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Competing Water Demands N e

U.S. Freshwater Withdrawal?

Public Supply, 14% Domestic, 1% Irrigation, 38%

‘!

Mining, 1%
Industrial, 5%

U.S. Freshwater Consumption?

Livestock, 1%

Aquaculture, 3%
Thermoelectric, 3%

o Commercial, 1%
Mining, 1%

Industrial, 3% Domestic, 6%

2010 Thermoelectric freshwater
requirements:

— Withdrawal: ~ 117 BGD

— Consumption: ~4 BGD

Livestock, 3%

Sources: USGS, Estimated Use of Water in the United States in 2010, USGS Circular 1405, 2014 Irrigati 81%
2USGS, Estimated Use of Water in the United States in 1995, USGS Circular 1200, 1998 rngation, o
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Converting thermal energy to electrical energy
Chemical-to-Mechanical-to-Electrical energy
Use a hot fluid to SPIN a TURBINE

Turbine spins a generator--makes electricity

Heat source--coal, natural gas, synthetic gas, nuclear, solar,
geothermal
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In 2015, the United States generated about 4 trillion kilowatthours of electricity.! About 67% of the
electricity generated was from fossil fuels (coal, natural gas, and petroleum).

Major enetgy sources and percent share of total U.S. electricity generation in 2015:!
* Coal = 33%

Natural gas = 33%

Nuclear = 20%

Hydropower = 6%

Other renewables = 7%
*  Biomass = 1.6%
e Geothermal = 0.4%
*  Solar = 0.6%
e Wind =4.7%

Petroleum = 1%
* Other gases = <1%
1Preliminary data; based on generation by utility-scale facilities.

Thermoelectric Electricity Generation 89%
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http://www.eia.gov/electricity/monthly/epm_table_grapher.cfm?t=epmt_1_01

Rankine (Steam) Cycle =Jarona
TLJR55RRIR
High pressure superheated steam Heat In

<+ Work Out

Generator Turbine

Low pressure,
low temperature
steam

Closed cycle

Fuel: Pulverized Coal (PC)
Nuclear, Solar

Low pressure water ' —
ﬁ
/ H
Heat Out Steam Pump

Efficiency: 35%

igh pressure

water
Condenser
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Brayton (Joule) Cycle-Gas Turbine TL limoer
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Fuel: natural gas or
Fuel synthetic gas (coal gasification)

Open cycle

Work Out

To Steam Cycle for Combined Cycle (59% efficient)




2x1 Natural Gas Combined Cycle o
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(NGCCQC) TL B

2 gas turbines, 2 HRSGs (heat
recovery steam generators),
1 steam turbine

Feedwater,
to HRSG

Electricity

Main Steam
Cold Reheat
LP Admission

Electrtity Efficiency

HHV (Higher Heating
Value) 54%

LHV (Lower Heating
Value) 60%

? Electricity
L —
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Water usually gets rid of Waste Heat N e

Once-through Low pressure,
low temperature

High use, steam

low consumption \

Recirculating

Natural draft or \
Heat Out

Forced air (fan)

Lower use, —

high consumption Low pressure water
Steam
Condenser

Dry cooling

High capital cost,
high backpressure

(energy penalty)
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Cooling system types by primary energy source (2012) |

Primary Once- Recirculati  Dry Wet .& dry Tota!
energy . hybrid cooling
through ng cooling .
source cooling systems 71 .
coal 398 368 4 1 771 l R et VF
. | S L
natural gas 197 422 51 4 674 _ _'E_"_“:‘)ﬁ"\__\)@\\\\\\\\\?
nuclear 50 44 0 0 94
other 7 H ! 0 116 Recirculating 53%
total 719 875 56 5 1,655 Once-through 43%

Dry 3%
Source: U.S. Energy Information Administration, Form EIA-860, Annual Electric
Generator Report
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US Water Use Estimate 2010 N v
Thermoelectric Power TL ISR

1,290 thermoelectric power plants; 3,130,000 g\Wh (gigawatt-hours)

161 billion gallons per day (bgd) withdrawn; >99% surface water
withdrawal, 73% of surface water freshwater sources, 44 bgd saline
water withdrawn, 97% of saline withdrawal surface water

19 gallons of water were used to produce 1 kWh (kilowatt-hour) of
electricity in 2010

Light Bulbs

Incandescent 100 W 1.9 gallons/hour
Halogen 72w 1.4 gallons/hour
Compact Flourescent 26 W 0.49 gallons/hour

Light emitting diode (LED) 16-22 W 0.36 gallons/hour

Central air conditioner 3500 W uses 66 gallons/hour
Vacuum cleaner 1200 W uses 23 gallons/hour

