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Energy Policy = Choice of Fuel(s)

“Use What You Have!”
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Primary Energy Consumption by Fuel - Mtoe

U.S. = 91.86 Quads

Primary Energy: Consumption by fuel*

2016 2017
Million tonnes oil equivalent Oil Natural Coal Nuclear Hydro Renew- Oil Natural Coal Nuclear Hydro Renew- Percent of
Gas energy  electric ables Total Gas energy  electric ables Total [2017 Total
us 907.6 645.1 340.6 191.9 59.7 83.1 22280 913.3 635.8 332.1 191.7 67.1 948 22349 16.5%
Canada 107.0 94.1 18.9 21.8 87.6 9.6 339.0 108.6 99.5 18.6 21.9 89.8 10.3 348.7 2.6%
Mexico 90.1 79.0 12.4 2.4 6.9 4.1 194.9 86.8 75.3 13.1 25 7.2 4.4 189.3 1.4%
Total North America 1104.6 818.2 371.9 216.1 154.2 96.8  2761.9] 1108.6 810.7 363.8 216.1 164.1 109.5 27728 20.5%
Brazil 135.7 324 15.9 3.6 86.2 19.1 293.0 135.6 33.0 16.5 3.6 83.6 22.2 294.4 2.2%
Total S. & Cent. America 320.8 150.6 34.9 5.5 156.4 28.6 696.8 318.8 149.1 32.7 5.0 162.3 32.6 700.6 5.2%
France 79.2 38.3 8.2 91.2 13.6 8.4 238.9 79.7 385 9.1 90.1 111 9.4 237.9 1.8%
Germany 117.3 73.0 75.8 19.2 4.6 38.3 328.2 119.8 775 71.3 17.2 4.5 44.8 335.1 2.5%
ltaly 59.8 58.5 11.0 - 9.6 14.8 153.8 60.6 62.0 9.8 - 8.2 15.5 156.0 1.2%
Spain 64.2 25.0 105 13.3 8.2 154 136.7 64.8 275 134 131 4.2 15.7 138.8 1.0%
Turkey 47.1 38.2 38.5 - 15.2 54 144.4 48.8 44.4 44.6 - 13.2 6.6 157.7 1.2%
United Kingdom 76.3 69.6 11.2 16.2 12 17.6 192.2 76.3 67.7 9.0 15.9 13 21.0 191.3 1.4%
Total Europe 719.3 434.7 295.1 195.2 146.1 144.2  1934.6 731.2 457.2 296.4 192.5 130.4 161.8  1969.5 14.6%
Russian Federation 152.5 361.3 89.2 445 41.8 0.3 689.6 153.0 365.2 92.3 46.0 415 0.3 698.3 5.2%
Total CIS 202.8 492.6 156.2 63.3 56.3 0.8 972.0 203.4 494.1 157.0 65.9 56.7 0.9 978.0 7.2%
Iran 80.7 173.1 0.9 15 35 0.1 259.8 84.6 184.4 0.9 1.6 3.7 0.1 275.4 2.0%
Saudi Arabia 173.8 90.6 0.1 - - " 264.5 172.4 95.8 0.1 - - " 268.3 2.0%
United Arab Emirates 45.7 62.3 15 - - 0.1 109.6 45.0 62.1 1.6 - - 0.1 108.7 0.8%
Total Middle East 416.0 437.6 9.1 1.5 4.6 1.0 869.7 420.0 461.3 8.5 1.6 4.5 1.4 897.2 6.6%
South Africa 28.7 4.0 84.7 3.6 0.2 1.8 123.0 28.8 3.9 82.2 3.6 0.2 2.0 120.6 0.9%
Total Africa 192.6 114.5 94.9 3.6 27.1 5.2 438.0 196.3 121.9 93.1 3.6 29.1 5.5 449.5 3.3%
Australia 50.5 35.9 43.6 - 4.0 54 139.5 52.4 36.0 42.3 - 31 5.7 1394 __1.0%
China 587.2 180.1  1889.1 48.3 261.0 81.7 3047.2 608.4 206.7 1892.6 56.2 261.5 106.7 3132.< 23.2%
India 217.1 43.7 405.6 8.6 29.0 18.3 722.3 222.1 46.6 424.0 8.5 30.7 21.8 753.7 .6%
Indonesia 74.2 32.9 53.4 - 4.4 2.6 167.4 77.3 33.7 57.2 - 4.2 2.9 175.2 1.3%
Japan 191.4 100.1 118.8 4.0 18.1 18.8 451.2 188.3 100.7 120.5 6.6 17.9 22.4 456.4 3.4%
South Korea 128.9 41.0 81.9 36.7 0.6 31 292.2 129.3 42.4 86.3 33.6 0.7 3.6 295.9 2.2%
Taiw an 48.6 17.2 38.6 7.2 15 1.0 114.0 49.2 19.1 39.4 51 12 12 115.1 0.9%
Thailand 62.1 435 17.7 - 0.8 2.8 126.9 63.9 43.1 18.3 - 11 34 129.7 1.0%
Total Asia Pacific 1601.1 625.1  2744.0 106.0 368.5 140.8  5585.5| 1643.4 661.8  2780.0 111.7 371.6 175.1 5743.6 42.5%
Total World 4557.3 3706.0 591.2 132585 4621.9
34.4%  23.2%  28.0% 4.5% 6.9% 3.1% 100.0%  34.2%  23.4%  27.6% 4.4% 6.8% 3.6% 100.0%| 100.0%

13,511.2 Mtoe = 555.4 Quads
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Making Electricity
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Making Electricity - The Terminology

- Prime Movers are Mechanical Devices - The prime mover drives
that extract power from energy level — An Electric Generator, or
differentials in their working fluids — Mechanical devices such as compressor
— Sources are the high side and pumps
— Sinks are the low side - The higher the energy differentials , the
- Most Prime Movers are Heat Engines smaller the equipment
- Working Fluid is the media used to - The smaller the equipment the faster it
— Extract the heat from the source/high runs and the lower the cost
side at a high pressure & temperature - The equipment used in heat cycles are
— Expand thru the Prime Mover, causing — Turbines

equipment rotation
— Recover remaining heat & pressure on
the low side

— Return Working Fluid to the system a
closed cycle

— Exhaust Working Fluid to the
atmosphere in an open cycle

base,

— Reciprocating engines
— Cycle Efficiency improves with greater high
side pressure and temperature
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Working Fluids

- Steam Water

— Supercritical (SCPC) — Hydroelectric

— Ultra-supercritical Pulverized Coal — Wave

(USCPC) — Tidal

— Nuclear - Helium

— Geothermal — Pebble Bed Modular Reactor (PBMR)

— Concentrated Solar — Molten Salt Reactor (MSR)
- Air/Vitiated Air

| - CO,

— Gas Turbine — Allam Cycle

— Wind Turbine — Molten Salt Reactor
- Organic Fluid — Super-critical CO2

— Organic Rankine Cycle (ORC)
— Ocean Thermal-Ammonia
— Geothermal

base,
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Units of Measure

Units of Mass Measures of Efficiency
— Ton (short) = 2000 Ib — Power Plant Heat Rate
— tonne (metric) = 1000 kg = 2205 Ib —Btu/kWh

— Power Plant Efficiency
—3412 Btu/kWh/Plant Heat Rate
— LHV & HHV Fuel Heat Content
—The gas company sells HHV
Units of Cost —Utilities normally use HHV
— Plant Cost ($/kW) —Gas Turbine Industry advertises/uses LLV

