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People waich as a solar eclipse begins
over the Eden Project near St Austell in
Caornwall, England, March 20, 2015,
Ben Birchall / AP Photo

From: abcnews.go.com



Solar Eclipse: a real “stress-test”

Sustainable Combustion PER LE NUOVE TECNOLOGIE, LENERGIA
& Processes Laboratory E LO SVILUPPO ECONOMICO SOSTENIBILE

european network of
e n S O transmission system

operators for electricity
Reliable Sustainable Connected

Clear sky
Solar eclipse

= Difference

10:41 CET

10:00

From: ENTSOE - Solar Eclipse 2015 - Impact Analysis, 19 February 2015
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- Gradient solar eclipse MW/min

From: ENTSOE - Solar Eclipse 2015 - Impact Analysis, 19 February 2015
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Renewables growth
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2000 2002 2004 2006 2008 2010 2020 2000 2002 2004 2006 2008 2010 2020

205
B Hydropower B Non-hydrorenewables ok

42% 75% 27%

Average annual Cost reductions in Average annual

growth in Solar PV Solar PVin just growth in wind

three years in
some cou ntries From: IEA - Energy Technology Perspectives 2012
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W Renewables growth...and load-flexibility
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MW, 2011 in northern Germany
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Residual load: Steep ramp changes B wind

1,1775MW \ Prediction error

Basic
variability

W == Forecast Wind & Solar
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From: SBC ENERGY INSTITUTE ANALYSIS BASED ON 50 HERTZ DATASET
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Start-up time [hours] Ramp rate [% per min] Time from 0 to full rate [hour] Minimum stable load factor [%

20 49[r.’n.1tion.‘|l

- Energy Agency
\iea

Hydro generation can respond more quickly than other technologies, but the resource is
geographically limited

Open Cycle Gas Turbines are therefore very often considered

For the traditional base load power plants, a change in operation would translate into
reduced load factors, while maintenance cost increase and thus lower financial revenue

From: IEA - Energy Technology Perspectives 2012
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Turndown Cycling capability Part load efficiency

Start-up to full load Ramp rates

35 - 50 MW/minute max

Hot start-up load change rate:
- 0-40% GT load: 2-5%/min
- HRSG press.: 1-2%/min

- 40-85% GT load: 4-6%/min  2-3 percentage points
- B5-100% GT load: 2-3%/min  less @ 60% CC load

Low load operation:
15-25% CC load
(10-20% GT load)

Min. environmental
Load: 40-50% CC

NPO (30-40% GT load)

Hot start-up: 45-55 min
Warm start-up: 120 min
Cold start-up: 180 min

Approx. constant
efficiency down to 85%
GT load

and...with CCS?

New operational constraints

Larger start-up time
Higher CAPEX and OPEX

Results:

CCS can meet the future
flexibility requirements

OCGT without CCS sitill

wit

Post-combustion unit
min. load: 30%

C0y compressor min.
efficient load: 70%
Min. env. GT Load:
60% PO. Process unit

Jair separation unit

{ASL) cold box min.
load: 50% ASU compr.
min. load: 70%

Regenerator preheating:
- hot start-up: 1-2 h
- warm start-up: 3-4 h

Cold start-up: 80-90 h
Gasification hot start-up:
6-8h

ASU hot start-up: 6 h

Same as plant wio CCS

Same as plant w/o CCS

Gasification ramp rate:
3-5%/min
ASU ramp rate: 3%/min

Gross electrical
efficiency:

2 percentage points less
i@ 70% CC load

7 COMPrEssoT min.

siliciculoal, 70

Same as plant w/o

Same as plant w/o CC3

Same as plant w/o CCS

UscC prC

Min. boiler load: 25-
1%

Very hot start-up: < lh
Hot start-up: 1.5-2.5 h
Warm start-up: 3-5h
Cold start-up: 6-7 h

