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What is a CSP-PV hybrid?
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Requirements for hybrid production
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Requirements for hybrid production
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Requirements for hybrid production
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Modeling production — an approach for dispatch optimization

@ Develop a detailed, descriptive performance model (SAM)
@® Define an approximate and easily-solved model using a mixed-integer linear program

(MILP)

© Reduce problem size to ensure tractability (time decoupling, symmetry breaking,
discounting of future decision details)

O Solve MILP, maximizing revenue and minimizing O&M cost

@ Use solution as target production profile in detailed model
@ Repeat steps 4-5, progressing through annual simulation

Day 1 Day 2
72 steps 18 Time intervals 24 Time intervals 114
Fixed |72 steps| 12 Time intervals 24 Time intervals 108
Fixed 72 steps | 6 steps 24 Time intervals 102
Fixed 72 steps 24 Time intervals 96
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Case study: CSP-PV-battery hybrid with grid constraint

Parameter Units Value
Cycle design thermal input (x2) MW, 393
Cycle maximum gross output (x2) MW, 163
Receiver design thermal output (x2) MW, 565
Thermal energy storage capacity (x2) MWh, 4716
PV field capacity MW 4¢ 325
PV inverter maximum output MW, 270
Battery capacity MWh, 150
Battery maximum power output MW, 150
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Case study: CSP-PV-battery hybrid with grid constraint

Parameter Units Value
Cycle design thermal input (x2) MW, 393
Cycle maximum gross output (x2) MW, 163
Receiver design thermal output (x2) MW, 565
Thermal energy storage capacity (x2) MWh, 4716
PV field capacity MW 4¢ 325
PV inverter maximum output MW, 270
Battery capacity MWh, 150
Battery maximum power output MW, 150
Whole system:

Maximum total power to grid MW, 310
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Case study: CSP-PV-battery hybrid with grid constraint

Parameter Units Value
Cycle design thermal input (x2) MW, 393
Cycle maximum gross output (x2) MW, 163
Receiver design thermal output (x2) MW, 565
Thermal energy storage capacity (x2) MWh, 4716
PV field capacity MW 4¢ 325
PV inverter maximum output MW, 270
Battery capacity MWh, 150
Battery maximum power output MW 150
Whole system:

Maximum total power to grid MW, 310
Location 1: N. Chile

> Solar resource - DNI kWh/m?/year 2730
> Market price ratiof 1.6
Location 2: S. Nevada

> Solar resource - DNI kWh/m? /year 2083
> Market price ratio 3.4

Ttop 5%/bottom 5% of hourly prices
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Comparative results

Improvement in performance of hybrid systems compared to CSP-only baseline

Location ‘ Metric ‘ CSP only

CF 51.3 %
N. Chile | LCOE | 100.0 $/MW,,
PPA 94.9 §/MW,,
CF 32.0 %
S. Nevada | LCOE | 156.0 $/MW,,
PPA | 123.2 §/MW,

CF - capacity factor
LCOE - levelized cost of energy
PPA — power purchase agreement price
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Comparative results

Improvement in performance of hybrid systems compared to CSP-only baseline

Location ‘ Metric ‘

CSP only | CSP-PV-Bat

CF 51.3 % +33.8 %pt
N. Chile | LCOE | 100.0 $/MW,, -271.1 %
PPA 949 §/MW, | -20.2 %

CF 32.0 % +26.8 %pt
S. Nevada | LCOE | 156.0 $/MW,, -28.8 %
PPA | 1232$/MW, | -14.0 %

CF - capacity factor
LCOE - levelized cost of energy
PPA — power purchase agreement price
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Detailed performance plots illustrate nuanced behavior
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Detailed performance plots illustrate nuanced behavior
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In a hybrid system, all forms of
generation and storage are
utilized

