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What are hybrid CSP — PV plants?

Decoupled non-compact (or co-located) PV-CSP hybrid: independent CSP and PV plants integrated together by
the electric power dispatching and management system

Energy coupled PV-CSP hybrid: Via PV-topping technology, spectral beam splitting (SBS) technology or their
combination. New Trend: PV power in CSP plant’s thermal energy storage?

PV plant. Source: www.zdnet.com Bokpoort CSP Plant (Sener). Source: www.solarpaces.org =
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Why hybrid CSP — PV plants?

For solar systems, PV offers the lowest Levelized Cost of Electricity (LCOE) of around 3 cent€/kWh

Storage system (batteries) for commercial PV plants are too expensive (400 — 600 €/kWh,,)

CSP integrates low cost energy storage for a total LCOE of around 7 cent€/kWh (about 20 - 35 €/kWh,, for the storage)
=) The hybridization of both technologies combines their main advantages:

Low investment cost of PV +
= 24/7 power at an “average” LCOE around 5 cent€/kWh

X gl

PV plant. Source: www.zdnet.com Bokpoort CSP Plant (Sener). Source: www.solarpaces.org =
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Daniel Benitez Cost data based on NOOR Energy 1 plant (Dubai). Source: http://newenergyupdate.com/csp-today/acwa-power-adds-250-mw-pv-dubai-csp-project-stirling-csp-developer-lists-
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Why hybrid CSP — PV plants?
Key Features of PV plants:
» Low investment costs
» Low site preparation required
» Low Operation & Maintenance efforts
» Very low water consumption
» Expensive energy storage = unstable
electricity generation

> <

PV plant. Source: www.zdnet.com

Daniel Benitez Cost data based on NOOR Energy 1 plant (Dubai). Source: http://newenergyupdate.com/csp-today/acwa-power-adds-250-mw-pv-dubai-csp-project-stirling-csp-developer-lists-

nasdaqg-small-caps

» More difficult site selection & preparation
» Use of Direct Normal Irradiance (DNI)

» Operation & Maintenance efforts similar to a
conventional power plant

» Medium to high water consumption
» Cheap energy storage = base load electricity generation

e _oaefile

Bokpoort CSP Plant (Sener). Source: www.solarpaces.org =
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Why hybrid CSP — PV plants?
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Examples of Hybrid CSP — PV plants
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Plant name: Cerro Dominador (previously Atacama-1)
Location: Calama, Chile

CSP capacity: 110 MW (net)

Storage capacity: 17,5 hours (2-tanks molten salt)
Number of heliostats: 10.600

Tower height: 250 m

PV capacity: 100 MW
Total electrical power capacity: 210 MW

Current status: under construction
(~80% completion by July 2019)

Daniel Benitez
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Plant name: NOOR Middelt
Location: Middelt, Morocco

CSP capacity: 2 x 150 to 190 MW
Storage capacity: TBD, minimum 5 hours
CSP technology: TBD, probably parabolic troughs

PV capacity: 2 x 210 to 250 MW

Total electrical power capacity: 2 x 400 = 800 MW
Record lowest LCOE: 7 Scent / kWh

Current status: Consortium selected (EDF EN 35%,
Masdar 30%, Green of Africa 10%, and 25% by
MASEN), next financial steps ongoing.
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Plant name: Noor Energy 1
Location: Dubai

CSP capacity: 700 MW

Storage capacity: 15 hours

CSP technology: parabolic trough 3 x 200 MW
tower system 1 x 100 Mwe

Tower height: 260 m

PV capacity: 250 MW

Total park power capacity: 950 MW
PPA of 7,3 cent$S/kWh (35 years)

Current status: under construction
(completion expected end 2022)

=

https://www.evwind.es/2019/07/22/first-concentrated-solar-power-plant-in-chile-and-latin-america-has-80-progress/68142
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Atacama Desert

Plant name: Distrito Tecnolodgico Solar Diego de Almagro =~ sswwme ouges

Location: Diego de Almagro, Chile '
. solargis

http://solargis.info

CSP capaCity: 6 X 110 MW (net) A | <400 600 800 1000 1200 140
Storage capacity: about 12 hours Long o o, —
Tower height: about 220 m

