:
from top to bottom fall,
winter, spring and
summer

0 100 200 30 400 500 600 700 800
average load (MW)

0 100 200 300 400 500 600 700 800
average load (MW)

60 ‘
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Multiobjective Optimization under Uncertainty

Pareto
Optimal MOP
Solutions o
: * Defining
* Optimal Optimization
Solutions Problems
Discrete
Optimize
* Feasible » Discrete
Solutions decisions
Optimize

* Probabilistic
objective &
constraints

e Continuous
decisions

Sampling
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Scope of Work and Timetable

Task \ Months

Models for Water Management

Technologies and Power Plant %
Systems

Variability and Uncertainty —_——

Characterization & Quantification
in Water Management Technologies

Efficient Algorithmic Framework %
Development
Optimal Design and Synthesis of

Water Management for Various %

Power Systems

Reports, Publications. Dissemination %

of Results

__ NATIONAL ENSRGY TECHNOLOGY LASDRATORY

VRS
CUSTOM



Conclusions

« Heat exchanger network synthesis provides
assessment of minimum heat and cooling utilities

« Mass exchanger network synthesis will reduce
process water requirements

 Optimization of the process structures and process
design will provide:

— cost effective and reduced water power plants in the
face of uncertainties

— trade-offs between cost and water requirements
— optimal water networks

_— NATIONAL ENSRGY TECHNOLOGY LASDRATORY

V‘Ri
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Thermoelectric Power Plant cooling and Mitigate the Demand of Surface Water Use”

Applied Ecological Services, Inc.

Sterlmg Energy Services, LLC

N StevenI Apfelbaum




Phase 1. Evaluate Potential Value of
Wetlands as a Cooling water Source for
Power Producers

* Develop emﬁirical hydrologic, water quality and physical assessment tools
to evaluate the potential for restored wetlands to be used for water cooling.

— Quantify potential benefits to water cooling, cooling efficiency, make-up water availability,
operational costs.

— Quantify potential benefits to reduce local potable water demands for cooling.
— Evaluate regulatory links and conservation partnership values.

Use modeling to project the potential benefits of restoring “water cooling

wetlands” for also reducing existing watershed and riverine impairments at
watershed and subwatershed scales.
Quantify potential restoration opportunities and outcomes for “scenario” projects.

Establish links between hydrologic parameters and measures of habitat, biodiversity, and
ecological function

Develop monitoring plans that measure hydrologic and ecologic benefits of restoration projects —
identify key parameters
Draft a set of evaluation tools and testable scenarios that can be applied to
demonstration project(s) to measure the value of “water cooling wetlands”
for the power production systems and to contribute to improved hydrology,
water quality and ecosystem conditions and functions in the watersheds.




Phase 2. Design, Implement Demonstration
Project(s) to test Wetlands Water Cooling for
Power Producers

* Testand Affirm the empirical hydrologic, water quality and physical
assessment tools to evaluate the potential for restored wetlands to be used
for water cooling.

Measure water cooling, cooling efficiency, make-up water availability, operational costs.
Measure reductions to local potable water demands for cooling.

Document real regulatory project links and permitting needs.

Establish conservation-power producer “conservation partnership” around wetland restoration

investments for cooling waters.

Test and Affirm the potential benefits of restoring “water cooling
wetlands” for also reducing existing watershed and riverine impairments at
watershed and subwatershed scales.

Establish Quantify potential restoration opportunities and outcomes for “scenario” projects.

Establish links between hydrologic parameters and measures of habitat, biodiversity, and
ecological function

Develop monitoring plans that measure hydrologic and ecologic benefits of restoration projects
— identify key parameters
Refine the evaluation tools and testable scenarios that can be applied to
demonstration project(s) to measure the value of “water cooling wetlands”
for the power production systems and to contribute to improved hydrology,
water quality and ecosystem conditions and functions in the watersheds.




Why Consider Restoring
Wetlands For Water Cooling

Wide Applicability:
Many types of wetlands:
*Perennial - Seasonal

e Riverine- Depressional- Seeps




Why Consider Restoring
Wetlands For Water Cooling

e Use the same water for multiple outcomes

* Link power generation Investments with
Conservation Investments on the land.

* Reduce PR, Financial and regulatory
impediments to new power projects and
existing operations.




% Reduction in Wetlands Correlates with
Impairment to US Waterways

Imperviousness
Dam Storage
Canals/Ditches
Minor Road Intersect
Major Road Intersect

8-digit HUC
watersheds

L o
B 7 - 11 Very l
I 12 - 15 Ly

16 - 19 Mu:dlum

I 20 - 22 High

R 25 - 26 Very High

Surface Hydrologic Impairment
U.S. Great Lakes Basm




Role of Wetlands on the Landscape

NOW

* Nationally=>80 % reduction in
wetland acres due to agriculture
and land development

* Reduced flooding and improved
_ in-stream flows and water
quahty in watersheds with >
wetlanp'l acrqage.sr,,
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Increased Flood Risk




Impaired Ecology and Water Quality







Ecotoxicological Impacts in the Ecosystem
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Restoring historic wetlands
for water cooling
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Wetlands for Water Cooling

How much water is retained and stored by
restored wetlands?

What are important factors that control
wetland water cooling?

Assess different water cooling scenarios
based on:

Wetland type
Wetland size
Location
- Thermal _if_q_lal_"'c:ions <

f Seal_sof:la'-l’-i_'ty j‘; |
Wetland desigh
Regulatory drivers
Conservation partner drivers
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Analysis Tasks
Evaluate:

* Water Availability from Sources

* Water Availability vs. Water Usage and
Heat Transfer for a Sustained Time Period

» Wetland water quality treatment
functions. |




Model Requirements

* easy to use and change
* accurate




STELLA Assets

* model platform accepts data for
continuous time periods and simulates
user specified processes with user

specified inputs

» includes run-time version so model
users can perform additional analysis
and change the input parameters







Defining Source Water Inflows




Anticipated Water Sources

e Surface Waters
— tiled discharge
— overland runoff

e Sanitary Treatment Plant Discharges
— piped from treatment plant
— taken from receiving water body

e Stream Flood Overtlows
e Recycled Plant Cooling Water
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Detining Wetland Variables




Balancing Wetland
Requirements to Water
Supply and Usage




Example Wetland




Otter Creek Wetland Park

St. Charles, Illinois
56-acre restoration




Otter Creek Wetland Bank —
First Private U.S. Wetland Bank — Goals:

1. Restore 56 acres of tile and ditch drained historic wetlands, and degraded
agricultural lands.

2. Restore these lands to native grasslands, various wetlands, riparian forest.

3. Generate and sell 47 acres of wetland mitigation credit.

4. Generate wetland credit revenue to finance restoration, expansion and
protection of a greenway for St Charles, Illinois and investments in a community
park now serving 85,000 school children every year as an outdoor laboratory.