_ LCOE - Levelized Cost of Electricity (mils/kWh) —Nat“raL'H%""_SB N

— HHV = 21,501 Btu/lb
— The effect is a 10% difference in claimed efficiency

— Net Output vs. Gross Output

— Mt = mmt = million metric tonnes
— Gigatonne (Gt) = 1000 Mt

Utilization Rate
— Capacity Factor % = kWh produced/kWh rated

— 85% Pulverized Coal
_ 75% NGCC Each fuel has:

_ 20-30% Wind — An energy content - Btu/lb

— A carbon content — Ib-CO,/mmBtu
base,

Each Power Plant (type) has efficiency or “heat rate” — Btu/kWh
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Hydrocarbon Fuels Energy Content

. Energy Content
Energy Source Unit (Btu) Btu/lb

Electricity 1 Kilowatt-hour 3412 -
Butane 1 Cubic Foot (cu.ft.) 3200 20,185
Coal 1 Ton 28000000 14,000
Crude Oil 1 Barrel - 42 gallons 5800000 19,153
Fuel Oil no.1 1 Gallon 137400 16,756
Fuel Oil no.2 1 Gallon 139600 19,579
Fuel Oil no.4 1 Gallon 145100 18,918
Fuel Oil no.5 1 Gallon 148800 18,859
Fuel Oil no.6 1 Gallon 152400 18,815
Diesel Fuel 1 Gallon 139000 20,020
Gasoline 1 Gallon 124000 20,418
Natural Gas 1 Cubic Foot (cu.ft.) 950 - 1150 23,623
Heating Oil 1 Gallon 139000 16,951
Kerosene 1 Gallon 135000 19,795
Pellets 1Ton 16500000 8,250
Propane LPG 1 Gallon 91330 21,745
Propane gas 60°F 1 Cubic Foot (cu.ft.) 2550 21,544

Coal:  C 37Hg7;0gNS
base Natural Gas: CH,
= e
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“Natural Gas is ¥2 of Coal”

Stationary Combustion Carbon Emission Factors

Fuel Type Heating Value CO, Factor CH, Factor M.0 Factor CO, Factor CH, Factor MN.0 Factor Unit
mmBiu per short kg CO5 per g CHy per mmBtu |g N2O per mmBiu | kg €O, per short | g CH; pershort | g N;0 per short
tan mmBiu ten ten ton
Coal and Coke
Anthracite Coal 25.09 103.54 11 1.6 2,598 276 40 short tons
Bituminous Coal 24.83 93.40 11 1.6 2328 274 40 short tons
Sub-bituminous Coal 17.25 97 .02 11 1.6 1,674 190 285 short tons
Lignite Coal 14.21 95.36 11 1.6 1,369 156 23 short tons
Mixed ({Commercial Sector) 21.39 95.26 11 1.6 2038 235 34 short tons
Mixed (Electric Power Sector) 19.73 0438 11 1.6 1,862 217 32 short tons
Mixed (Industrial Coking) 26.28 93.65 11 1.6 2 461 289 42 short tons
Mixed (Industrial Sector) 2235 93.91 11 1.6 2099 245 36 short tons
Coke 24.80 102.04 11 1.6 2,531 273 40 short tons
Fossil Fuel-derived Fuels (Solid)
Municipal Solid Waste 89.95 90.70 32 42 902 318 42 short fons
Petroleum Coke (Sclid) 30.00 102 .41 32 42 3,07 960 126 short tons
Plastics 38.00 75.00 32 42 2,850 1,216 160 short tons
Tires 26.87 B85.97 32 42 2,310 860 113 short fons
Biomass Fuels (Solid)
Agricultural Byproducts 8325 11847 32 42 975 264 35 short tons
Peat 8.00 111.84 32 42 895 256 34 short tons
Solid Byproducts 25.83 105.51 32 42 2725 837 108 short fons
'Wood and Wood Residuals 15.38 93.80 32 42 1,443 452 65 short fons
mmBtu per scf kg CO5 per g CH; per mmBtu |g N:O per mmBiu | kg COs per scf g CH; per scf g N0 per scf
mmBiu
Natural Gas
Matural Gas (per scf) 0.001028 53.02 1.0 | 0.10 | 0.05450 0.001028 | 0.000103 scf
Fossil-derived Fuels (Gaseous)
Blast Furnace Gas 0.000092 274.32 0.022 0.10 0.02524 0.000002 0.000009 scf
Coke Oven Gas 0.000599 46.85 0.480 0.10 0.02806 0.000288 0.000060 scf
Fuel Gas 0.001388 59.00 0.022 0.10 0.058189 0.000031 0.000139 scf
Propane Gas 0.002516 61.46 D.022 0.10 0.15463 0.000055 0.000252 scf
Biomass Fuels (Gaseous)

Biogas (Captured Methane) 0.000841 | 3.200 | 0.630 | 0.04379 | 0.002691 | 0.000530 | scf

52.07
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Sub-Bituminous Coal = 97.02 kg/mmBtu x 2.20462 Ib/kg = 213.9 1b-CO,/mmBtu
Lignite = 96.36
Bituminous Coal = 93.40

Natural Gas =53.02

=212.44
=205.91
=116.88




“The Calculations”

Coal w/90% CCS

205.441b — COZ 9257Btu 1000kW mthu 1902lb — CO, 1 — 90 190lb — CO,
* —_ =4
mmBtu kKWh MW  10Btu  MWHh (1-90%) MWh
| Combined Cycle |
Gas without CCS 116.38lb — C02 6200Btu  1000kW mthu 722lb —C0,
*k
mmBtu kWh MW 106Btu MWh
| Simple Cycle |
116.38lb — COZ 96OOBtu 1000kW mthu 1117lb — CO,
mmBtu kWh MW 1OGBtu MWh
Gas w/CCS
116.38lb — C02 6200Btu  1000kW mthu 722lb — CO, 1 — 90Y 72lb — CO,
k k —_— =
mmBtu KWh MW  105Btu _ MWHh ( 0) MWh

base,
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EPA Output Ratings 2015 - Ib-CO,/MWh

Fuel
Carbon Factor - Ib-CO2/mmBtu

Power Plant
- Type
- Heat Rate (HHV) - Btu/kWh
- Efficiency - HHV%
- Efficiency - LHV%
- Thermal Input - mmBtu
- Rating - MW @850 mmBtu/hr

Emissions - Ib-CO2/MWh
- Unabated

- Applicable Threshold

CCS % required to meet final threshold

base,

Baseline
Report
Natural Gas Bituminous Coal

116.4 116.4 116.4 203.3 203.3 203.3 203.3
e NGCC NGCC PC SCPC USCPC USCPC
9885 6602 7162 | | 8795 8268 7975 7187 |
34.5% 51.7% 47.6% 38.8% 41.3% 42.8%  47.5%
38.3% 57.3% 52.9% 43.1% 45.8% 475%  52.7%
850 850 850 | [ 850 850 850 850 |
85.99 128.74  118.68 96.65 102.80 106.58  118.28
1150.4 768.4 833.5 | | 1788 1681 1622 1461 |
1150 832 832 1534 1534 1534 1534
1150 771 771 1305 1305 1305 1305
0.04% 0.00% 7.50% 27.02% 22.37% 19.52%  10.69%

Coal has to employ CCS....
.....Gas does not!
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Utility Generation

base,
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The Rankine Cycle

- Steam
— Supercritical (SCPC)

— Ultra-supercritical Pulverized Coal
(USCPC)

— Nuclear
— Geothermal
— Concentrated Solar
- Organic Fluid
— Organic Rankine Cycle (ORC)
— Ocean Thermal-Ammonia
— Geothermal

base,

W = Work
Q = Heat

l‘Iturbine
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Closed Rankine Cycle Steam Power Plant

Plant Scherer, Georgia
STACK

TRANSMISSTON
TRANSFORMER LINES

PRECIPITATOR

COOLING
STEAM
. T COOLING
E TOWER
. ]. MAKE 0P
CONDENSER COOL WATER u
ASH DISPOSAL CONDENSED STEAM J)
BOTTOM ASH PUMPING (==
STATION N /
(= RESERVOIR (LAKE JULIETTE)
I A
OCMULGEE RIVER

Credit: Georgia Power
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Power Cycle Energy Flows — 500MW Pulverized Coal

Heat input 100% }

60.55% —

Figure 2.3: Example energy flows in a typical 500 MW
subcritical pulverizsed coal-fired boiler

Feed heating 38%

q

Boiler losses 5.5% 1}
Steam ronge and teed rodiofion loss 0.5%

Condenser loss 52. 5%

.
Turbine-generator mechanical aond eledrioc| losses 1.5%

Works ouxilianes 1.0%
Source: White [1991). R=printed by permission of the publisher. £ Elsevier, 1991.

