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CO, Capture Systems Impact Grid Stability

1000 million tonnes C{}z
o — .
4 |:| International transport

|:| Other countries
- Other large countries
B china

[] Othernon-QECDigg0
European countries

- Russian Federation

[ ] Other OECD1990 countries
|:| lapan

- European Union (EUz8)
[ United States

30

20 —

1
pbl.nl f ec.europa.eufjrc

1990 1995 2000 2005 2010 2015

Trends in global CO, emissions, PBL Netherlands Environmental
Assessment Agency, 2015

> New regulations for CO,
emission from power plants:

EPA'’s regulation for existing power plants
(2015)

30% reduction in CO, from 2005 levels by 2030

EPA'’s regulation for new power plants
(2015)

1100 Ibs/MWh CO, for gas-fired power plants
1400 Ibs/MWh CO, for coal-fired power plants
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&) Solutions to Increase Stability PRISM

> Advanced Metering Infrastructure
> Demand Response

> Distribution Automation

> Renewable Resource Forecasting

> Distributed Storage (Electric Vehicles with V2G capability and
batteries)

> Microgrids (distributed generation)

> Bulk energy storage (Pumped stored hydropower, compressed
alr energy storage, thermal storage)
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@) Benefits of Energy Storage PRIS M

> Grid frequency and voltage regulation (grid stabilization and
power quality control)

> Shaving of load peaks

> Smoothing of renewable power variability (ramp rate control)
> Energy arbitrage

> Backup power
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Cryogenic Carbon Capture (CCC) PRIS M
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Hybrid System of Power Generation and CCC PRIS M
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Improved Profitability through Integration PRIS M

> Dynamic integration of CCC with power generation units
> Assumed 90% CO, capture rate

> Meet residential and CCC electricity demands

> Maximize operational profit of the hybrid system

> Minimize cycling of the coal power plant

April 11, 2016 apm.byu.edu/prism Brigham Young University



Optimization Approach PRISMI

> Objective function: £1-norm

min — T T T T T
Xyl D = wpiep; + Wppep + YmCy U ¢y +Au’ ¢y

s.t. 0= f(xxud)
~ Dead-band for the controlled variable 0=g0y,x,ud)

> Prioritize multi-objective functions a>h(x,ud) =b

~ Orthogonal collocation on finite elements for 5V ni

DAE to NLP conversion Tc=5 T Ytni = SPhi
. . . 5ye
- Active Set or Interior Point Solvers - St:tlo + Veto = SPio
> APOPT or IPOPT
~ APMonitor Modeling Language eni = (Ym — Yeni)

€lo = (yt,lo T ym)

April 11, 2016 apm.byu.edu/prism Brigham Young University



2200

T T T T T | — T T T T T T 2200 1 T T T T T T T T T T T T
) B :' 4
2000 @ W X . 2000 + & P 0 % .
A 4 1 1 A 4 . Y 1 4
; 1 b T ) I}
1800 [ Y X ) 1 g [ % - 1800 ] L £ 4 } i 9 7
! s ] W y - i ) ] y
— " i b ] ¥ g : 3 1 b \ ¥
s 1600 P & ¢ 7% 1 Se0r ¢ } ) { .
s r ) b 1 4 ' 4 + hy / s 4 b :’ 4 ( 0 13 [ ¥
¥ [ 44 A b i X
= 1400 ‘ ‘ L 4 X\ ¢ b ol = 1400 ’ .| 7 s ¢ Y ¢ v \ o
j= 1 b 3 ¥ Iy ¥ ] 4 ' | Y o ! ¥ !h 4 ) \ f 4N ' d o
[ i 0 A 4 N [ 4\ c ih ) ) 14 4 o f Y
© . iy b BV A S g A\ \ ‘) Y | r ) \
S 1200\ & ¢ ; ‘ 7 b Z 12004y ¢ ¢ 9 4 - f et o
b T\ I \/( \] V4 1 & 3 [ . 4 ¥ & .
v A & Lo e A y K N -\ \ Al i

© = —— — g o e “ / | o <N 2 -y / 'Y N, & ‘h‘
o 1000 - e o FemE - ikt bed » 1000 i . " SIS 77N AN ]
= et o et .. o~ 'y AR L g o - — = - '\»\,, . - - s . - (3
— el SR *. * . PELARLA =~ ST antt TtaaganT »* . Ll \II-' . Y 7 o NoaeZe " - bl -'!
& 800 . s aania® pCLPTTTN i TP 4 @ 800 F  Tamedhs ST Rlaes BRLLZ P AL L LR PR OO L PG R PP VI -
= =
[o] o]
o 600 1 oo 600 -

400 400 - .

200 200

12 24 36 48 60 72 84 96 108 120 132 144 156 168 180 19 0 12 24 36 48 60 72 B84 96 108 120 132 144 156 168 180 192
Time (hr) Time (hr)
RLCEELED Coal power

o Total power > Meet the total electricity demand

Total demand

—a—Wind power > Refrigerant storage used in gas turbine

+ Power from combined cycle

Total gas power > 100% utilization of the wind power

—=== Total steam boiler power

10

April 11, 2016 apm.byu.edu/prism Brigham Young University



Impact of Energy Storage on Baseline Case PRIS M
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@) Profitability PRISM

> $13.6k/hr average profit
> $58k/hr average hourly revenue

> Recovery of most of the CCC constructional expenses by

taking advantage of the arbitrage of energy

April 11, 2016 apm.byu.edu/prism Brigham Young University



Cycling Cost PRIS ML

> Increased thermal, pressure, and mechanical related stress
and fatigue

> Cycling scenarios: Cold start, Hot start, Warm start, and
Load-following
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Cycling Cost (Continued) PIRISM

> Rainflow cycle counting algorithm

With Wind Without Wind

Load-following Baseline Load-following Baseline
boiler Boiler boiler Boiler

# cycles in Boiler 20 1 18 1
(cost) ($88200) ($4410) ($79380) ($4410)

# cycles in gas 17 21 23 15
turbine (cost) ($10880) ($13440) ($14720) ($9600)

Total cycling costs $99080 $17850 $94100 $14010

> Key Result: 80-85% reduction in cycling damage
with energy storage
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@) conclusion PRIS M

> CCC process removes 99% of CO, with lowest cost per kg CO,
> Large-scale energy storage improves renewable adoption

> CCC + energy storage reduces cycling costs by 80-85%

> Reduction in the need to spinning reserves

> Power grid stability

April 11, 2016 apm.byu.edu/prism Brigham Young University



@) Acknowledgements PRISM

> Sustainable Energy Solutions (SES)

> Graduate students |n PRISM Group at BYU

April 11, 2016 apm.byu.edu/prism Brigham Young University



Increased Stability of a Power Grid by ;'5
Storage of Cryogenic Carbon Capture:

Seyed Mostafa Safdarnejad
James Richards
Jeffrey Griffiths
John Hedengren

Larry Baxter

74
‘)" / /B
ey / /i
r// [
4,

!/
[/

Chemical Engineering Department
Brigham Young University (BYU)
April 2016

J
i
’

s

b/

i

April 11, 2016 apm.byu.edu/prism Brigham Young University



