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. Today | will discuss

« Background and Motivation
« Research Question
* Approach

— Actual wind data
— Actual emissions data from two types of natural-gas turbines

 Model Construction
— General Electric LM6000 turbine
— Siemens-Westinghouse 501FD turbine

 Results
* Implications
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Renewables Portfolio Standards

DSIRE: www.dsireusa.org September 2007

MN: 25% by 2025
(Xcel: 30% by 2020)

ME: 30% by 2000
10% by 2017 - new RE

| £t NH: 23.8% in 2025 |
MA: 4% by 2009 +

1% annual increase

VT: RE meets load
growth by 2012

|_*WA: 15% by 2020

ND: 10% by 2015

WI: requirement varies by
utility; 10% by 2015 goal

o
OR: 25% by 2025 (large utilities) MT: 15% by 2015 ""

5% - 10% by 2025 (smaller utilities
f;% *NV: 20% by 2015 - IA: 105 MW
. -

%i} CO: 20% by 2020 (10Us)
*10% by 2020 (co-ops & large munis

, |_RI: 16% by 2020 |
| CT: 23% by 2020 |

| £t NY: 24% by 2013 |

| ¥ NJ: 22.5% by 2021 |

| ¥t PA: 18%t by 2020 |

| 3 MD: 9.5% in 2022 |

| 2t *DE: 20% by 2019 |

| 3 DC: 11% by 2022 |

[ *VA:12% by 2022 |

| CA: 20% by 2010

MO 11% by 2020

—-

| TX: 5,880 MW by 2015 | M State RPS
|_HI: 20% by 2020 |
'.‘._-. h State Goal

K-

&C} NC: 12.5% by 2021 (10Us)
10% by 2018 (co-ops & munis)

Yt AZ: 15% by 2025

X NM: 20% by 2020 (I0Us)
10% by 2020 (co-ops)

¥ Minimum solar or customer-sited RE requirement © Solar water
* Increased credit for solar or customer-sited RE heating
PA: 8% Tier 1/ 10% Tier Il (includes non-renewables) eligible
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Intermittent Power

Power
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. Research Question

Does operating one or more gas turbines to
fill in intermittent wind power result in
increased NO, and CO, emissions compared
to full-power steady-state operation of
natural-gas turbines?
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Approach
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Approach

Wind Power

Output 1 l—<— Error

Ideal Fill Power

Calculate Power Level
and Ramp Rate Needed

!

GT'’s Control Realized Fill Power
and Regression Map

!

GT Emissions Model — Calculated

Emissions
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Objective Function for Baseload Plant

where:

subject to:

Min Efarné Poweri Min 1iDl"'n:lr'a.-’.r' - PTaJ*gat.r’ - 'E"l"ar:.'u' Power i-1
St Power s = E1101 T Power Plant Output

Proyser; = EXpected Power Plant Qutput
R’nmf.r’ = Pﬁ-f.l.‘ﬂ'.." ML me:.'_l.'r'&ﬂrr.r'

= Total Power Generated
i = time index
n = Number of Gas Turbines
dP

_ GasTurbine

P = ———— = Ramp rate

GasTurbine (f?‘

F..., = Constant

Lol

ﬂ Vind Max — n P Cris Turbine Mox
< o=

D GasTurbine — R'.Iax

R.I:'lr = GasTurbine = ‘P‘.Im:

C
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(6)
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(8)
(9)
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. Calculating Pollutant Mass Emissions of
Baseload Plant

E ﬂu g .'

Moy = ;?m (10)
where:
M .., = Total Mass of Pollutant Emutted (11)
ﬁ{l = f (Peatiosine.s P GasTurbine i) ~
dt (12)
= Mass Emission Rate of Gas Turbine for Time Period 7
At = Time Interval of Data Set (13)
jr = Time Length of Data Set (14)
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. Wind Data Obtained

Data Slice from Output of Two Wind Farms

« Wind Data w w ‘

90 B
— Output of 3 existing
wind farms

e Eastern

* Southern Great
Plains

 Central Great
Plains

— 1to 10 seconds
resolution

— 32 total days of data 0 0.5 1 15 2 25

Time (hours)
— From anonymous
source

80~ B

70+ b

60 a
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. Gas Turbine Data Obtained