Electrical
output 39%

100% - 39% = 61% heat rejection
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The Brayton Cycle

Simple Cycle Process

Gas/Oil [ — T

Chamber

s B

Gas Turbine GT Generator

Air

> Combustion

base,
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Siemens Gas Turbine Generator

SIEMENS

lngenuity for life Hot Gas Path Inspection

Combustor Inspection

Generator Inspections x Contract

_—

Onsite & Offsite Rotor
| Destacking

QOutage Customization

Siemens Maintenance Services

Performance you can count on.

siemens.com/field-service-fossil

base,

“Practical Strategies for Emerging Energy Technologies”



Gas Turbine Rotor

base,
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Impact of Design Conditions on Efficiency

The hotter the better - The higher the pressure the better

024 5
1900

1800

022 ~

0.20 +

1500

S

Turbine Inlet Temperature (Deg F)

LHY Efficiency
L]
@

(o]
=
(53]

014 ~

012 T T T T T T T T 1
21 31 41 51 51 T 21 91 10:1 11:1
Pressure Ratio

Source: NREC
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Utility Size Pressure/Temperature Ranges

: 2642°F
Turbine Inlet Temperatures Ty =[L450°C

MNe 1330°C
1250°C _ﬁ'__ﬂ_a—,,;;-qﬂ

04 el L e
5) 5 T,
A!Lu“l .

Efficiency
-
L

10seC
es0mC 13 A ,}:I' compressor
' }") }/ ra ,,-41"-1 pressure ratio
Y A P
g -]
f"f -~ ___J__,-‘""r Higher pressure and higher

l-- N
7 o
e
___.-'""-r____.-'" __/_.-’f__,_
T AT

temperature improve simple

1
-
A
.2 -.-__,.-"f -.-_._.-'“-
1R ‘4‘_./-/"/-,-3i

i cycle efficiency, but they rise
3-’ together to control exhaust
| temperature
200 X HHY =1LH
N el eg]

Mass Flow
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Natural Gas Combined Cycle - NGCC

“Utility-Scale CHP”

Ex-
haust

Has

Hesat recovery
steam generator

|:| Electricity )
=T generstar

|:| Electricity }
=T generator

Combustion
chamber

f

Ak

Cooling
weater

i

I

Steam turbine

—

base,
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Natural Gas Combined Cycle

NGCC

Generating electricity

A power station produces electricity by changing the energy in its fuel 2

"o, Spreni bk

inter electrical energy. A gas-fired power station burns gas, converting s muay B
its chemical energy into heat. The burning gas expands and tries ro ::-"-::,'.u,a
rush out in all directions—it has kinetic energy. It turns the blades of a burildings i

warbine, which drives a generator to make electricity. The hot gas also
turns water into steam, which drives another

rurbine and generator. Condensers change the
steam back into water so
that it can be used again,

Col water

Air provides
oxygen for
gt Burrm

d _. Cras furns
. I s farrace

Afr sucked trio burrmer Sreqnr

b J’JJJ"

e

Rusting air turng
ererdhine Mades

Sieprerbeate:
{ shenn froun
Cemerator | | Sprivrararg furbine Mot gases rughl Ml gases - Bailer
prosfuces Blades farar ot arad spun Toindd penater
efechreny gemerintor inrbne Blades inils Shea

ol 1enater retavess ho bodler

Steaan spins
drarbine Blades
| Conled water is filtered
wird cleaned, and
Fopped i 38 Becessary

froms bodler

Spraning trrlire Generator
Blireles turm rodindes
| EeTrTafor electriciy

d
Condenser cools
swperheated
sipam gmd steam
Burck i wsafer

Croiled water
{Toacs oy filfer namit

J

|

Simples Cycle Gas Turbine Section
42-43% LHYV Efficiency
1100 Ib-CO,/MWh

base,

Combined Cycle “Adder”
63-65% LHYV Efficiency
800 Ib-CO2/MWh
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Heat Recovery Steam Generator (HRSG)

D Lrventslonear
L Ny

@ HP.vont Sioncer
B HP Steam Orum

H.P. Steam Outlet

@ mistibution Grig \

7 i ﬂm:vnpmm /!

/ / L. P Superheater Outlet
€ reutonrol By @ iecingis /@ e coora / 7 j oA Prooat (@)
@ scR. __f @) LP Superhester ,’ ,"’ LP. Evaporator. {B)

Exelon’s 1000 MW Wolf Hollow
baSe NGCC Power Plant in Granbury, TX
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DOE Advanced Coal Power Generation

Figure 10: Reducing CO, emissions from pulverised
coal-fired power generation
— 1000 gCO,/kWh=22051b/MWh
.. Subcritical
Supercritical

~ 1000 -
z Ueo-supercroal
N k—l‘q
S 800 - L Advanced-USC
o .-
g ik e il T S ——— Without CCS
;o 600 S . . 1477 Ib/ VW1
F— -
g 3
€ 400 A : 90% CO, capture
=) .
- »

200 :'

’ 220 /W
x — WithCCS
0 | I I I 1
25 30 35 40 a5 @ 55
Efficiency (LHV, net)
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Nuclear Power Plant

Nuclear power plant

pressure
vessel

water pump

containment structure

steam

nuclear reactor
£ 2013 Encyclopaadia Britannica, Inc.

base,

intake from lake or river

condenser

cool condenser water

electric ;
generator &

warm
condenser water ‘\

—_—

transmission lines

nonradioactive
water vapour

Warm

water
spray

maist air

A Pressurized Water Reactor (PWR)

Pressuriser

pressure
vessel

Reinforced concrete
tai it and shield

/"“ﬁ"éﬁé.';’#.‘a‘;‘"‘ A Boiling Water Reactor (BWR)

Steel
prossure —

vessel

Fuel
elements

Control
rods
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Advanced Nuclear Heat Exchangers are a Challenge

MSR: FROM THORIUM

TO ENERGY Pebble Bed

This ongoing decay (from Thorium to
Uranium) will generate large amounts of
energy in the form of heat. This heat can be
transported through a gas in a heat
exchanger and transferred to a turbine
connected to a generator which will produce
electricity.