PV capacity: 6 x 50 MW

Total electrical power capacity: about 900 MW

Current status: under project development

Daniel Benitez SFERA-IIl Summer School “Thermal energy storage systems, solar fields and new cycles for future CSP plants”



Simulation of Hybrid CSP — PV plants

greenius

THE GREEN ENERGY SYSTEM ANALYSIS TOOL

Daniel Benitez SFERA-IIl Summer School “Thermal energy storage systems, solar fields and new cycles for future CSP plants”



The software tool greenius

* Free of charge & easy to install

* Simulation of different renewable energy systems for heat or
electricity generation

* Main focus on concentrating solar technology

e Customized for fast and simple calculations

* Based on hourly performance simulation of a typical year (min.

time step length 10min)
» Utilization for feasibility studies, technology comparisons, etc.

e User support by DLR

Daniel Benitez SFERA-IIl Summer School “Thermal energy storage systems, solar fields and new cycles for future CSP plants”
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. Select Technology E‘@g

none
Parabolic Trough Powerplant

Trough Powerplant with Storage

Parabolic Troughs for Process Heat

Process Heat with non-concentrating collectors
Chiller with Parabolic Troughs

Chiller with non-concentrating collecters

Power Tower System

Dish Stirling Systems

Grid Connected Photovoltaic System
Concentrating Photovoltaic System

Wind Power Park

Fuel Cell

Fuel Cell with Storage

Import Data

Homepage of greenius:
http://freegreenius.dlr.de/



http://freegreenius.dlr.de/
http://freegreenius.dlr.de/
http://freegreenius.dlr.de/
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General purpose of greenius
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Independent simulation of power plants
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greenius graphical user Interface

 Spain

File Edit Help

= Nation

National Econormics

—

General

HName Spain

Remuneration Tariffs -
flat variahle

Electicity 0.270 £kWhe
Heat/Cooling 0.080 £/&Wht

. . =
Taviffs walicl for FAUE ]

Fixfossil fuel usage 00 %

Prices of Delivery

Fuel price 0050 £/kMvhth
Whater price 0050 £/m*
Furchased from the grid 0150 £/k\vhe

=]
Prices valid far 2014 ]

Specific Reference Values

Electricity
Levelized generation costs 0.050 £/kWhe

COZ emissions 0.600 kgfkdihe

Taxes

Income tax rate
PBroperty tax rate
Tax holidays

Loss forwarded

Discount Fate
forinvestment costs

far running costs

Escalation Rates

Tariff escalation
Q&M price escalation
Feplacement escalation

Fuel price escalation

Heat
0.000 £/kxvht

0.300 kgfkitht

3000 %
0.00 %
0.00 years
0.00 years

600 %
600 %

0.00 %
0.00 %
0.00 %%
1.60 %

Lo ]I

Apply

] [ Cancel ]
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greenius FREE 4.0.4 Free - [Andasol] . L

" File ProjectCase Tools Window Language Help

[-]=]

Nation : Spain

@
The slectricity tariff for injection from renewables is 027 £kWh Load
The fuel price is 0.06 f/kivh and the discount rate 6.0 %.
The income tax rate was defined to be 3000 %,
The uiiization of 12.0 % fassil usl is allowad <
Ediit
Location : Spain - Andasol &
The location of the projectwill be in Spain - Andasol, Load
Itis located an 37.13'N -3.06°E, 1100 m sbove sea level tistiiiz 1.0 h)
The specific grading and land costs are 1,28 ana 2.0 €/m?
Leed
Edit
Load Curve and 0S &
No Load curve is defined. Load
Operating strategy is: Load Cunve Data 1
Press Load or Edit to define Ioad curve and change the operation mode
e
Edit
Meteo : Andasol @
Itis located &t 37.13'N -3,06°E, 1100 m (imezone 1.0 hy Load
Temperature min.is 0.7 °C, max 381 °C, mean 174 C.
The annual sum of global iradiation GHIis 1825 kiwh/m?® and the sum of direct normal imadiation DN is 2111 kiwh/m?®
The annual sum of diffuse iradiation Diff is: 571 Kiwh/m? <&
Maxwind speed is 14.4 mfs, mean is 3.0 més Edit

Ready

Inputs

Outputs:

. Typical Operation Year

& GenersiResubs

Paciovatie Ecrichy Gormraicn  HOSA 260
5800

Groph Optans 5600
Resoluon Dspley Pecod s
Hourty S N
9 Doty ¥om Day1 o 5200

Wekh ©
Weekdy % Dey 35 = 5,000
borsly = e
Displey Fessuts o
4400
a0
400
3800
3600
2400
Powerbiock Porosncs (W_peFe)
Sciar baldp pafiold) 3200
| O W gross)
Heat (2 Dump) Ak
a 2800
2600
2400
220
2,000
180
1600
1400
1200
1000
= ncdence ange (inc eng) 0
indence Angle Modie (AW -
Mean HF Temperenre (T HTFmean)
HTF inlet Tempersture (T HTFin) 400
HTF outat Temparoiurs (T HTFout
Fluid mass low rete (mdol HTF) »
Themal anerg i system (0 Heatup) 0

Petrash Gragn | | ViewData Table

)

160 190 20 20
day

— Wein Wibe

— Qoutin Mh_— H dn in WWh

300

20

L)



Dateli Bearbeiten Ordner Favoriten Ansicht Extras Hil
e-s- B2 xE-[@zFz-

> | Greenius_EnerMENA

4 | Greiius_Free
4| data
4 | Economics
Structure of the greenius directory i DAprojectgreenius\data\Andssolgpj - Notepad=+ | .3 ot
Datei  Bearbeiten 5Suchen Ansicht Kodierung Sprachen
Einstellungen Makro  Ausfdhren Erweiterungen Fenster 7 X
. . . . . : =[P 8 % ”
Several installations of greenius may exist on local drive « 58 ﬁl cloBl4lDe|miy| s
. . . . [ Andasol.gpj E3
The greenius root directory contains the executable and required DLLs ——
1 1 1 1 H £ Project_name Andasol
The data directory contains all datasets, those installed with greenius as R il
well as those generated and saved by you i Lastsaved  41816.3480873148
. . . . 5 HNation $CMFDATADIRMSpain.gna
Sub-directories under , data“ are named according to the equivalent § Location SCUPDATADIR\Spain - Apdasab-dRd
7 Loadeurve
component/form 2 Menen $CMEDATADIR\Spain - Apgdagnl-goa
. . * . . . “« 3 Costs $CMPDATADIR\Default.gpa
greenius projects are saved as *.gpj files, default directory is the , data 10 Timing  SCMPDATADIR\Default.gps
. 11 Financing
dlreCtOFV 12  Iroughsam $CMPDRTADIRVETZ with FTR70 2009.gm@
These *.gpj files contain only names of *.gpa- files which have to be used || |, Feaasie  SOEDRERIR\indasoll a8
; 15  Powerblock $CMPDATADIR',SOMW Standard.gog
for the prOJeCt & Storage #CMPDATADIRNAndasnl.gpa
All *.gpa and *.gpj files are ASCII files and may be viewed by a text editor || ¥’
For exchange of whole projects, greenius offers the ,,export” and

L,import“ functions Ln:1 Col:1 Sel:0]0  Dos\Windows UTF-8w/cBOM  INS
I UM
| Field
4 | Wind
> | Converter

| pictures

[ —~ e e

= F3 Betrachter
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Component file structure in greenius

All component files are found under

. ..\Greenius-Directory\data\...

 Each Component type has its own subdirectory

e Contentin form:
Parameter <TAB> Value

« Commas and points are both interpreted as decimal
markers

* NO separators for thousands allowed

g D:\projects\greeniusidata\Technology... El

Datei Bearbeiten 5Suchen  Ansicht Kodierung

Sprachen Einstellungen Makro  Ausfithren
Erweiterungen  Fenster 7 X

cEHB Rz GE| smD| 2| ”

[=] ET2 with PTR7D 2009.gpa E!|

1 hamﬁ ET 2 with PFTR70 2009
Z gource NEEL 2009

3 contact greening Team

4 focal_ length 1.71

5 col_length 143.5

& aperture_width 5.76

T Aeff 817.5

g optical_efficiency 0.75

3 colector_type a
10 tal 0.000525
11  ta2 2.86E-5
12 ta3 i
135 b0 a
14 bl 0.03298
15 b2 ]

& b3 a
17 b4 1.356E-9
12 HCE_diameter 0.0&55
1% specific HCE mass 3.78
20 specific HCE capacity 0.153
21  IRAMfit ]
22
Ln:1 Col Dos\Windows UTF-8 w/o BOM INS
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Example project in greenius:

Simulation of a Hybrid
Solar Tower CSP + PV plant

Daniel Benitez SFERA-IIl Summer School “Thermal energy storage systems, solar fields and new cycles for future CSP plants”



L.
if’f#ﬁ-

Coonverter

oo ACH
PV field
Fix Mounted or Single-axis tracking

Source:
Crescent Dunes power plant: www.solarreserve.com
https://www.nextracker.com/product-services/solar-storage/truecapture/
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Main Steps
1.