*USGS, Estimated Use of Water in the United States in 2010, USGS Circular 1405, 2014
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Thermoelectric Power Plant Water —anonaL
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Water Consumption (gal/MWh net)
0 100 200 300 400 500 600 700
NGCC

B Gasifier
B FGD

Shell IGCC i Cooling Tower

(Dry fed)

Air Conditioner
Consumes

NGCC 0.7 gal/hr
Nuclear 2.5 gal/hr
Uses

66 gal/hr

GEEIGCC
(Slurry fed)

Supercritical PC

Subcritical PC

Nuclear J
\_

Plants equipped with wet re-circulating cooling towers, from “Water Requirements for Existing and
Emerging Thermoelectric Plant Technologies”
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Rankine Cycle Efficiency-
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Wturbr'ne
isentropic process--constant entropy--pump and turbine n =
isothermal expansion--boiler T, Qin

Isothermal compression--condenser T

1-2 feedwater pump

' 2-3 boiler
3-4 turbine
400 Critical Point sobar 4-1 condenser
250 (725psi)
300
") 3
[ | — ;
v 20 1 >
% 2001 H::Illl'bil:l.:
[=1H
£
2 150-
100- 0.06bar Foet
; . (0.87psi)
j‘% WPW“P Cou \ V
30+ ./ . L) Condenser
" ¥ \"‘» Feedpump
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Entropy, s (k1/kgk }
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Power Plant Steam Condenser TLJRSSrSR

{— Exhaust Steam

Stainless Steel
Expansion I_(' ')_I Flange
Tube Joints —btl |) ;m
Flanges Sheet ( Flanges Flanges
| vert TN | Carbon = | Flanges Vent

s Steel ),

—
]
||
]
|
| |

||
]
Manhole

| | Hotwvell =

-,
Drain ] Condensate [ Drain
Circulating - Carbon Steel ) - Circulating
Inlet Water Springs Springs Outlet Water

To XX X X X X X X
Condensate Concrete Concrete

S atu rate d Ste am Note: Tubes ar:::;s. c:up:| nia:lwl).xt'rt:':um or stainless steel. The tubes a: ea:ar:e: or rolled and
. bell mouthed at the ends in the tubesheets.

100 F O . 95 pSIa Typical Power Plant Condenser

120 F 1.2 psia

140 F 2.8 psia
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Thermo-electric Power Generation
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NETL Power Plant Water Program- N v
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Commercial Successes L
The average US Coal Plant is 33% efficient at generating electricity. The other 67%
of heat from coal is waste heat, which is released from boiler in flue gas and
dissipated to water from steam condenser.

With plume abatement

Flue Gas Stack

928 gpm
3,804,950 Ib/hr
Evaporation e - e
SPX ClearSky-condenses &p;;riﬂ Steam y i};lflt“];OOd, Gl;at "
average of 19% 3,891 gpm PR ver Bnergy, ‘ or
evaporated water - v Dakota, Combined
Turbi fpiler Heat and Power for
roimne .
520 MW bio-refinery, 60%
= efficiency.
Generator
Warm Water l ¥ B:I]e:
187,600 gpm cedwater
25 °F Rise T@ _.C(’“densate 7,645 gpm
Cool Water Steam DryFining-uses waste heat from

Condenser \ flue gas and condenser to dry coal

. . o
Make-up Water  Blowdown Water p rlor. to co.mbustlon, 5.8%
5,188 gpm 1,297 gpm efﬁclency improvement.

U.S. DEPARTMENT OF




N: NATIONAL

ClearSky Plume Abatement Cooling Tower TL [coroey

LABORATORY

With plume abatement

Thaoca ~anfinm tawear ~alle ara all A o
These cooling tower cells are all operating at the s

SPX Cooling Technologies has more than 80
plume-abatement installations worldwide, and
the story continues based on technology funded
in ﬁart by the US. Department of Energy as

well as hundreds of thousands of hours of
real-world operation.

. DEPARTMENT OF

*Lower Installation Cost

Less piping means less investment
than conventional systems

*Greater Design Flexibility
Back-to-back design allows for easy
installation, including retrofits
*Reduced Maintenance Costs
Unique patented design and materials
means less need for maintenance
*Reduced Auxiliary Power Usage
Driven by pump head, ClearSky
towers can effectively reduce auxiliary
power usage when compared to coil
type hybrid towers.




Constructed at San Juan Generating
Station, NM
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San Juan Generating Station, New
MexXxico
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* 2/09/09 Temperature 35 deg F, Relative Humidity 50%




Second project—Redesign to make B
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Commercial 12 Cell Installation N
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ClearSky Plume Abatement Tower Construction Complete
Hess Newark Energy Center in New Jersey
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* Low-rank, high-moisture coals constitute about 50% of the U.S. and
world coal reserves.