5. Use wetland credit revenue to do other wetland banks. We have over 33 banks

that were successfully started or are underway currently using the model from
Otter Creek.

6. Establish Otter Creek Bank as a National model for establishing US banking
policy. '




Otter Creek Wetland Park

St. Charles, Illinois
56-acre restoration

Economics




Kankakee Sands

Enos, Indiana
7,300 acre restoration
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Kankakee Sands Goals

Enos, Indiana
7,300 acre restoration

1. Restore 7300 acres of agricultural land to 5200 acre of wetland,
2000 acres of prairie and 100 acres of savanna.

2. Restore soil carbon from current depleted levels to an
equilibrium over a period of 30 years to achieve 5 million tons of
total C02 accrual.

4 Generate revenue to finance restoration, expansion-protection
and restoration of other conservation lands and outreach,
education and community investments.

5. Demonstrate multiple revenue sources from marketing
environmental services.




Kankakee Sands

Ditch Hierarchy and Restoration




Fair Oaks Farm
1997 Digital Aerial Photography & Drain Tiles

Tile Lines




Kankakee Sands

Enos, Indiana
/,300-acre restoration




Applied Ecological Services, Inc.”

n Sterling Energy Services, L.c




-
-

Transport Membrane Condenser
for Water and Energy Recovery
from Power Plant Flue Gas

NETL project kickoff meeting
Project #: DE-NT0005350

Dexin Wang
Gas Technology Institute
October 28, 2008

NETL project kickoff meeting, Pittsburgh, PA — October28, 2008 1




Gas Technology Institute

> Main Facility:
18-Acre Campus
Near Chicago

— Over 200,000 ft? of
laboratory space

— 28 specialized
laboratories and facilities

> Staff of 250

— 70% are scientists
and engineers

— 45% with advanced degrees

> Over 1,000 patents
> Nearly 500 products commercialized

NETL project kickoff meeting, Pittsburgh, PA-=O

Addressing Key Issues for

the Natural Gas Industry

> Contract Research
> Program Management
> Technical Services
> Education and Training

Energy & Environmental Technology Center

2008 2




Background for Transport
Membrane Condenser (TMC)
Technology

NETL project kickoff meeting, Pittsburgh, PA — Octeber28, 2008



High Efficiency Goal for Super Boller

*» ODbjectives of Super Boiler program:
94% thermal efficiency

% Current gas- fired boliler efficiency status:
75-85% thermal efficiency, 68% of stack heat loss is
latent heat

»» TMC, a device for recovering latent heat of water vapor
from flue gas, Is the key component for the Super
Boiler to achieve its efficiency goal. Two patents were
awarded to GTI on TMC-based heat recovery.

NETL project kickoff meeting, Pittsburgh, PA — Ot 008 4




Water Vapor Membrane Separation
Study at GTI

1. Porous and non-porous membranes

2. Porous Membrane Vapor Separation Modes:

Molecular Sieving

. Knudsen diffusion

. Surface diffusion, and
«  Capillary condensation

3. Working mode of porous membrane is critical for water
vapor transportation.

High permeate flux and high separation ratio could only be
achieved in a capillary condensation mode.

008 5
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Capillary Condensation for Water
Vapor Separation Study at GTI
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TMC Concept and Nanoporous
Ceramic Membrane

NETL project kickoff meeting, Pittsburgh, PA — October28; 2008




First Generation TMC Heat Recovery Field
Demonstration for a 300HP Boiler (12MMBtu/hr)

NETL project kickoff meeting, Pittsburgh, PA — October28; 2008



Second Generation TMC Heat Recovery
In Testing for a 200HP Boiler (8MMBtu/hr)

Y
Stack ilz 25<>,:5 i y

Membrane
Module

TMC Section

|Heat Transfer Panel
300°F

Economizer

A

Boiler

NETL project kickoff meeting, Pittsburgh, PA — Ot 008



Transport Membrane Condenser
for Water and Energy Recovery
from Power Plant Flue Gas

NETL project kickoff meeting, Pittsburgh, PA — Octeber28, 2008




TMC Potential Application for Water
Vapor Recovery from Coal Flue gases

Advantages:

1. Higher moisture content in coal flue gas:
. With Wet FGD, flue dew point 160 to 180 F
. With Dry FGD, flue dew point 130 to 140 F
. Compared with natural gas boiler flue gas: 130 to 136 F

2. More favorable cooling conditions for TMC.:

. Steam condensate can be one cooling water source, typically at
90 to 115 F.

. Cooling water flow rate is typically at 25 times of the boiler feed
water flow rate, from 50 to 100 F.

° Compare with industrial boiler which has only 10 to 50% of feed

water flow rate.

008 11
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TMC Potential Application for Water
Vapor Recovery from Coal Flue gases

Disadvantages:

More complicated components in coal flue gas:

SO,, heavy metals, particulate matter, etc.
Compare with relatively “clean” natural gas-based flue gas

NETL project kickoff meeting, Pittsburgh, PA — O¢t 28, 2008 12




Power Plant Flue Gas Water
Recovery with a Two-Stage TMC
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Lab test setup for membrane module
performance tests

Membrane water/heat transfer study:

«  Select the optimized membranes for the two
stages

«  Membrane contamination condition study

NETL project kickoff meeting, Pittsburgh, PA — October28, 2008 14




Pilot-Scale TMC Test Setups at GT|
(left) and at a Power Plant (right)
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Scale-up and Technology Transfer
Study

1. Scale-up Design Investigation:

 Based on the pilot-scale test data, develop a
preliminary design for an appropriate size power
generation unit to employ this technology, and
Integrate the recovered water to the boiler water
management system.

2. Technology Transfer and Commercialization
Plan.

« ldentify potential manufacturers and customers for
field demonstration, and develop a manufacturing
plan to meet the needs of utility customers.

NETL project kickoff meeting, Pittsburgh, PA— O




Questions?

This research was made possible with support, in part, by the lllinois Department of
Commerce and Economic Opportunity through the Office of Coal Development and
the lllinois Clean Coal Institute.