Select plant configuration: overall plant nominal net electrical power, technology types, PV capacity, CSP solar

multiple, thermal storage size, back-up thermal power, etc.

Design Paramenters

Overall Plant Net Output  |MWel 100.0
CSP: Solar Tower with Molten Salt and TES
Nominal Capacity MWel 112.0
Solar Multiple - 2.4
Thermal Storage Capacity |h 12.0
Auxiliary HTF Heater MWt 254.0
PV: Polycrystalline 1-axis tracked

Nominal Capacity (DC) MWp 142.2
Inverter Capacity MWp 123.1
Battery Capacity h 0.0

Daniel Benitez
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Main Steps

2. Create a data book with the required input parameters and performance characterization: component types (module &

inverter, CSP collector, turbine, back-up heater, etc.), efficiency curves, auxiliary consumptions, heat losses, etc.

—> greenius has examples, but it is not a component-design software!

Parameters PV & Inverter fixed ALL COUNTRIES S - unit o
No. ttem Unit 2015 - Power block general
parameter 1 PV Manufacturer - JA Solar 3. | Heliostat Design net electrical Power [MWz] 100
parameter 2 PV Module Type - JAP6 72-320/3BB R i i
Multi-facetted glass metal Design gross electrical Power (W] 1121
parameter 3 Tracking y/n - b 1. | Heliostat type/name 8 heliostat with 2-axes drive,
parameter 4 Nominal Madule Power w 380 pedestal mounted Design gross efficiency [%5] 42.82
0,
parameter 5 Nominal Module Efficiency % 19.6 RO e v e s Bt [ 121 e %] 3520
parameter 6 Number of serial modules - 20 -
parameter 7 Number of parallel module strings - 220 szl il [m] 12.33 Cooling type [-] ACC
parameter 8 Number of Systemns. - 100 Aperture height [m] 9.57 a .
2 - Design condenser conditions [mbar /=C] | 155/ 54
parameter 9 Collector distance (shadowing) m 9.50 MNumber of facets [-] 28 (4x7)
parameter 10 Inverter Manufacturer = SMA Minimum / maximum thermal load [%6] 20/100
parameter 11 Inverter Type = SunnyCentral CP1000-XT ** Annual mean reflectivity [%6] 95x97x99=91.23
parameter 12 Nominal Inverter Power kv 1,190
parameter 13 Nominal Inverter DC Voltage vV 688 Beam error [mrad] 3.50
parameter 14 Inverter design efficiency % 98.7
i Cantin [-] On-axis
arameter 15 X\g:m[;gc\osses at full power (STC), % 144 9
- Parasitic consumption kWal |-

parameter 16 Module quality + module array losses % 1.1
parameter 17 Other losses (soiling?) % 2
parameter 18 PV / Battery config (AC or DC) - AC b. Solar field — system definition
parameter 19 Availability % 98 Field layout [-] Surround
parameter 20 Degradation %/y 0.5 Salar Multiple [ 24

Number of heliostats [-] 8860

Net field reflective area [m?] 1,072,060

Optical efficiency of solar field @

DE o (%] |ess

. . “ ”
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otal land area m A07,




Main Steps
3.

Local data preparation — Meteofile

Obtain the measured meteorological data: ground
based or satellite derived

Open an existing meteofile from greenius in excel
Change the information according to the new file:
name, location, coordinates, timezone, resolution
and meteodata (keep the header labels!)