* For high-moisture coals burned in utility boilers, 7% of the fuel heat
input used to evaporate and superheat fuel moisture that leaves with
the flue gas (mostly latent heat of evaporation).

* Higher fuel and flue gas flow rates, higher auxiliary power use, higher
net unit heat rate, and higher mill, coal pipe, and burner maintenance
compared to bituminous coals.

* Coal-drying thermal processes mechanically complex or require costly
Enmary energy or steam to remove moisture from the coal--main
arrier to industry acceptance.

* DryFining — fluidized bed dryer (FBD) uses waste heat to decrease
moisture.
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“Use of Coal Drying to Reduce Water Consumed in Pulverized Coal Power
Plants”: DE-FC26-03NT41729, March, 2006

“Lignite Fuel Enhancement Final Technical Report,” DOE Award Number: DE-
FC26-04N'T41763, released June 2010.

* DryFining has been in continuous commercial operation at Coal Creek Station
for over four years, achieving availability higher than 95%, and not causing a
single unit outage. The station net generation has also increased since
implementing DryFining.

* SOx emissions were reduced by 44% to 46%, while NOx emissions were reduced
by 24% to 25%.

* Average annual improvement in net unit heat rate for Unit 1 is 3.4%, Unit 2 is
5.8% (includes steam turbine upgrade).

* Station auxiliary power use by each unit has decreased 5 MW.
* Paid back $580,000 to U.S. taxpayers




Process Efficiency and Heat Utilization =
Projects (Began 2014) TLJRsowisr
Forward Osmosis (FO) Process Utilizing Low Grade Heat: Simultaneous Waste Heat and
Applications in Power Plants Carnegie Mellon University Water Recovery from Power Plant
Flue Gases Institute of Gas Technology
Recirculated Membrane Waste Heat
Water or Input

Wastewater

Drinking
Water

Brine
Transport Membrane
The COHO — Utilizing Low-Grade Heat and Condenser (TMC)-
Carbon Dioxide at Power Plants for Water nanoporous ceramic
Treatment Porifera membrane
SPS releases &
SPS concentrated T |
sequesters CO,
Ky o e A
<==»  indirect heat-use line [ Fioe o e >
Development of a Field Demonstration for Cost-Effective Low-
i 1 Bxiimiheses Lo ilosizs o Grade Heat Recovery and Use Technology Designed to
— e ERIEES Improve Efficiency and Reduce Water Usage Rates for a Coal-
Cold flue gas .
bt Fired Power Plant Southern Company
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* IO is uniquely suited to concentrate high fouling waters that clog up other membranes.

* FO technologies can treat water up to 150,000 ppm of total dissolved solids—four times
the maximum for conventional RO systems—and concentrate it to over 280,000 ppm

FO membrane

Less salty liquid More salty liquid
2 ) D - 3
- ¥ 929 o
) gy T
?" S 4 2
i %,
37 v 9
e
Feed is concentrated Draw solution drives the
(e.g.: reduced volume waste  process (e.g.: salty solution,
for disposal or industrial seawater, fertilizer, or any
product for beneficial use) liquid with dissolved ions)

Source: National Geographic ‘

Oasys Water’s forward osmosis technology is installed
to treat flue gas desulfurization wastewater at the

Changxing Power Plant in China.

U.S. DEPARTMENT OF

ENERGY




Forward Osmosis (FO) Process Utilizing Low Grade Heat:

Applications in Power Plants
Carnegie Mellon University DE-FE0024008
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Recirculated Membrane Waste Heat
Water or Input
Wastewater
Drinking
Water
Brine «

Generalized FO system design

Draw solute—ammonia bicarbonate (baking
soda), waste heat regenerates weak draw

solute
Exhaust Potentially
Recoverable Heat
I[-J Condenser/
Cooling Water

A Electricity

Input Electricity |
*\ Generation

Exhaust EVaII Nonrecoverable
0SSes Heat

Establish rigorous models of the temperature and heat duty of the draw solute recovery
system integrated with power plant waste heat to determine FO feasibility.
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) ENERGY




Membrane Distillation University of Pittsburgh DE-FE0024061 YE

Fouling Resistant Membranes Research Triangle Institute DE- ENERGY
FE0024074 TL LABORATORY

*-:-..r

Permeate side
(20 to 30 *C) .'3', i
r ...4

mﬁ m“

Membrane distillation

University of Pittsburgh Membrane distillation is a thermally driven

test apparatus separation enabled due to a phase change. A
hydrophobic membrane creates a barrier for the
liguid phase, allowing the vapor phase (e.g. water
vapor) to pass through the membrane's pores. The
driving force of the process is given by a partial
vapor pressure difference commonly triggered by
a temperature difference.