ELYSIUM INDUSTRIES | TECHNICAL DECK

Fission fuel produces fission products and
actinides. Fission products only stay toxic for
about 200 years while many actinides stay
toxic for over 30 000 years. Molten Salt
Reactors can fully recycle actinide wastes and
only emit fission product wastes. This results
in nuclear waste remaining toxic for only
about 200 years as opposed to thousands of

b a S e years for other nuclear reactors.
© e

Concrete
Shield
1N
it N
||
WY\
4 I:llum
Vessel
Spent Fuel

Heat exchanger

Vessel
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Concentrating “Big Solar”

Steam temp
Steam pressure

Heliostats

| Heliostat solar-field
aperture area

— Three self-contained units

— 3500 acres

— 5 miles end-to-end

— 4 types of heliostats depending on distance

Tower height
Net generation (first
100 days)

| 392 MW (gross),
e
Boiler inlet temp
o

HEDTED
37TTMW.

J68F

2,479 psi

173500 {aach holds two
mirrors} e

2,600,000 m®

459 ft
116,000 MWh

Gross efficiency | 2872%

— Project Partners

— Bright Source Energy
— NRG Energy (NRG Renew)

— Google
— Bechtel

— Air-cooled condensers

Source: Power Magazine August 2104

base,
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Ocean Thermal Gradients

Latitude

Longitude

40N
. 20°N-=
Equator —
. 20'8-

o

160°E 16Q'W 120W 80W 40W OW

| !

a's

sen surface and depth of 1000 m
[zzwac

Bl Vore than 24°C
:]mnmtmntm:u

< o005 Electricity

Evaporator
-_—

Warm SEEWBtEI"}-l
26C

Condensor

Working fluid

1000m

-

.
Cold Seawater
5C

wwew.explainthatstuff com
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Geothermal

Alternatn-r//// Electric courant

Woeorking fluid
s

l
—
¢
Heat exchanger {
— T a— Cooling water

Geothermal flui

Pump

"“‘ Injection
2N

:.:-?Iilu“j"’f TE\ Geothermal Zone
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Organic Rankine Cycle

 Low Grade Heat Recovery

« Matches working fluid to available temperatt
— Geothermal 90% Isobutane/10% Isopentane
— Concentrated Solar Power (CSP)
— Gas Turbine exhaust

‘Q\densed -~
m ‘

Electricity
production
. = Working ﬂuld
Heat from: vaporized
Fumes
Exhaust gases
Processes
Working fluld

base,
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Distributed Generation

base,
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Combustion Engine

| > Electric power

| > Mechanical power

Asynchronous
Generator
(eff 90.5%)

D) Heat flow

32.0% Electricity
(7.1 kW, 86 kVA)” Grid

35.4%
(7.9 kW)

Fuel
heating value Combustion
engine
100% (3075 rpm)
(22.2 kW)

12.9%
(2.9 kW)

base,

2% (0.7 kW)

Heat sink /
Heat
storage

total heatlosses without plant insulation
and only partial condensation
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Combined Heat & Power (CHP)

Combined Heat and Power: Energy savings and efficiency

A 1-megawatt natural gas engine in a combined heat
and power application converts 100 units of fuel into

35 units of electricity and 50 units of heat while losing
15 units of energy. With conventional generation the
losses are more substantial: 165 units of fuel are needed
to produce the same amount of electricity and heat,
with total losses of 80 units of energy.

Power
station

fuel

Boil CHP fuel
fﬂle?r Heat (100 units)
(59 units)
Conventional Combined Heat
Generation _ _ and Power
48% efficiency gf:;;[[ts 15|32tlt5 85% efficiency

®b asee Source: U.S. Department of Energy Northeast CHP Technical Assistance Partnership
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Engine or Gas Turbine Cogeneration (CHP)

Hot Water
12 Building Exhaust
Gases

1

Mir
ek

l Buoilers

Extauest Gas Heat Recovary
Heat Exchanger

I Marsl

Gan Fuel

Electricity
0 building

Fuel
Fonaeer

l

T

o)
2 |
= ;

|

Fuel

Gas turbine combined heatand power
[Coqeneration) systam

COMBINED HEAT AND
POWER GENERATION

Boiler losses
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Total efficiency 85 %

Total efficiency 64 %
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Recuperated Brayton Cycle

Effect of Recuperation on Simple-Cycle Efficiency
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Let’s use the waste/exhaust heat
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Microturbines

30kW Capstone Microturbine Generator

Exhaust
Outlet
Recuperator
Generator |
Air Bearings
Table 5-1. Summary of Microturbine Atiributes
Electrical Output Available from 30 to 330 kW with integrated modular packages up to 1,000 kW.

Thermal Dutput

Exhaust temperatures in the range of 500 to 600 °F, suitable for supplying a
variety of site thermal needs, induding hot water, steam, and chilled water
[using an absorption chiller].

Fuel Flexibility

Can utilize a number of different fuels, including natural gas, sour gas (high

sulfur, low Btu content], and liquid fuels [=.g., gasoline, kerosens, diesel fuel, and
heating oil).

Reliability and life

Dresign life is estimated to be 40 000 to 80,000 hours with overhaul.

Low MO, combustion when operating on natural gas; capable of meeting

Emissions stringent California standards with carbon monoxide/volatile organic compound
[CO/vOC) oxidation catalyst.
Modularity Units may be connected in parallel te serve larger loads and to provide power

reliability.

Part-load Operation

Units can be operated to follow load with some effidency penalties.

Dimensions

Compact and light weight, 2.3-2.7 cubic feet (cf] and 40-50 pounds per kW.

base,

DOE Catalogue of Microturbine Technologies March 2015

Figure 5-1. Microturbine-based CHP System Schematic

POWER  EXHAUST HEAT

Source: FlexEnergy
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Small Gas Turbine Performance
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Proton Exchange Membrane (PEM)

Hydrogen fuel is channeled through field flow
plates to the anode on one side of the fuel cell,
while oxygen from the air iz channeled to the
cathode on the other side of the cell.

Hydrogen
Flow Field

At the anode, a
platinum catalyst
causes the
hydrogen to split
into positive
hydrogen ions
{protons) and
negafively charged
electrons.

base,

Anode

Backing

Layars

Cathode
PEM

_.—-—'—"'_F"FP"I

\ Water

Oxygen
Flow Field

The Polymer Electrolyle
Membrane (FEM) allows
only the positively
charged ions to pass
through it to the cathode.
The negafively charged
electrons must travel
along an external circuit
to the cathode, creating
an electrical current.

At the cathode, the elecirons
and positively charged
hydrogen ions comibine with
axygen to form water, which
flows out of the cell.

— FCstack

High-pressure
hydrogen tanks

Drive battery

FC boost converter

Power control unit
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PEM Fuel Cell Efficiency
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Solid Oxide Fuel Cell - SOFC

= Solid Oxide SOFC FUEL CELL

Uses a hard, non-porous Electrical Current
ceramic compound as the
electrolyie

Can reach 60% power-
generating efficiency

Operates at extremely high
temperatures 1800 degrees

Used mainly for large, high
powered applications suchas g0
industrial generating stations, |Hie
mainly because it requires
such high temperatures

»"lmou:ie"f | \Cathode
Electrolyte
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Solid Oxide Fuel Cell-Gas Turbine Hybrid (SOFC-GT)

S1emens Power Corporation developed the very first pressunzed S0OFC/GT hyvbnd system nsing thewr tubular SOFC stack desizn
This system, presented mn Fizure 7, was tested at the NFCRC wath support from Southern Cahforma Edison, the US. Department
of Energy and others. The system was designed, constructed andte_xtedm&mmhzte and;m:lve the bvbnd concept The system
operated for over 2900 bouwrs and produced up to 220 KW atf fue =t '3, In parallel, NFCRC
developed dynamic simulation capabibbes for each of the ":.rstem mmpﬂmmt; tu:gethﬂr mth a smu]atl:-n fnmewurk for modelng and
developing control strategies for mtegrated SOFC/GT systems.