NETL project kickoff meeting, Pittsburgh, PA — October 28, 2008 17




EERC Technology... Puttin.g Research into Practice

Waer and Eergy
Sustainability and Technology
(WEST)

NETL — EXISTING PLANTS
WATER PROJECTS MEETING
October 27 and 28, 2008

Dan Stepan
Bruce Folkedahl

Energy & Environmental Research Center
University of North Dakota



Carbon Dioxide Capture, Transportation, and Sequestration Process

‘ Pipeline Underground
r Transport | | Injection

Capture Compression

Impacts of Operation on Water:

Capture & Compression: Increased power consumption for capture and
compression directly reduces the facility power output - results in increased
water consumption above that for a similar facility without capture

Pipeline Transport: Pumping power required to boost carbon dioxide

pressure during pipeline transport to maintain supercritical conditions further
diminishes power generation facility output -- results in increased water

consumption

Underground Injection: Additional power may be required for injection
operations -- indirectly increases water consumption; water may be produced

sequestration operations which displace reservoir fluids
%NE

TL ,



CO, Capture & Compression Impact on Water
Usage at PC & IGCC Power Generation Facilities

1800

1600 A
_<~ . .

CO Shifi

S 1400 - .
= N EGD
0
g 1200 B Condenser
g 1000 - M Cooling Tower
= B Humidifier
S 800 - Ash Handling
E- 600 Slurry Makeup
-
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Subcritical PC - Supercritical PC IGCC

veseresesesrse Approxmate IGCC Without CO, Capture

Approxmate PC Without CO, Capture

—3 8 3

¢ .
2

Water Consumption -

(gallons/kWh)

Subcritical PC 1.6
Supercritical PC 14
IGCC 0.9

Source: DOC/NLCTL Calculations



Summary

1
Operation Water Consumption/Production
(gallons/kWh)
Electricity Production, CO, Capture
and Compression:
Subcritical PC 1.6
Supercritical PC 1.4 |
IGCC 0.9
Transport 0.01
Enhanced Oil Recovery (EOR)* 0-1+
Coal Bed Methane (CBM) 0.01 -1+
Recovery*
Salt-water Formations* 0-0.5
Depleted Oil and Gas Reservoirs* 0-0.5

* Potential water consumption during sequestration under certain conditicns

iNETL 4




Potential Water Available (coal)

[P -

g —

Water Content of Flue Gas -
A 700-MW coal plant flue gas
may contain approximately
1000-2400 equivalent liquid
GPM of water.

Varies with coal moisture.

Varies with treatment.




id Desiccant
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Dehumification System (LDDS)
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Current Study

* In previous work, the cost of heating and
cooling desiccant solution was the largest
operational cost. This study will investigate
the use of a condensing heat exchanger to
provide the heat loads required to run the
LDDS at high-performance levels and the
effect of the LDDS on water consumption
in a CO, capture and sequestration train.

S)EERC



Statement of Work

* Design and construction of pilot-scale system for
postcombustion testing of water removal and
capture technologies in conjunction with the
EERC-led Partnership for CO, Capture (PCO,C)

Program.

» Conduct initial shakedown and testing of
selected water separation technologies.

* Perform systems engineering analysis of
selected systems for incorporation into existing
facilities as well as future energy systems.



Project Structure

§
* Activity 1 — System Design and Modeling

* Activity 2 — Materials Fabrication and
Procurement

* Activity 3 — Test Equipment Installation
* Activity 4 — Test Plan Development

* Activity 5 — Testing

* Activity 6 — Project Management and

Reporting =) EERC



Activity 1 — System Design and

Modeling

Aspen Plus®, CHEMKIN™, and FactSage™
P&ID, Preliminary Material and Energy Balances

H,O Absorber/Stripper Column Design
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Activity 3 — Test Equipment
Installation

*
EERC Combustion Test Furnace

Stack
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Activity 4 and 5 Test Plan

Development and Testing
————— e e e

* Will coincide with PCO,C Program testing
to reduce cost.

* PCO,C Program has up to 8 weeks of
testing planned.
— 2 weeks of system shakedown
— 2 weeks of baseline testing, air and O,
— 3 weeks of capture technology testing
— 1 week of O, firing for sequestration

S)EERC



WEST Project Task Schedule

Activity 1 — System Design and Modeling

Activity 2 —Materials Fabrication and Procurement
Activity 3 — Test Equipment Installation

Activity 4 — Test Plan Development

Activity 5 — Testing

Activity 6 — Project Management

Period of Performance: October 1, 2008 — September 30, 2009

2008 2009
Oct | Nov | Dec | Jan | Feb | Mar | Apr | May [ Jun T Jul | Aug | Sep
M1
ma 4p

A
M2 4
M3 E
Ms 4 M6 f




Anyone who can solve the problems of water will be worthy of two
Nobel prizes — one for peace and one for science."
John F. Kennedy
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Minimization of Fresh Water
Usage at Coal-Fired Power

Plants
Non-traditional Sources of Process and Cooling Water
/\_.fJ
Technology to

Facilitate the Use of
Impaired Waters in
Cooling Towers

3-year $2MM Program
DE-NT0005961

Donald Whisenhunt, GE Global Research
Jeff Melzer and Ashok Shetty, GE Water and Process Technologies

Rpp R October 28, 2008 o

Rev. July 2008



imagination at work

This is GE



GE ... a heritage of innovation

Founded in 1892

$173 billion in annual revenues

Only company in Dow Jones index
originally listed in 1896

330,000 employees worldwide

imagination at work 3/
GE GRC/
Rev. July 2008



Four segments aligned for growth

Infrastructure
- Technology

Infrastructure : :
GE Capital NBC Universal

nuilu

4/
GE GRC/
Rev. July 2008



imagination at work

The world today...



Global trends ...

Population Consumption Energy Security Environment

.. create big challenges

imagination at work 6/
GE GRC/

Rev. July 2008



Fresh Water Minimization at Coal Fired
Power Plants

Short Term DOE Goal:

o By 2015
. 50% Reduction
Gl $3.90/kgal

W Industrial

Per-day water use in
The U.S. = 345 billion gal

From C&EN Oct 6, 2008

| -
1 | L .
l | & :
i sgen, i r
| . = J s g
Imagination at work S Lt s ; 7/
GE GRC/

Rev. July 2008
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GE Approach

- -
. . Euumrﬂimﬂ HEﬂt Lﬂﬂd
/ i 3 \-, and Drift
/ \ Cooling Tower
Impaired Silica
| _ Woter Remediation
\  Reject Woter @J
\. Regeneration To Woste / Fresh MkUp
- 7
— o "

No Change Other Than Use of Impaired Water

[ State Fresh BIDn | Impoired | EDRBIDn | Regen | Evaporation | % Savings of
MkUp BiDn Fresh Water
Current 11,154 2239 0 0 0 B.955 0
New 5547 | 2239 | 6101 -554 7 8,955 50