30-50% load: 2-3%/min
50-90%% load: 4-8%/min
O0-100% load: 3-5%/min

Subcritical boiler: 4
perc. point (@ 75% load
Supercritical boiler:- 2
perc. point (@ 75% load

with CCS

Post-combustion unit
min. load: 30%

C0y compressor min.
efficient load: 70%

Regenerator preheating:
- hot start-up: 1-2 h
- warm start-up: 3-4 h

Same as plant w/o CCS

Same as plant wio CCS

Oxy fuel

Air-firing

continue to be a viable mode
cost-effective option for peak —

load

Min. boiler load: 25-
0%

Very hot start-up: < lh
Hot start-up: 1.5-2.5h
Warm start-up: 3-5h

Cold startup: 6-Th

firing
mode

Cold box min. load: 40-
50%. ASU compressor
min. efficient load: 70%

C0; compressor min.
efficient load: 70%

30-50% load: 2-3%/min
50-90%% load: 4-8%/min
90-100%% load: 3-5%/min

Subcritical boiler: -4
perc. point (@ 75% load
Supercritical boiler: -2
perc. point (@ 75% load

Start-up in air-firing
mode,

ASU start-up completed
in approx. 36 h

ASU ramp rate: 3%/min

Same as plant in air-
finng mode

R. Domenichini et Al, Operating Flexibility of Power Plants with Carbon Capture and Storage (CCS), Energy Procedia, 2013
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7 Flexibility from Power Generation
ssanaecosion T @ COMSQO Laboratory approach
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| EGRGTCycle |
N\

| oxyGTCycle

=== [5-CO, CCGT Cycld\

\ | s-co, GT Cycle |

COMSO Laboratory is developing a new approach to
meet CCS and flexibility:

*EGR and Oxy GT Cycles could be mid-term solutions

*S-CO, Cycles could be a long term unique solution
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COMSO Experimental Activities

Sustanable Combuston EGR Cycle implementation on AGATUR facility venvetuove e RS
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AGATUR
At S

Advanced GAs TUrbines Rising
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COMSO Experimental Activities

sustainable Combustion EGR Cycle implementation on AGATUR facility PER LE NUOVE TEGNOLOGIE LENERGIA
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Pressure Control Valve
Captured CO2

40 m3 Vessel

Slightly Over Atmospheric Pressure CO2

02

Supply 100 kW micro-GT
q

Gas Extractor
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Gas Cooler
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Condensate Hot Water
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COMSO Experimental Activities

Sustainable Combustion EGR Cycle implementation on AGATUR facility PER LE NUOVE TEGNOLOGIE LENERGIA

& Processes Laboratory E LO SVILUPPO ECONOMICO SOSTENIBILE

Pressure Control Valve
Captured CO2

40 m3 Vessel

Slightly Over Atmospheric Pressure CO2

02
Supply. 100 kW micro-GT

R

Gas Extractar
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Characteristics of an ideal power cycle

[

* Good utilization of available heat

— High expansion, low compression work Steam turbine: 55 stages / 250 MW

Mitsubishi Heavy Industries Ltd, Japan (with casing)

— Direct coupling to heat source

Helium turbine: 17 stages /333 MW (167 MW,)
Be n |g nwo rk | ng ﬂ u |d X.L.Yan, L.M. Lidsky (MIT) (without casing)

— Non-corrosive. hon-toxic therma”y stable Supercritical CO, turbine: 4 stages / 450 MW (300 MW,)
! !

(without casing)
Compressors are of comparable size

— Dry expansion to avoid erosion

Low capital cost

Heat source T. Heat source

Low operation & maintenance (0&M) costs -
nching

Waorking fluid

Supercritical CO, meets these characteristics

Carbon Dioxide

’ ' ' Relative heat energy 100% (' Relative heat energy 100%

ll.ul

supercrtical fluid ia) (b)
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Supercritical CO, Power Cycles

Sustainab;;(;ombustion OXY S’COz CyCle: plant Iayout AGENZIA NAZIONALE
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HIGH PRESSURE $-CO2
TO STORAGE

WATER SEPARATION
& COOLING

INTERCOOLING

2 STAGE
COMPRESSION

REGENERATION

METANE

OXY-COMBUSTION EXPANSION
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Supercritical CO, Power Cycles

e QXY S-CQO, Cycle: simulation results
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‘Fuel . +-HCOMPR -LCOMPR
‘kg/s - kW kW

.0,01443 . .32 .80
.0,01392 . .36 .83

.0,01354 . .35 .83 .0,056

O Regenerator cold side outlet temperature is a key parameter on cycle
performance, because of both direct and indirect impact through the TIT limitation.
LA rough sensitivity study was performed by varying TIT, in order to evaluate the
“Technological level” on the cycle performance.