Combine
Cycle

30 4 Intemal Comb.
i Gas Turbine

Electrical Efficiency [%]

20

10 Micro Gas Turbine

L} | L L] L|

0,01 0,1 1 10 100 1000
Electrical Power Output [MW)]

Fig. 7. Pressurized 220 kW S0OFC/Gas Turbine Hybrid
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Renewables and Their Integration

base,
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Renewable Portfolio Standards

Renewable Portfolio Standard Legislation as of May 2015

State with RPS. State with RPS State met RPS State with RPS No RPS
considering made it voluntary  being challenged
increasing it

Mo BPS has ever been repealed. Wit Virginia repealed o standard that
could have boon mot without any renmwille sneigy, not sn RPS.

*Cis Froae its KPS im 2074, In 2017, these standards shosld pick back up
but the committes it considering wholssale changes 1o the standard,

1.250

Seven states—Hawaii, California, Nevada, Colorado,
Minnesota, Connecticut, and Oregon—have effective RPS
requirements of 25 percent or greater.

Six states — CA, MI, NY, MN, IL and VT — are seriously
debating an increase in their RPS this year.

Ohio: With the signing of Senate Bill 310 in 2014, Ohio became
the only state to “freeze” its RPS, effectively halting the state’s
mandates for efficiency and renewables until 2017. In 2017,
these standards should pick up where they left off when the
freeze occurred, however an Energy Mandates Study Committee
is reviewing wholesale changes to the standard. In this context
of policy uncertainty, renewable energy employment and
investment is moving away, to more welcoming states.

Legislators in four states (CO, MT, CT, and NH) have voted
down proposals to diminish or repeal RPS policies this year.

1.000

0 5qg Weferencd High ' Low 'Highol’ Hgh | Low
Oll Price DIl Price and Gas Economic Economic

AEQO 2015 Total U.S. renewable
generation by fuel in 2013 & six 2040 first
cases (billion kwh)

= 3,888 billion kWh (~14%)

— Renewables get to dispatch

— If they can make power, the

Net total available to the grid grid has to take it
— 2,672 billion KWh (~199%) — Imposing their inherent

variability on the entire grid

2040
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Source: American Wind Energy Association (AWEA)
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Renewables Levelized Cost 2010 & 2014

2014 USD/kWh !
04
E—— ———————y L
Capacity MWe |
' &
b 4
03 Y 100 |
{
200 | .
|
>300 | ®
L
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L
o ®
$0.14/KWh =m=—dmmmn '
0.1
L]
@
; . Fossil fuel power cost range
$005/kWh - e e e : £ & ——————————
00 : R
! | | | | ! | I | J | | ] |
2010 2014 2010 2014 2010 2014 2010 2014 2010 2014 2010 2014 2010 2074
Biomass Geothermal Hydro Solar photovaoltaic csp Wind offshore Wind onshore
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Demand Response
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“Practical Strategies for Emerging Energy Technologies”



Demand Response

— DR as changes (usually
reductions) in electricity usage
by end-use customers from
their normal consumption
patterns.

— In response to changes in the
price of electricity or to direct
incentives, typically at times of
high wholesale market prices or
when system reliability is
jeopardized.

— An important distinction for DR
Is that it must be dispatchable
by a utility or system operator
or be initiated by a customer in
response to a non-fixed price
signal.

Load Peak
Megawatts Load
(Mmw) - o CapEx Demand
—
Intermediate /
20,000 Cyclin \
Deman
Base
15,000 Load
10,000
Midnight 6am Noon 6pm Midnight

Demand Response is an important
component of “Smart Grid”
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Time of Day Rates Encourage Customer DR

base,

Summer
On-Peak  Mid-Peak Off-Peak Total
Annual Operating Hours 650 975 2015 3640
Electric Demand Charge - $/kW/month 16.50 2.45 3.30 5.43
Electric Rate - $/kWh 0.1445 0.0680 0.0430 0.0678
Demand Charge - $/kWh 0.1269 0.0126 0.0082 0.0306
Awverage Electric Rate - $/kWh 0.2714 0.0806 0.0512 0.0984
Months of Operation-Summer u
Winter
On-Peak Mid-Peak Off-Peak Total
Annual Operating Hours 0 1972 3124 5096
Electric Demand Charge - $/kW/month 0.00 0.00 3.30 2.02
Electric Rate - $/kWh 0.0000 0.0800 0.0460 0.0592
Demand Charge - $/kWh 0.0000 0.0000 0.0074 0.0045
Awerage Electric Rate - $/kWh 0.0000 0.0800 0.0534 0.0637
Months of Operation-Winter
Total
On-Peak Mid-Peak Off-Peak Total
Annual Operating Hours 650 2947 5139 8736
Electric Demand Charge - $/kW/month 16.50 0.81 3.30 3.44
Electric Rate - $/kWh 0.1445 0.0760 0.0448 0.0628
Demand Charge - $/kWh 0.1269 0.0042 0.0077 0.0154
Awerage Electric Rate - $/kWh 0.2714 0.0802 0.0525 0.0781
Months of Operation-Total

“Practical Strategies for Emerging Energy Technologies”

Resource Dispatch Under User Control




Wind Integration Costs

— Integration includes:
— Fluctuating output profile costs
— Qutput uncertainties balancing costs
— Grid costs

At higher penetration,
integration costs for wind
exceed generation costs.

base,

. . . . . . ]
Wind: Sysr%m LCOE _Lw"

20— T
e |-|-'_'| mn':'.l'-'l' rI_'E-IJI-t:‘. - — -
. 100 :
Integration
£=
costs =
=
;? a"
— Syslem LCOE
=-=-= Shaort-tarm System LOOE
Generation { Lang-arm capacily adiustment
costs Gnd costs
Balancing cosls
I Frofile costs

B ceneralion cosis
15 20 25 an

Final elecitricity share of wind (%)

5 10 35 40

Source: System LCOE: What are the costs of variable renewables?
Falko Ueckerdt, Lion Hirth, Gunnar Luderer, Ottmar Edenhofer
Paris, June 20, 2013  32th International Energy Workshop

As presented by John Thompson Clean Air Task Force CCS -
Pittsburgh 2104
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Dealing with an even “Bigger” Duck

California Duck Renewable Generation 1
Net Load
27,000
25,000
23,000
£ 21,0007
e}
& 19,0001
2 170004 = Increased
Signiﬁcon’rI
15,0007 change
4 starting Potential
13,000 in 2015 2020 _/ over-generation
] ],OOO T T Ll T T T T T T ¥ T T T T T T T T T T L T T T
0 2 4 6 8 = n2——4 mloe 8 S0 20 05

Hour

The Cdlifornia Duck is a graphic published by the California Independent System Operator that
projects the expecled need for non-renewabie generation over a 24-hour day, Each line in the duck is
a different year from 2013 to 2020.As fime marches on and more solar generation Is placed on line, the
non-renewable demand drops during midday. The change in hourly demand drives the 2013 line. the
duck’s back. The solar generation that will be online by 2020 resulfs in a dip in non-renewable demand
during midday - the duck’s belly.

The Duck Pond of Non-Renewable Generation 2

Net Load

27,000

25,000

23,000

21,0001
19,000
17,000
15,000
13,000 4
12,000
11.000 1
10,0004
9,000
8.000
7,000 1
6,000 1
5,000 1
4,000
3,000
2,000
1,000

Megawatts

The *Duck Pond”

Non-Renewable Generation

0
0

5 I P ] o

Vo ) R S R T A DO B e B
8 1012 14 16 18 20 22 23
Hour

TT T 11
2 4 6

=N

2013
Fluctuating

> 2020 Fluctuating Load
Load

> 2013 Base Load
> 2020 Base Load

Figure 2 is an expansion of Figure 1, showing the amount of generation under the duck.