Recirculation Rate = 430,000 gpm  Current Cycles =5

Novel Silica Remediation Technology Coupled to EDR Solution

imagination at work 8/
GE GRC/

Rev. July 2008



GE Approach

Impaired Water

2500 TDS
100 ppm Silica

ﬁ

EDR - Self Cleaning
0.5 mg/L Chlorine tolerant

i\ W TR

W il e

@ IMAQINANOn at Work

EDR Treated Water

25-100 TDS
100 ppm Silica

ﬂ

}

Remediation
Treated Water
25-100 TDS
20 ppm Silica
9/
GE GRC/

Rev. July 2008



Silica Remediation Technology

Core Materials

+ —

IR
)

1)

Silica Specific Ligands

@ IMAQINANOn at Work
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Ligand
Functionalized
Core Materials
(LFCM)

Silica Blow Down Stream

EDR Treated Water Silica Treated Water
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/ 10/
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Project Plan

D

v ¢
Task 4

Evoluate ligand-functionalized
core materials.

¥

Task §
Develop preliminarl cost
and process model,

Phase | Decision:

90% Silica Removal

Demonstrate recucle protocol
on benchtop unit.

f Task 1
| Project management and planning.
Phase | Phase Il Phase IlI
# Material Selection and -~~~  Materiol Recycle and -~ Design Engineering, Scale-up, -,
: Synthesis i Benchtop Demonstration and Demonstration
Synthesize and characterize Task 6 Task 9
core materials, ii] Recycleligand-functionalized |} Scole-up of igand-
. * 7 i core materials. functionolized core synthesis )
i Task 3 ] ‘
¢ | Synthesize and characterize ligand- | .
il functionolized core materials,  |ii \ Task 10
s J i Task 7 Update pilet plant design,

!

Task 8

Update cost and process model. |} |

Phase | Decision:
Cost of Water * 34.50/kgal

Tosk 11
Demoanstrate integrated EDR/
silica removal & recycle protocol
on pilet plant.

v

Task 12
Finalize cost ond process model,

Unique Capabilities in High Throughput Synthesis and Screening

IMAQINANOn at Work

11/
GE GRC/
Rev. July 2008



Project Team

[

Technical Management Team

Or. Terry Leib
Global Technology Leader

David Polizzotti
Consulting Engineer

o

Materials Analysis & Chemical Sciences

Department
of Energy

Program Manager &
Principal Investigator

Dr. Donald W. Whisenhunt
Combinatorigl Chemistry Lob

=

Business Management Team

Mr. David Komoroske

Business Development Manager

Mr. Chang Wei
Business Program Manager

%,

WE&PT Technology Core Chemicals )

IMAQINANOn at Work

& GE Global GE Water & Process
Research Technologies
Nanoparticle Synthesis Process Modeling &
and Characterization System Integration
Dr. Brian Bales Ashok Shetty
Dr. Peter J. Bonitatibus, Jr. Claudia C. Pierce
Dr. Robert E. Colborn Jeffrey |. Melzer

Dr. Tao Deng
Dr. (Tunchiao) Hubert Lam
Ms. Oltea Siclovan
Dr. Ronald J. Wroczynski
Dr. Ying Zhou

12/
GE GRC/
Rev. July 2008
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Internet-Based, GIS Catalog of Non-Traditional
Sources of Cooling Water for Use at America’s

Coal-Fired Power Plants
Project Number: DE-NT0005957

David Alleman
ALL Consulting

NETL Project Kick-off Meeting
October 28, 2008




Project Facts

Project Number: DE-NT0005957
Funding:
DOE: S 451,385
Cost Share: S 177,250
Total Cost: S 628,635

Period of Performance: 36 Months



Project Performers

Recipient :
ALL Consulting
Principal Investigator: Dan Arthur, President
Primary Partner:
Ground Water Protection Council (GWPC)



Arthur Langhus Layne, LLC.

dba ALL Consulting
Energy, Engineering and Environmental Consultants
HubZone Certified Small Business

Headquartered in Tulsa, OK
Offices in MT, NM, TX, MO, and LA



ALL Consulting

Extensive Experience in :

* Qil and Gas Private Industry Work and Research with NETL

— Beneficial Use of Produced Water

— Water Management

— Underground Injection Control

— Coal Bed Methane

— Shale Gas

— Environmental

— CO, EOR

— Environmental Planning/Permitting
 NEPA/Environmental Reviews

— Bureau of Land Management

— Forest Service

— Corps of Engineers



Ground Water Protection Council (GWPC)

National association of state ground water and underground
injection control agencies whose mission is to promote the
protection and conservation of ground water resources for all
beneficial uses

Provides a forum for stakeholder communication and research
in order to improve governments’ role in the protection and
conservation of ground water

Membership includes more than 35 state water agencies, oil
and gas associations, coal associations, public utility
associations, etc.

Working closely with NETL and EPA on CO, injection issues



Need for the NETL Program

» Water is a Looming National Crisis

* “Water is the oil of the 215t Century”

e “Water, unlike oil, has no substitute”

e “Water consumption is doubling every 20 years”
e “Water is not discretionary”

> New research can resolve environmental

concerns, create new water resources, and
promote energy development



Project Goals

* Allow reduced/minimized high quality freshwater
withdrawals by identifying non-traditional sources
of water.

* Ensure that operators are aware of their options
and allow them to assess the availability of these
waters to supplement or replace their water
supply on a short-term or long-term basis.



Project Summary

* |dentify Location and Water Needs of CFPP in the
Lower 48 — Both Current and Planned

* |dentify Location, Quality and Volume of Non-
Traditional Sources of Water

— Oil and Gas Produced Water
— Mine Pool Water

— Lower Quality Ground Water
— Other Industrial Sources

— Other?