® PV produces “as-is" power
® CSP uses TES to respond to

large-scale changes in net
demand

Battery discharge responds to
rapid variations

Time scale for battery discharge
depends on long-term
maintenance cost of power cycle
ramping
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Recommendations for CSP-PV hybrids

e PV-CSP hybrids exploit desirable characteristics from both technologies
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e PV-CSP hybrids exploit desirable characteristics from both technologies
® |ow PV cost
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Recommendations for CSP-PV hybrids

e PV-CSP hybrids exploit desirable characteristics from both technologies
® |ow PV cost
® Rapid battery response
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e PV-CSP hybrids exploit desirable characteristics from both technologies
® |ow PV cost
® Rapid battery response
® Low cost of thermal storage
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Recommendations for CSP-PV hybrids

e PV-CSP hybrids exploit desirable characteristics from both technologies
® Low PV cost
® Rapid battery response
® Low cost of thermal storage
® Dispatchability of CSP
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Recommendations for CSP-PV hybrids

e PV-CSP hybrids exploit desirable characteristics from both technologies
Low PV cost

Rapid battery response

Low cost of thermal storage

Dispatchability of CSP

Hybrids can be better than the sum of the parts
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Recommendations for CSP-PV hybrids

e PV-CSP hybrids exploit desirable characteristics from both technologies
Low PV cost

Rapid battery response

Low cost of thermal storage

Dispatchability of CSP

Hybrids can be better than the sum of the parts

® Does a hybrid technology make sense?
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Recommendations for CSP-PV hybrids

e PV-CSP hybrids exploit desirable characteristics from both technologies
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® Does a hybrid technology make sense?
Yes, when:
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Recommendations for CSP-PV hybrids

e PV-CSP hybrids exploit desirable characteristics from both technologies
Low PV cost

Rapid battery response

Low cost of thermal storage

Dispatchability of CSP

Hybrids can be better than the sum of the parts

® Does a hybrid technology make sense?
Yes, when:

® (Capacity markets are a priority
® The market values production
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Recommendations for CSP-PV hybrids

e PV-CSP hybrids exploit desirable characteristics from both technologies
Low PV cost

Rapid battery response

Low cost of thermal storage

Dispatchability of CSP

Hybrids can be better than the sum of the parts

® Does a hybrid technology make sense?
Yes, when:

® (Capacity markets are a priority
® The market values production

@ primarily during non-daylight hours
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Recommendations for CSP-PV hybrids

e PV-CSP hybrids exploit desirable characteristics from both technologies
Low PV cost

Rapid battery response

Low cost of thermal storage

Dispatchability of CSP

Hybrids can be better than the sum of the parts

® Does a hybrid technology make sense?
Yes, when:
® (Capacity markets are a priority
® The market values production
@ primarily during non-daylight hours
@ to a lesser extent during daytime hours
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Recommendations for CSP-PV hybrids

e PV-CSP hybrids exploit desirable characteristics from both technologies
Low PV cost

Rapid battery response

Low cost of thermal storage

Dispatchability of CSP

Hybrids can be better than the sum of the parts

® Does a hybrid technology make sense?
Yes, when:
® (Capacity markets are a priority
® The market values production
@ primarily during non-daylight hours
@ to a lesser extent during daytime hours
. in other words, most markets!
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Recommendations for CSP-PV hybrids

e PV-CSP hybrids exploit desirable characteristics from both technologies
Low PV cost

Rapid battery response

Low cost of thermal storage

Dispatchability of CSP

Hybrids can be better than the sum of the parts

® Does a hybrid technology make sense?
Yes, when:

® (Capacity markets are a priority
® The market values production
@ primarily during non-daylight hours
@ to a lesser extent during daytime hours
. in other words, most markets!

® Hybrids not viable when price is insensitive to capacity or time of day
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Recommendations for CSP-PV hybrids

e PV-CSP hybrids exploit desirable characteristics from both technologies
Low PV cost

Rapid battery response

Low cost of thermal storage

Dispatchability of CSP

Hybrids can be better than the sum of the parts

® Does a hybrid technology make sense?
Yes, when:
® (Capacity markets are a priority
® The market values production
@ primarily during non-daylight hours
@ to a lesser extent during daytime hours
. in other words, most markets!
® Hybrids not viable when price is insensitive to capacity or time of day

® Robust dispatch optimization techniques are prerequisite
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