Source: Bonnie Marini — Siemens Energy
Through Power Engineering
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Integrating Renewables “Dealing with The Duck”

All about correlation
Example of typical wind and solar generation in California with 20% RPS

RN e N N TS RN T R SR

Soﬁo;ce: Source: Discussion paper on Renewable Integration: Market & Product Review, CAISO,

& July 2010 available at http:/iwww.caiso.com/27cd/27cdebB8548450 pdf

Load, Wind & Solar Profiles — High Load Case
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January 2020
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Economic Merit Order Dispatch

Total capacity by technology

Total capacity by owner

Plant age distribution

Under construction ‘ Merit order |

Include plant:
Operational

Total charted capacity: 182 GW | To download: ISII_‘]

Fuel Price Units Rating Gasoil
Gasoil %/tonne @% e .
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Waste .40 | g/a1 50 | 'go| § Hvdro
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Biomass .80 | €/G feigEs | ©Mwh | g Wind
Hydro 0.00 | €/Mwh(e) [a0 |7 60| W Solar
Uranium 5.00 | €/Mwh(e) [100 [%
wind 0.00 | €/Mwh(e) 25 [ |
Solar 0.00 | /Mwh(e) 10 % i
C02 price @ Euro/t
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Create chart by fuel

Max companies plotted [

Create chart by company
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Impact of Intermittent Renewables on Merit Order

Marginal Cost
& €/ Mwh) Demand
Price. -
e /
Hydro Muclear Coal G3s
& (€ MWHh)
Price, Demand
Price; _l ______________ _|__|
- -
/ | L,""
'\. - Hydro Muclear . Coal : =35 .

—
Imtermittent Renswsbles
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Shift in Supply Cost Curve with Renewables

Fossil Assets Pushed Back In Merit Order
— Reduced load factor 85% to 65%
— Rapid ramp rates and start/stop operation
— Off-design operation

— Efficiency penalty

— Emissions penalty

— Reduced revenue
— Retain obligation for grid stability

Market Price Falls

Production Cost

Lignile
s P .
Wind Wianl Hydru Mucloat

Installed Genaration
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La Paloma Plant Going Bankru

o]

A natural gas-fired power plant in California that earlier this year warned it might need to shut
down filed for bankruptcy protection on Tuesday, blaming "inhospitable"” regulations and a shift
toward renewable energy for power generation.

La Paloma Generating Co LLC [CMENGL.UL], a 1,200 megawatt combined cycle plant about 110
miles northwest of Los Angeles, filed for U.S. Chapter 11 bankruptcy in Delaware on Tuesday, citing
$524 million of debt.

In its filing, La Paloma said market factors including slower-than-expected growth in electricity
demand and a rise in renewable generation resources in California were "exacerbated by an
inhospitable regulatory environment.”

La Paloma is owned by Rockland Capital LLC, one of several California plant owners that has asked
the state for help in offsetting losses, arguing that it is in the state's interest to support the natural
gas plants because they provide stability and reliability to the power grid.

An unexpected combination of oversupply of natural gas and a boom in solar and other renewable
enerqgy has depressed power prices and threatened the viability of natural gas plants that sell
power into California's electricity market.

In its court filing, La Paloma said it had decided that Chapter 11 was in the best interests of the
company and its creditors and stakeholders, following consultation with financial and legal
advisers.

The company listed Bank of America Corp (BAC.N) and SunTrust Bank [STIHCB.UL] as its lenders.
It has trade debt with a number of organizations including Alstom Power Inc, the West Kern Water
District and Pacific Gas & Electric Co (PCG_pa.A).

(Reporting by Tracy Rucinski; Eiting by Steve Orlofsky)

http://www.reuters.com/article/us-la-paloma-
bankruptcy-idUSKBN13V2PY

base,

r 9000
r 5000
7000
F G000
5000
4000
r 3000
2000
r 1000

1000 LaPalomaPlantand CAISO Solar Daily Gen - Aug 2016
950 -
$ 900 Hours
o %, when
£ 8a0 v CAISO
3 Hours CAISO ‘\ "MNet Peak”
E}‘ 800 - usesfor NQC  \ now
= Calculation “DCCUI’S
a 750 A \
g \
2 700 \
= r \
an 650 f' “
- " \\
GO0 - -
12 3 4 5 6 7 8 9 1011213 4151617 181820 21 2223 24
Hour of Day

Aug 2016 La Paloma Daily Avg Gen

=== Aug 2016 CAISO Daily Avg Solar

Source: Wipod hackenzie, EPA, CAIS0

“Practical Strategies for Emerging Energy Technologies”

CAISO Avg Daily/Hourly Solar Gen (M)


http://www.reuters.com/article/us-la-paloma-bankruptcy-idUSKBN13V2PY

Exelon's Texas merchant subsidiary files bankruptcy

- ExGen Texas Power owned five generating facilities in the Lone Star state, but the
bankruptcy agreement will change that.

- Exelon blamed the financial woes on "historically low power prices within Texas" that
created "challenging market conditions for all power generators, including the five
natural gas-fired EGTP plants."

- The Exelon development comes as Vistra Energy announced plans to close three coal-
fired power plants in Texas — part of the 5,625 MW of fossil fuel capacity that is slated
to be retired or mothballed in the state in the coming year.

- EGTP owns two combined-cycle gas plants, two gas-fired steam boilers and a small
simple-cycle plant.

- Cheap gas has been pushing coal off the grid in some markets, and Texas' wind power is
now having some of the same effect on gas. The Handley plant is a 3-unit, 1,265 MW
facility located in Fort Worth, providing electricity to customers in the Electric
Reliability Council of Texas.
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Storage
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Energy Storage Technologies

UPS T&D Grid Support Energy Management
Frequency & Power Quality Load Shifting Bridging Power Bulk Power Management

A
Metal-Air Battery |

Hours

Minutes

Lead Acid Batier'f
NiCd Battery

NiMh Battery

Flywheels

Discharge Time at Rated Power

10KW 100KW 1MW 10 MW 100MW 1GW

®baSee B System Power Rating

“Practical Strategies for Emerging Energy Technologies”


http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCL-spuTei8kCFQk5Pgod_uID9A&url=http://www.mpoweruk.com/grid_storage.htm&bvm=bv.107467506,d.dmo&psig=AFQjCNGP9oXtHug-dNpVPnRjiFIN4r4nJQ&ust=1447447089941643

Pumped Hydro Storage

Principle of a pumped-storage power plant !

upper reservoir
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intake power grid

)
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http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCOHm4qGBk8kCFYUfHgod2VoBtQ&url=http://www.power-eng.com/articles/print/volume-114/issue-6/Features/opportunities-in-pumped-storage-hydropower.html&psig=AFQjCNGR1efc1M-NJaccKHkOLO10gIsY5w&ust=1447696856488965

Compressed Air Energy Storage (CAES)

LF Motor | -
N\
N\ ] S
| :
1 . . .
! RHR Single TrainMachinery Arrangement
1
! Cqmpressed
ittt Optional Combustor PSS - Air Storage
1
]
v
Generator Motor
— LFP oto1 | ot =
g Comp

Split the two components of a gas turbine
1.Compressor
2. Turbine (Expander)
So they can operate at different time(s) of day
Turbine may be “fired” or “un-fired”

base,

Split Train Machinery Arrangement

Source: Dresser-Rand
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Gas-Battery Spinning Reserve

CE Gas-Battery
olutio

For deploying a novel, groundbreaking gas-battery hybrid technology aleng with 1%‘2’%&
environmentally significant upgrades within a tight instaliment window, and de-

spite logistical hurdies, Southern California Edison’s Center Peaker and Grapeland
Peaker plants are especially deserving of POWER'sTop Plant recognition.