* Create an Inter-net Based GIS Catalog of Non-
Traditional Sources of Cooling Water



Project Overview

Budget Period | — Data Collection
Budget Period Il — System Development
Budget Period lll — Beta Test, Launch, Operate

Technology Transfer Will Occur Throughout the Life
of the Project

ALL and GWPC Plan to Continue Hosting the Site
After Project Completion

Guided by a Project Advisory Council



Project Advisory Council (PAC)

e GWPC Members

— State Water Agency Representatives
— Industry Association Representatives

* USGS Representatives

e QOthers as Identified



Synergies

Energy Water Nexus
NETL's Oil and Gas Program
Conventional Oil and Gas

Unconventional Oil and Gas

* CBNG

* CO, EOR

e Gas Shale

Other National Lab Water Efforts, e.g., SNL, LANL

CO, Sequestration Program



Contact Information
ALL Consulting

Web-site: www.ALL-llc.com
Dan Arthur
Bruce Langhus
David Alleman
918-382-7581



Reuse of Produced Water from CO, Enhanced Oil Recovery, Coal-
Bed Methane, and Mine Pool Water by Coal-Based Power Plants

Project DE-NT0005343
Seyed A. Dastgheib
University of lllinois at Urbana-Champaign (UIUC)

lllinois State Geological Survey (ISGS)

DOE/NETL — Existing Plants Water Projects Meeting
October 27-28, 2008
Pittsburgh


http://www.isgs.uiuc.edu/home.shtml
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Objective
Background
Scope
Tasks
Schedule

Summary

Project Outline



Objective

Evaluate feasibility of reusing three types of non-traditional water
sources (produced water) for cooling and/or process water for coal-
based power plants in the lllinois Basin

d CO, Enhanced Oil Recovery (EOR)
[ Coal-Bed Methane (CBM)

1 Active and abandoned coal mines

R

b R UL

B ape rmb

Extent of the lllinois Basin in lllinois, Indiana, and Kentucky



Power and thermoelectric freshwater demand in the US and lllinois

d U.S. and lllinois power demand will increase ~30% by 2030
O ~82% of total freshwater in lllinois withdrawn for the thermoelectric sector (vs. 39% U.S. withdrawal)
d lllinois thermoelectric water consumption may increase 55-160% by 2030 (vs. 28-50% U.S. increase)
d CO, capture will increase the U.S. thermoelectric water consumption considerably
d Emerging/future industries (e.g., biofuels, hydrogen production) will further increase the water demand
Water U.S. (BGD) lllinois (BGD)
Total electricity U.S. lllinois -
generation (billion kWh) (billion kWh) Total withdrawal 346 14
Thermoelectric 135 (39%) 11.3 (82%)
Year 2006 4,029 (49% coal) 192 (48% coal) .
Year 2030 5,219 (54% coal) 257 Total consumption 100 1.2
Increase 30% 34% Thermoelectric 3 (3%) 0.4 (33%)
Increase in thermoelectric water demand by
2030 without CO, capture (NETL prediction) U.S. lllinois

Withdrawal
Consumption

-21% to 6%
28% to 50%

-16% to 14%
55% to 160%

Sources: Hudson et al. USGS 2004; Solley et al. USGS 1998; DOE/EIA 2008; Phase || MGSC Report, 2007; DOE/NETL 2007 and 2008




Nontraditional sources of water for power plant usage:
NETL previous and on-going work

Techno-economic study on using coal-mine discharges and underground coal
mines (as heat sinks) for power plant cooling systems in the Pittsburgh Basin (West
Virginia University)

Modeling of using mine water for thermoelectric power generation in the Pittsburgh
Basin (WVU)

Reuse of three types of impaired water (treated municipal wastewater, coal-mine
drainage, and ash pond effluent) for power plant cooling (University of Pittsburgh -
Carnegie Mellon University)

Use of produced water from oil and gas fields to supplement freshwater use in
SJPS in New Mexico (EPRI)

Use of saline water, produced from CO, sequestration in deep saline aquifers, for
power plant cooling (Sandia National Lab)

Utilization of advanced separation and chemical scale inhibitor technologies to
use impaired water in re-circulating cooling systems (Nalco Company)



Nontraditional sources of water for power plant usage:
Contributions of this project

Characterize different types of produced water (i.e., from oil, CBM, and
coal mines) in the lllinois Basin

Evaluate feasibility of using produced water from oil and gas recovery
and coal mines for power plants in the lllinois Basin

Assess potential use of produced water from CO,-EOR for power plants
Assess potential use of produced water in PC (as cooling, FGD, or boiler
water) and IGCC (as cooling, coal slurry, or boiler water) in the lllinois

Basin

Perform an overall techno-economic optimization study for the produced
water use by power plants in the lllinois Basin



CO,-EOR In the lllinois Basin

J ISGS/UIUC is leading Midwest Geological Sequestration
Consortium (MSGC), one of 7 DOE partnerships, to capture and

sequester CO, in the lllinois Basin '3!!/
CHl reservol

'_' —Chnle

sal

[ Total CO, emission (billion metric tons, BMT) in 2005

L- Shutle seal
= US -~ 6 4 [: Catbounle seal
" MSGSregion: ~ 0.3 = g& Shale senls
. . . .- I'\‘"'I"Iu-;n:'n aline M- S
(d MSGC geological CO, sequestration capacity 5n,,f|g.:m‘m:—.-m.';:m_:

= Depleted oil and gas reservoirs (0.4 BMT)
=  Coal seams (2.3-3.3 BMT)
= Saline reservoirs (29-115 BMT)

[ I1SGS CO, sequestration activities

= Completed a pilot CO,-EOR project by injecting 43 tons of
CO, into an oilfield in Southern lllinois

= Planned to inject 10,000 tons of CO, into a deep saline
reservoir in Phase Il and 1,000,000 tons in Phase IlI

lilinois Basin CO2 EOR Classification
Oill Flelds

Lmﬂ-ﬂ:‘-
Sources: MSGS, DOE/NETL carbon sequestration atlas Ll -



Nontraditional sources of water: produced water from CO,-EOR

d Potential oil production by CO,-EOR in the lllinois Bain: ~1 billion bbl (10% of OOIP)
O Produced water/oil ratio ~ 10-100, produced water volume: ~ 10-100 billion bbl

O Water quality: mostly high salinity; TDS = 6,000-200,000 mg/I

Viscosity of olf i reduced providing more efficient miscible displacement.