. DEPARTMENT OF




Simultaneous Waste Heat and Water Recovery from Power

Plant Flue Gases N=|NATONAL
Institute of Gas Technology, Media and Process Technology, SmartBurn, TSNS

Florida International University DE-FE0024092

Transport Membrane Condenser (TMC)

Media & Process Technology ceramic nanoporous membrane to remove waste heat and water
from flue gas.

., U.S. DEPARTMENT OF
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* Greatly improve TMC water vapor transport

Eliminate plume of flux and system efficiency, ready for high
condensing water moisture content flue gases from future
from stack advanced power generation system, and

evaluate membranes for low pH flue gas
applications,

* Explore low cost TMC unit fabrication and
control methods to reduce capital and
installation costs.

TMC Field Demo for Coal Power Plant Before TMC After TMC

.S. DEPARTMENT OF




Development of a Field Demonstration for Cost-Effective Low-Grade
Heat Recovery and Use Technology Designed to Improve Efficiency
and Reduce Water Usage Rates for a Coal-Fired Power Plant
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Southern Company Services, Inc. , Electric

Ljungstrém .
- Combustion air Power Research Institute, AECOM (URS Group)
heating using flue
a5 35 heat source DE-FE0024085
* Commercial
High Efficiency Other ConDex Heat Pipes
System [MHI) * Flue gas » Can be used for air
£ * Transfers heat * Dry Fining condensing system preheating or as
downstream of alr increases heat steam condenser
'! P heater to boiler * Heat pump transfer rates
£ feed water * Can be used to * Commercial
I .a' g « Kellon cycle heat feed water
E‘ £ Commercial Commercial
- ) N e e o
5 £ Hmwmfol boiler prior ta the FGT o
= E e * Thermoacoustics e
E heating the heat to the
} FGD outlet flue gas
g * Commaercial
Commercial
Transport
= | Membrane
g Condenser
* Water treatment
via capillary water
condensation
* Emerging

1]

1607F - 125°F

furenw Comyentian
SteamSwater lne

Direct heat-use line
Indirect heat-use line I

I

&
v

Flue Gas Ternperature Profile >

U.S. DEPARTMENT OF




Potential uses of low-grade heat

Use

Boiler feedwater heating Increase efficiency / capacity =
Combustion air pre-heating Increase efficiency / capacity -
g SErELen Increase overall thermal efficiency

(e.g., district water heating)

Convert heat to electricity Increase unit output

Remove waste (e.g., total dissolvable
solids [TDS]) to reduce makeup water and
process thermal load / aux power

CT or FGD wastewater
treatment

Flue gas or FGD exhaust

Reduce water consumption
water recovery

Increase boiler efficiency and reduce
emissions

Refrigeration cycle Increase unit efficiency
Water generation
(e.g., desalination)

Question: Is boiler feedwater or combustion air pre-heating better for LTHR?

Fuel drying

Cogeneration and sale / use opportunities

EEEEEEEEEEEEEE
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GTI's Transport Membrane Condenser (TMC)

captures water and heat
= Uses a nano-porous ceramic membrane to extract water vapor

and its latent heat via capillary condensation from flue gas after
the FGD

= Mineral-free water is created and passed back to the feedwater at
180°F or as cooling water makeup

= Advantages
— Organization stated relatively low cost
— Can increase MW output
— Good operational performance
— Tested on coal flue gas

* Disadvantages
— Works better on high-moisture flue gas
— May not be tolerant of high SOx levels
— Has not been tested at large scale

GTI's TMC [3]
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Ljungstrom improves boiler efficiency

by increasing AH effectiveness
* Extends AH heat-transfer surface, increasing air temperatures

= Sulfuric acid condensation mitigated via SBS™ (sodium-based
solution) injection upstream of the AH

* Reduces FGD water use due to reduced gas temperature and
removal of acid gases via alkaline solution injection

= ESP removal improved due to reduced gas temperature and SO,

= SCR operating temperature can be reduced due to reduced SO,
N~
Y

Old Configuration New Configuration

Rotor Post

Rotor Post

Total heat transfer surface depth 48" Total heat transfer surface depth 63.5

Before and after Ljungstrom technology update
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Future Direction-Discussion
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Cooling Technology
Dry Cooling
Water Recovery-condense, membranes, desiccant

Water Treatment-condense, membranes (forward osmosis,
membrane distillation)

Water sensors
Cogeneration-use recovered heat

Bottoming cycles, thermoelectrics, heat pipes
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