Sonal Patel

10-MW/4.3-MWh
lithium-ion battery

1. Hybrid EGT’s most valuable func-
tion is, perhaps, its ability to respond
instantaneously to grid needs

base,
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Appendix
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AEO2017 Cost & Performance New Generating Tech

=)

Base
overnight Total
costin Project Techno- overnight | Vanable Fixed nth-of-a-
First Lead 2016 Contin- logical cost in 0&M* 0&M Heat rate® kind heat
available Size time (2016 gency  Optimism 2016 (2016 {20165/ in 2016 rate
Technology year' (MW) (years) $/kW)  Factor’ Factor' |[2016 5/kW) | S/MWh) kW/yr)  (Btu/kWh) | (Btu/kWh)
Coal with 30%
carbon sequestration 2020 650 L 4586 1.07 103 5,030 7.06 69.56 9,750 9,221
Coal with 90%
carbon sequestration 2020 650 4 5072 107 103 5.562 9.54 80.78 11 650 9,257
Conv Gaz/0il Comb
Cyde 2019 702 3 923 1.05 1.00 569 348 1093 6,600 6,350
Adv Gas/0il Comb
Cydle (CC) 2019 429 3 1013 1.08 1.00 1094 1.9% 994 6.300 6,200
Adv CC with carbon
sequestration 2019 340 3 1917 108 1.04 2,153 7.08 33.21 7,525 7.493
Conv Comb Turbine’ 2018 100 2 1040 105 1.00 1,092 3.48 17.38 9920 9,600
Adv Comb Turbine 2018 237 2 640 105 1.00 672 10.63 6.76 9,800 8,550
Fuel Cells 2019 10 3 6.252 1.05 1.10 7,221 42491 0.00 3,500 6.960
Adv Nuclear 2022 2234 6 5,091 110 1.05 5,680 2.28 99.65 10,458 10,459
Distributed
Generation - Base 2019 2 3 1,463 105 1.00 1,536 8.10 18.23 8,981 8,900
Distributed
Generation - Pesk 2018 1 2 1,757 105 1.00 1,845 8.10 18.23 9975 9,880
Biomass 2020 50 4 3,540 107 1.00 3,790 5.48 11034 13,500 13,500
Geothermal*® 2020 50 < 2,586 105 1.00 2,715 0.00 11795 8510 9,510
MSW - Lancfill Gas 2019 50 3 8.059 1.07 1.00 8.623 9.14 41032 18,000 18,000
Conventional
Hydropower® 2020 500 < 2,220 1.10 1.00 2,442 2.66 1493 8510 9,510
Wind*® 2019 100 3 1576 107 1.00 1.686 0.00 46.71 9510 9,510
Wind Offshore 2020 £00 < 4648 110 1.25 6.391 0.00 77.30 9,510 9,510
Solar Thermal® 2019 100 3 3,908 1.07 1.00 4,182 0.00 70.26 9,510 9,510
Photovoitaict.10.1: 2018 150 2 2,169 1.05 1.00 2277 0.00 21.66 9,510 9,510

37.0%

36.8 %

53.7%

55.0%

45.5%

35.5%
39.9%

49.0%
32.6%

38.3%

34.5%
25.2%

35.8%
19.0%

35.8%

Power Plant Conversion Efficiency (and Cost)

base,
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BP Conversion Factors

Approximate conversion factors

Crude oil” Units
From To 11 metric tonne - 23045310
tonnas s tonnes = 1.1023 short fons
ienatric! kilolitres . barmels gallors peryasr T liolitre - B.7B00 barrels
T 1 1.165 ;—,. T3 a07.98 ' S
Jnres Imete) e 5 Gome apid Z  Twiocalorie (kcal) -~ 4187k
Barrels 01384 0.1ES 1 42 - = 3.0GBE
LiE galions 0.00325 0.0038 0.0z3e 1 - 1 kllojouls (k)| = 0.239kcal
Barreds par U-E"' - - - - 438 - 0.04EE
*Hased on worldwide average gravity 1 British thermal - 0.252kcal
unit |Btuj = 1.08Ek]
Product 1 Kliowatl-hour (KWh] = BEDEcal
roducts — SEDOE)
I To conwert = 34128
barrals onnes kiloktres tornes
o fomrss o barrels o fonne:s o kiloltres o -
. Multiply by Calorific equivalents
Liquafied patroleum gas [LFG) 01,065 11.60 0542 1.844  One tonne of ol equivaient equals approd matesy:
Ftasd R o NiEa 1228 Heat units 10 millon Kliccaknes
Gas oljdiesal 0134 7AE 0843 1.188 42 gigajoules
Residual fued all 0157 B35 0391 1.010 40 millian British
Product basket 0135 796 078 1.280 thermal unis
Solld fuels 1.5 tonnes of hard coal
i 3 tonnes of ignite
Matural gas [NG) and liquefied natural gas [LNG] Gazeous Tusls Sea Natural gas and
From . To Niquelad natural gas tabie
bilior cubic bilion cubic milion tommes milion tonnes  tillion British milion barels  El2CiAcity 12 megawatt-hows
matres ME foat NG ol equivalant LNG  thermnal writs ol equivaknt
[ Multiply by Ona million tonnes of ol or ol aguivalent producas
1 bllan cubic metres NG 1 363 .00 074 a57 gE0  S00Ut 4400 gipawatt-hours (= 4.4 terawslt-nours|
1 billkan cubic faet NG D.0zd 1 0035 Q.02 1.01 018 of electicity In @ modem power station.
1 mamlon tannes oll equivalent 1.1 397 1 087 347 733
1 mamon tannes LNG 135 48.0 1332 1 ABE a4a7 -
1 trilban British thermal units 0.a2d 0.9a 0036 .01 1 n.1d } ﬁx:ﬂ mﬂa flgggﬂt;?;'m““
1 maslon barrals oll equivalent 015 .35 .14 011 541 1 :

base,
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Competitive Positioning Based on EPA NSPS-2014

Case 12 vs. Case 13

— BX first cost

— Y the efficiency

— Coal cost up
44% since 2010

— Coal cost up
80% since
original 2007
baseline

Source data:
DOE/NETL- Baseline
341/082312

August 2012

DOE/NETL- Baseline

2010/1397
November 2010

base,

Case

CO2 Capture

Gross Power Output - kWe

Aucxilliary Power Requirements - kWe
Report Net Power Output - kWe

Net Plant HHV Efficiency - %
Net Plant HHV Heat Rate - Btu/kWh

Total Plant Cost - $/kW
Total Overnight Cost - $/kW
Total as Spent Cost - $/kW

LCOE - mils/kWh
CO2 Emissions - [b/MWh
$/MMBtu

Load Factor

kW Nominal Gross
kW Nominal Net

550,000

Total as Spent Capital
Cost Premium vs. NGCC Case 13

kWhlyear
MMBtu/year

Annual Fuel
Fuel Cost vs. NGCC Case 13

LCOE
Fuel%

$60.00 per tonne

CO2 Cost vs. NGCC Case 13

tonnes-CO2/year

Supercritical PC NGCC
11 12 13 14
No Yes No Yes
580,400 662,800 564,700 511,000
30,410 112,830 9,620 37,430
549,990 549,970 555,080 473,570
39.30% 28.40% € = = = = => 50,20% 42.80%
8,687 12,002 6,798 7,968
1995 3583 725 1509
2452 4391 mm e =891 1842
2782 5006 957 1986
80.95 137.28 <€ == == == == = 3 59.59 86.58
1768 244 804 94
2.94 2.94 6.13
85% 85% 85% 85%
580,411 662,836 559,532 593,471
550,000 550,000 550,000 550,000
$1,529,834,783 $2,753,292,297 $526,223,607 $1,092,280,160
1,003,611,175 2,227,068,690 - 566,056,553
4,095,300,000 4,095,300,000 4,095,300,000 4,095,300,000
35,575,871 49,151,791 27,839,849 32,631,350
$104,593,061 $144,506,264 $170,658,277 $200,030,178
($66,065,216) ($26,152,012) - $29,371,901
$331,514,535 $562,202,784 $244,038,927 $354,571,074
31.6% 25.7% 69.9% 56.4%
$197,051 $27,194 $90,438 $9,021
$106,612 ($63,244) - ($81,417)
3,284 453 1,507 150