Procuced Fluicts (Ol Gas g Vo)
L . Sepintiri andd Sloracy. Focilitiis
oy Divmida
o "'_ i Wl ':-'
g brpecticn Yyl Irigmseticon
= Purmg
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== l=—=—==iI== ; | [ ] e e e T =)
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e i‘;‘hlr_____“_a-_:_iﬂ'_-—'_—:ﬂ_f:___'?'&u:_— =3 —_— = ==
1 . 5 -

:. = Akt I.‘.Il

Y e Fola] - Muscitste | O ke iy
- : atne |1 CO e Ont -
P | R T Bank § o very o
.
. ‘ A
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RS S e =S e e e e e ==

Sources: DOE/NETL, MSGS, USGS produced water database, ISGS floodwater database



Nontraditional sources of water: produced water from CO,-EOR

a Dlepending on future regulations, a large volume of CO, might be captured from power
plants

d CO, geological sequestration by CO,-EOR is one of the options that may provide economic
incentives

O A portion of produced water will be re-injected and the rest should be properly managed

O Produced water could supplement cooling/process water demand of PC and IGCC power
plants

COg Production
Injection

Additional
]
Recovery,




Nontraditional sources of water: produced water from CBM

(] Coal-bed methane
= ~7.5% of total U.S. natural gas production
= CBM resources: U.S.:157.9 tcf, lllinois: 7.6 tcf

(d  Produced water from CBM
= Water quantity varies from basin to basin
Water/gas ratio: 0.03-2.75 bbl/1000cf

Water quantity decreases with time

IL estimation: 0.3-20.9 billion bbl water
Water quality varies: 200-170,000 ppm TDS

Sources: USGS FS-156-00, DOE/EIA 2007

US Coalbed Methane Resources (TCF)
By Basin, December 2006

e
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Nontraditional sources of water: produced water from coal mines

21 active and many abandoned coal
mines in lllinois

Potential underground mine volume: > 1
trillion gallons

Void volume can be patrtially filled with
water or used as a heat sink for power
plant cooling

Pattiki mine in White County produces ~
0.5-1 MGD water with ~ 9000 mg/l TDS

N (

Active and Abandonded
Mines in lllinois

| \
Legend (J - 2 —— =
- Aclive Mines - ,—f“ v
E] Surface - 1 -
B oo g y
=t -:;11,.__'
el ) %
b7
E
- 1.3 trillion gallons * s
of void space Hge

Calculation.
1) Underground mines - 838,000 acres = 36,000,000,000 =4, ft
2) Assume conserva tive seam thickness ¢of 5 feet

3) Underground mine volume = 180.000,000,000 cu. ft.
4) Potential underground velume = 1,300,000,000,000 gallons

1.3 trillion gallons




Project Scope

Participants:

U NETL/DOE
0 ISGS/UIUS (lliinois State Geological Survey/University of lllinois at Urbana-Champaign)
U DCEO/ICCI (lllinois Department of Commerce and Economic Opportunity/lllinois Clean Coal Institute)
U MGSC (Midwest Geological Sequestration Consortium)
U BPI Energy, Inc. (A CBM producer in the lllinois Basin)
U White County coal, LLC (Pattiki coal mine)
O WaterCAMPWS (Center of Advanced Materials for the Purification of Water with Systems, a UIUC-based NSF research center)
[ e T T T T T == =
I Coal-slurry water [
> |
1 >
. |
! Cooling water IGCC "
! > Plant |
: Boiler water I
I > I
| I
I I
Produced Water | :
CO2-EOR : Task 1. Water Task 2. Water Treatment I
CBM —| Characterization |__, Options I
Coal Mine I 1
I I
! S :
! FGD water |
! »| PCPower |,
: Cooling water Plant "
> |
| - >
) Boiler water 1
|

Task 3. Techno-Economic Analysis and Optimization




Project Tasks

Task 1. Produced Water Characterization
e Geographic distribution
e Quantity
¢ Quality

A\ 4

Task 2. Produced Water Treatments
o Experiments (filtration, coagulation/

Produced Water

* CO,"EOR precipitation, adsorption)
o CBM e Treatment options for various water
e Coal Mine > quality levels

\ 4
Task 3. Techno-Economic Analysis
¢ Cooling/process water demand by 2030
e Cost estimation
e Distribution network optimization

A

Task 4. Project management and report




Task 1: Produced Water Characterization

Use Information collected from the project participants and literature (e.g.,
USGS and ISGS databases, documents, and maps) to identify location and
guantity of produced water sources in the lllinois Basin

Collect available produced water quality data from USGS, ISGS, and EPA
databases/documents

Collect and characterize water samples from selected sources (pH, TDS,
different anions and cations, alkalinity, ...)

Map produced water quantity and quality data for the Illinois Basin

Task 1. Produced Water Characterization

A A\ 4
1.1 Geographic 1.2 Water Quantity 1.3 Water
Distribution Quality




Task 2: Treatment and Processing of Produced Water

(d Consider only produced water sources that provide a minimum required quantity of
water (e.g., 10% of a 200MW closed-loop power plant water demand)

(d Conduct water treatment studies considering the required water quality for different
applications for PC and IGCC (i.e., water used for cooling, boiler make-up, coal
slurry, and FGD)

Task 2. Treatment and Processing of Produced Water

I

2.1 Conventional Water Treatment Processes q

A
A
N
[~ e e e === = = N
A

2.1.1 Gravimetric/De-oiling

l

2.1.2 Filtration

Y v
2.2 Innovative Water Treatment

Concepts in Desalination and
Membrane Separation

2.1.3 Precipitation/Coagulation

v
2.1.4 Adsorption
2.1.5 Membrane Separation

1
1
|
1
1
1
1
1
|
1
1
|
|
v |
|
1
1
|
1
1
1
1
1
|
1
1

__________ [ |

2.3 Treatment Options for Various Water Quality Levels
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Task 3 — Techno-Economic Analysis

Assess cooling/process water demand by PC/IGCC by 2030 (new additions assumed to be 50/50
supercritical PC and IGCC)

Collect literature information and conduct process simulation to estimate water demand (different
types) in PC/IGCC

Perform cost estimation of produced water treatment/transportation based on the results of Tasks 1
and 2, literature information, and standard Chemical Engineering cost estimation procedures

Perform an overall network optimization analysis to identify an optimized pipeline distribution system
from local water treatment facilities to the power plants. Optimization scenario will consider the cost
of treating water to different quality levels, the demand volume of each quality level, and pipeline
transportation cost

Task 3 Techno-Economic Analysis

| ! '

3.1 Cooling/Process Water
Demand by PC and 3.2 Cost of Produced 3.3 Cost of Produced
IGCC by 2030 (quantity, Water Treatments Water Transportation
quality and geographic
distribution)

' |

v
3.4 Produced Water Distribution Network Optimization and Overall Cost




Project Schedule

Quarters

Task 1. Produced water characterization

1.1 Geographic distribution

1.2 Water quantity

1.3 Water quality

Task 2. Produced water treatments

2.1 Conventional treatments

2.2 Innovative treatments

2.3 Treatment options

3. Techno-economic analysis

3.1 Cooling/process water demand

3.2 Cost of produced water treatments

3.3 Cost of produced water transportation

3.4. Overall optimization

Task 4. management & reports




Summary

1 Characterize different types of produced water (i.e., from
CO,-EOR, CBM, and coal mines) in the lllinois Basin

L Assess potential use of produced water in PC (as cooling,
FGD, or boiler water) and IGCC (as cooling, coal slurry, or
boiler water)

1 Perform an overall techno-economic optimization study for the
lllinois Basin



Thermoelectric Power plant Water Demands Using
Alternate Water Supplies:

Power Demand Options in Regions of Water Stress and Future Carbon
Management

Contributing Authors:
Peter H. Kobos, Malynda Cappelle, Jim Krumhansl, Tom Dewers,
Andrea McNemar, David J. Borns, Michael Hightower, and many others.