Save as text-file (*.txt) in your software folder, e.g.
D:\greenius\Greenius\data\Site\Meteo

Rename the file extension to *.gpa

Daniel Benitez
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FAIR™ B R IR Jordan_Meteofile.gpa - Microsoft Excel —_ = 5z
Home | Insert | Page Lay | Formulas | Data  Rewview | View | Acrobat | Team | =2 a = EF EZ2
K28 - I | ~
A B = D E F G H e
1 Mame: Jordan Maan Hymenso El
2 Source: EnerMEMA
3 Contact: greenius T Team
4 |Coords: 35.8183°N 30.172°E 1012mMNMN
5 Timezone 2
6 |Res: 365x24
rd
2 |MeteoData
9 GHI DM Diff Tamb Hum P Wind Winddir
10 o o o 11.7 28 902.3 1.4 251.2
11 o o o 11.7 27.5 901.9 2.1 271
12 (0] (0] (0] 11.8 26.9 S01.4 2.8 290.8
13 o o o 11.9 26.6 900.9 3 267.1
14 o o o 11 28 Q00,7 2.9 288.4
15 o o o 9.9 28.7 900.9 1.3 223.3
16 o o o 9.6 26.8 901.2 0.7 162.3
17 8.3 327 7.6 10 24.4 901.5 4 261.9
18 F1.7 126 49.1 11.2 20.5 202.2 2.9 290.7
19 243.2 312.2 133.1 13.1 20.4 902.9 1.2 148.5
20 298.4 138.9 230.7 14.6 19.1 903.5 2.4 143.1
21 324.2 45.9 293.6 15.8 15.5 903.3 3.2 65
22 467.4 230.32 324.4 17 14.1 S02.6 3.1 51.7
23 468.6 300.2 288.5 18.1 13.2 902.3 2.2 93.9
24 240.6 16.3 229.4 16.9 18.7 902.3 4.5 21.9
25 156 9.7 150.3 16.2 23.9 902.5 4.4 27.7
26 93.6 7.5 91.8 15.5 26.2 902.6 3.7 35.1
27 20.9 83.2 23.1 14.4 31.4 902 2.9 22.5
| 28| o o o 12.1 a0.6 903.6 3.4 172.3
29 o o o 10.4 54.4 9044 3.5 227.3
30 o o o 9.8 55.4 904.9 2.5 241.6
31 o o o 9.4 A5.5 904.9 2.5 307.9 -
4 4 » v | Jordan_Meteofile < %1 [Tl i | an
Ready | |[EB|E [ 100% (=) [} {(+)




Main Steps

3.

a)

Local data preparation — Load Curve (total)

Obtain the load curve data: electrical demand for the

complete power plant

Open an existing load file from greenius in excel
Change the information according to the new file:
name, resolution and scaling factor (nominal output in

W) and load relative to maximum load

Save as text-file (*.txt) in your software folder, e.g.

D:\greenius\Greenius\data\Site\Loadcurve
Rename the file extension to *.gpa

Daniel Benitez
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Rel. load

12 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
h of day

mJjordan s
M Jordan W

g“ = % ~ (= ~ |z Jordan_Loadcurve total.gpa - Microsoft E... = = e
Hom | Inser| Page Form | Data | Rewvii | View  Acrol | Teamr | =2 9 = ER ER
J11 - ( F | ~
A B C D E F G e
1 info_greeniusVersio4.3.2.2 El
2 MName: Jordan Maan Hymenso
3 Source: DLR
4 Contact: greenius Team
5 |Res: 365x24
6 Weekday: (o]
7 Scaling 1E+08
a8
9 LoadData PeriodData
10 0.75 1
EI 0.65 1
12 0.6 1
13 0.6 1
14 0.6 1
15 0.6 1
16 0.6 1
17 0.6 1
18 0.75 1
19 .9 1
20 0.9 1
21 1 1
22 1 1
23 1 1 Tl
4 4 » | Jordan_Loadcurve_total ¥ 4w ] » [1]
Ready | |[EH|E 2003 (=—— ()




Main Steps

4. Determine cost factors: fuel cost, land cost, equipment CAPEX & OPEX,

5. Create a new project in greenius and adjust the parameters.

%% lordan CP1
Eile Edit Miew Costs Help

financing parameters, etc.