* NO, emissions & heat
rate for 7 CTs & 1 NGCC

— 1 minute resolution

Data Slice of Power Output of LM6000 Data Obtained
T T

— Ranges from 38 days of s ‘ ‘
datagto 135 days ofydata 45””\“”%% ww ] B
— CTs are LM6000s .
— Have g%
- Gas flow (HSCFH) ~ £*
. Load (MW) -
* NO, ppm and Ibs 10-
« NO, ppm corrected to Z
15% O, %0 % 100 e 0% 110 115 120
« 0,%

» Heat rate (mBtu/hr)
— From anonymous source
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. GE LM6000 — Rated 40-45MW

Source: www.sealegacy.com Oct. 4th, 2007
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CO, Emissions vs Power for LM6000

LM6000 - Measured CO2 Emission Factor Versus Power Output Range

Fig + LM6000 Measured Emission Factor
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Regression Analysis

Model Construction

LM6000 NOx Emissions as a Function of Power Level and Ramp Rate
Power (MW)
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._

LM6000 Emissions Data with Model Reqions Designated and Model Constraint Curves Superimposed
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. Siemens-Westinghouse Combined-Cycle
Turbine — Rated 200 MW
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501FD Emissions Data with Model Regions Designated
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CO, Emissions vs Power for SW 501FD

S01FD - Measured CO2 Emission Factor Versus Power Output Range

b + 501FD Measured Emission Factor
— 0-1 w Standard Emission Factor Analysis
= |+
£ 5
; Ea

P
=
= i
2 |3
c H
O -
= %
0 %
S -
Q
o]
LL
]
S 107k
(D -
»
=
LL]

[
O
Q
| | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100

Percent of Nameplate Capacity

CarnegieMellon



Siemens-Westinghouse - Regression Analysis
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Results
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._ Results (1) — LM6000

Wind + CT Operating Parameters
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. Expected Emission Reductions Calculation

Total,Natural Gas M Total Wind + NatuarlGas
*Wind Penetration

Expected Emission Reduction =100 * {
Total ,NaturalGas
Example Calculations
If Wind Penetration is 0.5, then expect My, wind + Naturalgas = 0-2"Mrotal NaturalGas
(1-0.5)
*0.5

Total,Natural Gas

}:100%

Total ,NaturalGas

Expected Emission Reduction =100 *{

If Wind Penetration is 0.3, then expect M1 wind + nawraicas = O-7 " Mrotal NaturalGas

(1-0.7)
*(0.3

Total,Natural Gas

Expected Emission Reduction =100 * { :| =100%

Total ,NaturalGas
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. Expected Emissions Reduction
Eastern Wind Farm

Turbine Expected Emissions Mass Emitted
Emissions Reduced by Wind + NG
Reduction

LM6000 (CT)

NOx 29% 290 lbs 8,300 Ibs
+ 4%

CO2 80% 176 tons 1,595 tons
+ 1%

501FD (NGCC, DLN)

NOx -240% 1,500 Ibs 6,400 Ibs
+ 250%

CO2 76% 732 tons 6,968 tons
+ 1%
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Expected Emissions Reduction

Wind Farm Eastern Southern Great Central Great
Plains Plains

LM6000 (CT)

NOXx 29% 21% 31%
+ 4% + 3% + 4%
CO2 80% 77% 77%
+ 1% + 1% + 1%
501FD (NGCC, DLN)
NOXx -240% -600% -530%
+ 250% +100% -75% + 150% - 5%
CO2 76% 76.8% 78.9%
+ 1% + .20 +0.1%
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Generating Smaller Wind Data Sets
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Implications

1 MWh of wind energy does not eliminate 1 MWh of emissions
* Impacts
— Clean Air Interstate Rule (CAIR)

 Significant penetration of wind power will make it harder for
CAIR to achieve emission reduction goals

— Emission displacement studies
» Overestimating the amount emissions are displaced by wind
— Life Cycle Analyses

» Don’t account for wind’s effect of decreasing emission
efficiencies of conventional generators

— Technology
* Not all gas turbines are equally suitable for pairing with wind

« R&D program to improve emissions of heavily cycled gas
turbines
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Questions?

Renewable Portfolio Standard which would require
electric utilities to obtain 15 percent of their electricity
from wind, solar, or biomass energy by 2020
— NYTimes June 15, 2007

LA Smog Apt

Carnegie Mellon