Acknowledgements: This work is developing under the funding and
support of the National Energy Technology Laboratory.
Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United States Department of Energy’s National Nuclear Security
Administration under contract DE-AC04-94AL85000. Work in Progress. SAND2008-7024P.
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Regional Water Stress

« Project Overview:
— Assess regions of the country that may face water shortages/stress

— Help identify potential opportunities for expanding power supplies, while
maintaining a healthy water management strategy

— Evaluate potential non-traditional water sources in this region for their
applicability for treatment and use in Thermoelectric Power Generation

 Project Plan:

— Down select to one or more regions of the U.S. to compare to the San
Juan Basin in the SW U.S.

— Selected: The region of interest for the Southeastern Regional
Partnership on Carbon Sequestration (SECARB)

« The area is immense and required a tiered approach to evaluating
it's brackish water resources.

Dots show pilot test sites:
Yellow = Coal
@ Formations
- ;\ Blue = Saline Sandstone
‘@D Aquifer

gﬁ Green = Qil-Bearing
Sandstone
ﬁ:f“'f:i &3:93!" |Source: http://www.secarbon.org/
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Progress of the Current NETL/SNL Project

Timeline

« Completed:
Summer — ldentifying Regions of Interest

— ldentifying Sites with Some, Little or Limited Potential for
Cog%led O, Sequestration with Groundwater Desalination
and Use

« Ongoing:
Fall 2008 — Additional Site Evaluation
— Additional Regional Geostudies & Evaluation

 Where we are going:

— Developing a working set of guidelines / analytical framework
* How to evaluate and then assess the viability of non-traditional water use and treatment

2009 + » Potential Coupled CO, sequestration system with Water Treatment and Use for Cooling
Water at Power Plants.

— Developing a ‘Regional Story’ on the applicability of this framework

— ldentifying Regional Data Collection Gaps, Challenges, Opportunities,
v and Collaborations




‘ Energy-Economic Modeling:

Conceptual Layout of the Project

CO, System Power Plant System

L}
WY
¢
¢

N\ Systems Modeling & Economics

Can a power plant utilize non-traditional water for cooling or other uses
as well as store CO, underground?

¥
Narirs! Moghery Secarsy Adrmeinde®



Selection Criteria:

1. Brines from depths greater than 2,500 feet, x
2. Total dissolved solids (“TDS”) between 10,000 and 20, OOO
mg/L.

Phase 1: (completed), Evaluating whether any of the SECARB pilot test sites would
produce brines suitable for coupled-use applications.

Phase 2: (in progress), Regional assessment of whether areas other than Pilot Test
sites might have aquifers suitable for coupled-use applications.

Phase 3: (in progress), A second regional evaluation, but from the

perspective of whether the water resource expands significantly if the 10,000-20,000
TDS (mg/L) brine comes from a relatively shallow aquifer while, at the same site, a
deep, highly saline aquifer is available for CO, sequestration

(Decoupled Systems Geographically)

NYSA



Initial Findings: Pilot

Test Sites In

“Saline” and Oil-Bearing Strata

Cranfield Site (SW Mississippi):
* Planned injection at a depth of
10,300 feet into the Tuscaloosa
Sandstone
» Salinities™ for nearby wells in this
formation range from 147,000 mg/L
to 211,000 mg/L TDS - far higher
than can be treated for reuse.

S— @ﬁj'\'
I J_?,\\x—\r;

gt )

1/

Gulf Coast Site (Mississippi):

The Regional Issue:
* Presence of several interior

£ % salt-basins (shaded) and their

attendant salt domes
* On a regional scale these

., features give rise to very saline

ground-waters at shallow
depths (900’-1500’ typically).

* Planned injection at a depth of
8,800 feet, also into the Tuscaloosa
Sandstone.

« Salinities for nearby wells range
from 120,000 mg/L to 200,000 mg/L
—far too high for reuse.

L F WS Sources of Graphics: SECARB, 2008; Mancini & Goddard, 2007, http://www.pttc.org/newsletter/2qtr2007/v13n2p9.htm

* from the NATCARB database



Central Appalachian Basin Coal Test:
* (“G2”, Virginia, Kentucky,& West Virginia): into the
Pocahontas & Lee Formation coals at

1,600 to 2,200 feet deep

* No data is available from the deepest (Virginia) West Virginia-Kentucky
part of the basin (where pilot testing is likely) : ’
« Data from a shallower parts of the basin in West
Virginia suggests salinities will be too high.

Black Warrior Basin Coal Test. LT e
*(“G3", central Mississippi): CO, into the Pottsville coals (Pennsylvanian-age) at 1,500-
2,500 feet.
* The southwest smaller, deeper, part of the basin (~250 square miles) meets all dual-use
criteria.

* It is, however, only about a quarter of the total area occupied by the basin.




‘ Preliminary Scope:

Promising Dual Use Basins/Regions

Viable coupled-use targets
- G3 SECARB Location
..+ =2 North-central Florida (lower “Floridan”
| aquifer)
f’g ) >  Middle section of the Texas Gulf coast
b (Carrizo-Wilcox aquifer system)

South Georgia Basin may also have

potential
- Data is largely lacking for hydro-geochemical

sites of interest to us at depth

Need a better understanding of the
constraints
= Using criteria designed for porous

SECARB Regional Partnership Sites  sandstones may lead to underestimating the
of Interest size of the available sequestration resource

Decoupling

- the cooling water and sequestration
formations would greatly expand the size of
the resources

T YA L =
A 4
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Thermoelectric Power plant Water Demands Using
Alternate Water Supplies:

Power Demand Options in Regions of Water Stress and Future Carbon
Managment

Thank You

Acknowledgements: This work is developing under the funding and
support of the National Energy Technology Laboratory.

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United States Department of Energy’s National Nuclear Security
Administration under contract DE-AC04-94AL85000. Work in Progress. SAND2008-7024P.
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Nanofiltration Treatment Options for
Thermoelectric Power Plant Water
Treatment Demands

Malynda Cappelle
Mark Rigali

Location:
October 27 — 28, 2008, NETL
Pittsburgh, PA Site Meeting
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support of the National Energy Technology Laboratory.