%% PV Grid connected |

General Data Photovoltaic Modules

Mame  Jordan CP1 Name [1ap6-72-320/488 [»]

Total nom. DC power | 141523, 2| kwp Mo. modules/fstring 18

Total nom. AC power |1392538.5 kva Mo. strings/finverter 210

Toral module area .359-323. 1| mz Availabilty 99.0| %% E]

refered to 1000 W/m® and 25 =C Cleanliness 99.0 %

Orientation of Tracking-Axis Shadowing factor 100.0| %

Azimuth 0.0 ®= Elevation 0.0 = Mod. temp. factor 0.022 =Cm2/\W
South Concentrator Module

(C) Fixed @ 1-ands () 2-ands tracking

Inverter DC Cables

Mame SMA Sunny Central 1000C1 E] Length per String 1090.9 |m

Cross-section 15.00 mm?2

Mo, of llel i te
o, of parallel inverters 1 Spedific resistance

Mo. of systems 117 0.01750 Camm2fm

system effciency in %

solarirradiance on module in Wi

Daniel Benitez SFERA-IIl Summer School “Thermal energy storage systems, solar fields and new cycles for future CSP plants”

i« iz Default

File Edit

Collector Field

General

Mame

Land use

i Field Data | iy Field Operation

@) Simple field model

General and Dimensions

Collector name  |UltimateTrough_2014

Reference Irradiation .\'\u',n"mz

Mominal Thermal Output *

Orientation
Distance between rows

Distance between collectors
Tracking axis tilt angle

Tracking axis azimuth

End gain possible

) Enhanced field model

Field parameters

E] Mumber of rows in the field

Mo. of collectors/frow {(loop)
Field size (effective mirror area)
Total header length

Mean header diameter

Header specific mass

1 Reference direct irradiation at amb. temp = 25 =C Length fraction cold header

Pipe length in loops
Pipe diameter in loops
Pipe spedfic mass
Drum length

Drum diameter

Drum spec. mass

Recirculation rate

Heat capacity " 0,138 Why(kgk)

Field fSuperheater

144
Py

988416 | m*
8848.0m

0.2545
50,29

0.50

7120.0|m
0.0525 m
5.44 kgfm

Automatic calculation of pipe length

Apply

Sclar Facilities for the European Research Ares




Main Steps
6. For the case of hybrid CSP-PV plant:

a) First simulate the PV plant with the total load curve
b) Determine the rest load not covered with the PV plant
c) Then simulate the CSP plant with new load curve based on rest load

d) Combine “manually” the results of PV and CSP to obtain the total yield and overall LCOE.

See now example in greenius and MS Excel
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Steps for combining PV and CSP results
Rest load not covered with the PV plant:

1. Copy all the hourly results of PV into excel sheet
2. Determine residual load in MW: difference Wload — W ToGrid

New load curve for CSP:

1. Set values of residual load > 0 and < minimum load to minimum load
2. Calculate relative load (0 to 1) as residual load / nominal load

3. Generate gpa-file as shown on slide 19 above

Calculate CSP plant with new load curve (if allowed, use fossil fuel under “Load Curve / Operation
Strategy / “Gas support up to” = 1)

Daniel Benitez
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Steps for combining PV and CSP results
Merge CSP and PV results (total net electrical output):

1.
2.

3.

Sum net electrical output of both plants (“Wnet” PV + “W el” CSP)

Calculate corrected PV to grid. Demand cannot be exceed although CSP is forced to run at minimum
load, therefore PV output must be reduced.

Calculate final sum of net electrical output

Determine if part of the offline auxiliary consumption of CSP plant can be covered with excess
generation from PV:

1.
2.
3.

Calculate generation above demand

Determine original offline auxiliary consumption of CSP

Calculate adjusted offline auxiliary consumption of CSP after using excess energy from PV. Energy to
be taken from electrical grid.

Calculate new reduced PV curtailment (for information only)

Daniel Benitez
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Steps for combining PV and CSP results

Calculate combined LCOE for hybrid plant
1. Write down the LCOE and net electrical output of PV calculated by greenius

2. Calculate new LCOE of PV adjusted with reduced electricity production (due to minimum load limitation
of CSP):

Enet PV original

LCOEpy new = * LCOEpy original

Enet PV new

w

Write down the LCOE and net electrical output of CSP calculated by greenius
4. Calculate the average of the LCOE of PV and CSP weighted with the electricity generation:

LCOEhybrid _ LCOEPV new * Lnet PV new + LCOECPS * Lnet CSP

Enet PV new + Enet CcSP
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THANK YOU
for your attention!

THANKS to my colleagues
for their work and input
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