The first principle efficiency LHV basis, is always more than 50%, also with a
“state-of-the-art” temperature setting. Energy consumption for oxygen production
was included (720 kJ/kg).

LBeside of mechanical energy, other cycle products are a stream of “pipeline
ready” CO2 (300 bar) and a water stream at 30 bar.

The cycle is virtually “zero emission”.

Giuseppe Messina, “Supercritical Carbon Dioxide Power Cycle”, presentation to European Turbine Network, London, 201
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Supercritical CO2 Power Cycles

s Y -
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Temperature (°C)
Cp KJ/KgK

wi.mhmlm Lunlin uuluu@

£l
of

G.Messina, E. Giacomazzi, “Modellazione di un Ciclo di Potenza a CO2 Supercrtica da 48 MWt alimentato dal Loop ISOTHERM PWR?”, Ricerca di Sistema

EIETTCOTPARRZ01S
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Supercritical CO2 Power Cycles

An Holistic Solution
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e $Power2Gas

WHR
CCH+CCS
EGR
Nuclear

Distributed

Maritime —>»
l

Programmable Base
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S-CO, ALBA Cycle

. . AGENZIA NAZIONALE
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& Processes Laboratory the COMSO Laboratory proposal in figures E fg‘;tIELSgggiggﬁg%gglseogizsgﬁé

MJ/kg CO2

Net Efficiency (LHV) after capture process
50 X Efficiency

0.7 - (Oxygen production included)

40 - . . 0.6 -
. 0.5
0.4
0.3
0.2
0.1
0.0 | | |

Post-Combustion  Pre-Combustion  Oxy-Combustion  Post-Combustion | CO2 Capture From
T T T Lal Capture from Coal- CO2 Capture from CO2 Capture from CO2 Capture Fromj Natural Gas
Post-Combustion Pre-Combustion CO2  Oxy-Combustion CO2  Post-Combustion CO2 | CO2 Capture From Fired Power Integrated Coal-Fired Power Natural Gas CO2ReTum
Capture from Coal-Fired Capture from Integrated Capture from Coal-Fired Capture From Natural [Natural Gas CO2ReTurn Generation by Gasification Generation Combined Cycles | OXY-Combustion
Power Generation by ~ Gasification Combined ~ Power Generation ~ Gas Combined Cycles | OXY-Combustion Cycle AMINES  (Average CombinedCycle  (Average OECD)  (Average OECD) Cycle
AMINES  (Average Cycle (Average OECD)  (Average OECD) (Average OECD) OECD) (Average OECD)

30

SPECCA: S%Eé:([:)i)fic Primary Energy Consumption for CO, Avoided. Data elaborated by
ENEA from: 1) Rahul Anantharaman et al. “European Best Practice Guidelines for
Assessment of CO, Capture Technologies”, CAESAR Project — FP7, 2011; 2) Matthias
Finkenrath, “Cost and Performance of Carbon Dioxide Capture from Power
Generation”, IEA, 2011.

kg CO2MWh S-CO2 Advanced Liquid compression BrAyton

160.0

1400 - CO, emissions after capture process CyC | e

115
120.0 - "

1000 Patenting procedure in progress

80.0 - ENEN
60.0 - /
400 | 23

200 -

T T T
Post-Combustion Pre-Combustion CO2 Oxy-Combustion CO2 Post-Combustion CO2 | CO2 Capture From
Capture from Coal-Fired Capture from Integrated Capture from Coal-Fired Capture From Natural Natural Gas
Power Generation by ~Gasification Combined ~ Power Generation =~ Gas Combined Cycles |[CO2ReTumn OXY-
AMINES (Average Cycle (Average OECD)  (Average OECD) (Average OECD) Combustion Cycle

OECD)
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Mechanical Engineer
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Thanks for your attention!

Express your interest sending an e-mail to:

Giuseppe.Messina.Cas@ENEA.t
“Eugenio.Giacomazzi@ENEA.it

Accordo di Programma MiSE-ENEA “RICERCA DI SISTEMA ELETTRICO”



mailto:Giuseppe.Messina.Cas@Casaccia.ENEA.it
mailto:Eugenio.Giacomazzi@ENEA.it