AT W Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company,
ﬂ‘i‘agé for the United States Department of Energy’s National Nuclear Security Administration
- under contract DE-AC04-94AL85000.




Energy-Water Issues

U.S. Freshwater Withdrawals, 345 Bgal/day
Pubilic Supply, 13%— Domestic, 1%

Industrial, 5% —=7 ng - Aguaculture, 1%
Mining, 1%—" % | -Livestock, 1%

Irrigation, 40%

Figure II-1. Estimated Freshwater
Withdrawals by Sector, 2000

(Hutson et al.., 2004)

LS. Freshwater Consumption, 100 Bgal/day

Ciomestic
T.1%

Commercial
1.2%

aelectric

. 3.3%
== Industrial Mmnmg
Irmigation 33% 1.2%

80.6%

o, Livestock
3.3%

Figure II-4. Estimated Freshwater
Consumption by Sector, 1995
(Sollev et al., 1998)

Source: 2006 Energy Demands on Water Resources: Report to
Congress on the Interdependency of Energy and Water



Total Freshwater Withdrawal, 1995/ Available Precip

percent, numbser of countias in parenthesses

B =500 (49)
B 100to500 (267)
| 30to100 (363)
| Sto 30 (740)
1t 5 (1078)
B ot 1 (514

Projected
Population
Growth
(2000-2020)

Source: NETL (2002)

Source: USGS Circular 1200 (Year 1995), EPRI 2003




} Project Goals

» Goal is to create “new water” for thermoelectric power
plants

 Pilot operations will evaluate options for low cost
desalination of two types of waters using nanofiltration:

— Produced water (CBNG)
— Cooling tower recirculating water

 Pilot operations end result:

— Demonstrate a new treatment process to match needs of
end use

— Evaluate potential for new water sources for use in
existing power plants



’ﬂ Why nanofiltration?

* Nanofiltration membranes have a high rejection rate for
divalent ions and are capable of knocking down TDS
significantly.

* Nanofiltration membranes are more tolerant (in general) for
fouling conditions, as compared to reverse osmosis.

* Nanofiltration membranes operate at lower applied
pressures, as compared to reverse 0Smosis saves energy
and $.



roduced Water from CBNG to augment
Power Plant Water Uses?

RIVER

__, OTHER » EVAPORATION
(water source) WATER USES PONDS
LIQUID
WASTE
STREAMS
AN \ < j POWER
TURBINE
I
“NEW”
TREATED
WATER

PRODUCED

WATER

(sent to evaporation ponds or re-used)

Simplified Diagram of San Juan Generation Station




Produced Water CBNG Pilot

« Existing CBNG Produced
Water Pilot

— ~12,000 mg/L TDS
produced water,
primarily Na, HCO,, Cl

— Currently Producing 1-3
gpm of <100 mg/L TDS
treated water

= « NF membranes will replace
. RO membranes shown at
the CBNG Pilot for the
current study.
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Produced Water CBNG Pilot

e Actual RO Pilot Data:

— 500-550 psi pressure to RO (primarily due to lack of
UF pre-treatment)

— Operated at ~480 psi with UF pre-treatment
— Permeate quality is pH 5.6 & 100-150 mg/L TDS

— Partnering with ConocoPhillips, BEST, NMSU, BLM,
OCD

e Predicted (ROSA®) Nanofiltration Data:
— Operate at <300 psi to NF system
— Permeate quality to be pH 7.0 &1500 mg/L TDS

— Acceptable to blend with lower TDS water for
cooling tower
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roduced Water Pilot — Predicted Chemistry
(ROSA®)

Name Feed After Recycle Concl\(lalrjtrate PermFeate RO Rejection

Na 6158.38 8422.86 7116.39 497.15 89%
Mg 8.34 11.58 9.7 0.24 96%
Ca 37.97 52.73 44,17 1.09 96%
Ba 39.1 54.29 45.47 1.11 96%
CO3 311.55 498.2 384.13 0.9 100%
HCO3 10825.82 14664.3 12464.7 912.44 88%
NO3 4,12 5.26 4.61 1.27 61%
Cl 2941.84 4023.51 3398.14 237.63 89%
F 1.01 1.37 1.16 0.09 88%
S04 4.01 5.6 4.67 0.05 98%
SiO2 13.65 18.86 15.84 0.61 94%
TDS 20345.79 27758.57 23489 1652.59 89%
pH 7.86 7.8 7.83 7.04 11%




Cooling Tower Pilot

4) Coolin

Evaporation

(5) Pilot Equipment Concentrate

?

- - -p

- - -

I

Drift

‘ De-Bromination
(via GAC or bisulfite)

Makeup

v

Blow Down ‘

mpressor

v

Permeate




Cooling Tower Pilot

e Install small
nanofiltration system on
circulation loop

e Partnering with Facilities
Engineering group at
SNL

 Monitor removal of
scale-forming
constituents

e All treated, wastewater
to drain

Cooling tower for pilot:
* Proof of concept 600-1800 gpm

approach Installed in 1999
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redicted Cooling Tower Pilot Chemistry

(ROSA©)
After RO

Name Feed Recycle | Concentrate Permeate Rejection

Na 176 219 326 27.2 84%
Mg 33 42 64 2.1 94%
Ca 130 165 252 8.1 94%
CO, 54 69 107 2.1 96%
HCO, 476 601 912 39.8 92%
Cl 232 289 429 36.0 85%
SO, 34 43 67 0.8 98%
SiO, 125 158 239 10.9 91%
TDS 1260 1586 2397 127.0 90%
pH 9.0 9.0 8.9 8.91 N/A

*Reduce/Eliminate feed (well water) with permeate mixture

*Run at higher cycles — conserve water & chemicals (?)
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Project Timeline

Oct-Dec 2008

Install & Operate NF membranes at CBNG
Pilot Location

—Status Report of Operations

Jan-Mar 2009

Install NF system at SNL cooling tower

—Equipment and Modifications to
existing HVAC system

April-July 2009

Operate NF pilot at SNL cooling tower
—Status Report of Operations

Aug-Sept 2009

Write Final Report

—Cost/Benefit Analysis of both pilots’
results
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Treatment Demands

Thank you for your attention.

Questions?
Malynda Cappelle, macappe@sandia.qov
Mark Rigali, mjrigal@sandia.qgov

Acknowledgements: This work is developing under the funding and
support of the National Energy Technology Laboratory.
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Effect of Cooling Tower Pilot

Make-Up Water Consumption (gpm)
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