“Practical Strategies for Emerging Energy Technologies”

At $4.00/mmBtu gas

LCOE for NGCC is 1/3 of Coal w/CCS




The War on Coal Begins in 2014

NSPS 2014
Threshold

base,

AEO 2014 Cost & Performance New Generating Technologies

8740 w/o CCS
12000 w/CCS

Total ¥
Thermal Overnight nth of aKind Carbon
Input Costin 2013 HeatRate Fuel Heating Factor |b-

Size (MW) mmBtu S/kw Btu/kwh  Value Btu/lb CO2/mmBtu |b-CO2/MWh

Scrubbed Coal New 1300 11362 2925 8740 8940 205.44 1796
[advanced Combustion Turbine | 210 - 1796 ¢ 673 8550 21501  116.38 995 |

Advanced NGCC w/CCS 340 2548 2084 7493 21501 116.38 872

Conventional NGCC 620 4216 915 6800 21501 116.38 791

Advanced NGCC 400 2533 1021 6333 21501 116.38 737
[conventional Combustion Turbine EE 888 971 10450 21501 116.38 1216 |

— Coal with CCS
— First Cost $/kW is ~5x

— Levelized Cost of Electricity is 2.3x

— Efficiency is ~1/2
— w/Natural Gas at $6.13

inl Advance

Capital and Operafing Costs

Plant Type

Without CCS

Updated Estimates of Power Plant

Plant Cost (20128)/kW

lger

Cycle

Pulverized Coal 93,246 \35,227

Dual Advanced

Pulverized Coal 52,934 $4,724

Single IGCC $4,400 $6,599
ined ).

Advanced Combined 51023 T

(April 2013) (DOE Repor).

Source: U.S. Depariment of Energy, U.S. Energy Information Administration,
Updated Capifal Cost Esfimates for Utility Scale Electricify Generating Plants

CCS Required

CCS Not Required
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2005 2013 2020 2030 raan
AED CPP AED CPP AR CPP AEC CPP AED CPP ABD CPP
HOGR HOGR HEG HEG HOGR  HOGR HEG HEG HOGR  HOGR HEG HEG
ELECTRIC GEMNERATION [billion kWh)
Coal 2,013 1,586 1,443 1,212 1,733 1,415 1,441 893 1,733 1,293 1,440 910 1,744 1,421
Matural Gas 761 1,118 1,450 1,610 1,204 1,377 1,832 2,082 1,573 1,422 2,200 2,439 1,705 1,475
Muclear 782 789 B0 and E04 ED4 BOE 2038 218 EOE BDE B03 911 EG3
Hydro 270 267 289 2594 294 305 290 295 297 305 250 205 293 308
Wind 18 168 229 263 2413 315 232 407 301 634 234 412 4E9 725
Solar 1 19 51 59 52 70 65 ES 20 247 85 106 160 420
Other renewables 3] TG 107 110 106 117 146 128 158 161 175 145 222 207
Qilf ather 142 47 44 41 43 42 42 39 43 41 42 40 43 42
Total 4,055 4,070 4,417 4,392 4,480 4,445 4,854 4,753 5,003 4,912 5,274 5,154 5,574 5,461
ELECTRIC GEMNERATION CAPACITY [GW])
Caoal 3113 304 245 201 265 230 242 173 263 223 242 173 264 223
Matural gas f il 442 470 497 516 490 497 573 6507 564 540 GFd Fo4 657 629
Muclear 1040 59 101 101 101 101 101 101 103 1002 101 101 115 109
Hydro 78 79 79 ED B0 B2 79 BO B0 B2 74 BO Bl 83
Wind k] &1 a2 o7 87 115 a3 142 105 216 B4 144 165 245
Solar 4] 13 27 32 28 3 36 45 44 121 48 58 B2 200
ther renewables 12 15 17 18 18 19 20 21 23 26 22 23 32 31
Other 24 25 26 26 26 26 26 26 26 26 26 26 26 26
Total o978 1,065 1,075 1,070 1,094 1,108 1,159 1,196 1,207 1,335 1275 1,309 1422 1,546
ELECTRICITY -RELATED CARBOMN DIOXIDE B ISSI0ONS imillion metric tons)
Power sector 2,416 2,053 1,873 1,788 2,165 1,BE& 1,727 2,178 1,701 | 2,266 1,827
— Reference (AEO) There is no mention of Climate Change in the report
— Base Policy (CPP) and...
— Policy with High Oil & Gas Resource (CPPHOGR) There is no mention of CO2 concentration...
Let alone a target of 2C/450 ppm!

plants to operate at a higher utilization rate which rises from a low of 60% in 2024 to 71% in 2040.”

b a S e Page 18; Para (4) “.....and static CPP targets in the post-2030 period in the CPP case allow existing coal-fired
- e
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Basic Comparisons

China USA India Japan Germany Russia
Population - July 2014 est 1,379,302,771 326,525,791 1,281,935,911 126,451,398 80,594,017 142,257,519
Population Growth Rate 0.41% 0.81% 1.17% -0.21% -0.16% -0.08%
Area - km® 9,596,960 9,826,675 3,287,263 377,915 357,022 17,098,242
GDP - Purchasing Power Parity (Strillion) 23.1 194 9.4 5.4 4.2 4.0
Installed Generating Capacity GW 1,646 1,074 309 322 204 264
% of World at 6301GW 26% 17% 5% 5% 3% 4%
Electric Production TWh 42 4 1,289 976 559 1,008
Electric Consumption TWh 5,920 3,911 1,048 934 515 890
Aggregate Load Factor 42.6% 43.5% 47.6% 34.6% 31.3% 43.6%
Natural Gas Production - BCM 138.4 766.2 31.2 4.5 8.7 598.6
Natural Gas Consumption - BCM 210.3 773.2 102.3 123.6 79.2 418.9
Refined Petroleum Products Production - mmbbl/d 10.9 20.1 4.8 35 2.2 6.2
Refined Petroleum Products Consumption - mmbbl/d 11.8 19.7 4.1 4.0 2.4 3.6
Coal Production - Million Tonnes Oil Equivalent 1827.0 455.2 283.9 0.7 429 184.5
Coal Consumption - Million Tonnes Oil Equivalent 1920.4 396.3 407.2 119.4 78.3 88.7
Source: CIA World Factbook

. ] ] CIA World Factbook
World Total Installed Electrical Generating Capacity 6301GW

b ase PS... .Total Value of Outstanding Student Loans - $1.2 trillion
® e U.S. health care cost 2014 - $3.3 trillion

“Practical Strategies for Emerging Energy Technologies” U.S. Household Debt 2017 - $13.2 trillion
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