Welcome!

Webinar #7: MODELLING SOLAR THERMAL SYSTEMS
27 JULY 2017

Agenda:

* Introduction
* Solar Components in Thermoflex-PEACE

* Design Mode

* Off-design simulation: controls @ operating points
* Link to Excel, “dynamic” simulation and annual yield
* Hybrid plants and other examples

* Q & A Session

Presenter: IGNACIO MARTIN (SPAIN)
Support: Meritt EImasri (U.S. HQ)



'd" Thermoflow

Thermoflow Training and Support

Standard Training

On-site training course

Advanced Workshop

Webinars when new version is released

Help, Tutorials, PPT, Videos

Technical Support

—> Feature Awareness Webinars
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'd" Thermoflow

Feature Awareness Webinars

1- Assemblies in TFX

2- Scripts in Thermoflow programs, GTP-GTM-TFX
3- Multi Point Design in GTP-GTM

4- Reciprocating Engines in TFX

5- TIME in GTM

6- Matching ST Performance in STP

7- Modeling Solar Systems in TFX
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'd" Thermoflow

Solar Thermal Development in TFX

Tflow18: Parabolic Trough + HT Fluid + Heat Exchangers
Tflow19: Linear Fresnel Collectors, DSG

Tflow20: SF with two-tank thermal storage

Tflow22: Solar Tower and Heliostats

Tflow26: Solar PV
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Thermoflow

Solar Components in TFX-PEACE

Solar Field Solar Field w/ Storage
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Thermoflow
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'd" Thermoflow

Example:
50 MW Parabolic Trough
w/ Molten Salts storage
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Thermoflow
Solar part

Ambient temperature 25C
Ambient RH 50 % ]:)]:) ]:]:)
r"_“nfs
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Thermoflow

Water-Steam Cycle
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'd" Thermoflow

Design, TD Mode

Main Inputs

Ambient Conditions (affecting the cycle efficency and heat input)
HTF Specification & minimum Pressure

Solar Field type, HTF exit Temperature, (HTF mass Flow)

Splitter: Fraction of HTF to Steam Generator — Reheater
Superheater / Reheater: Exit Steam Temperature

Evaporator: Pinch Point / (Steam mass Flow)

Economizer: Water exit Temperature or Approach Subcooling

Pressure Drops: user assumptions or defaults

©Thermoflow Inc. 2017 — Webinar: Modeling Solar Thermal Systems in THERMOFLEX, July 27, 2017 by IGNACIO MARTIN

10



Thermoflow

HTF Specification

I@ Input Menu - Edit Mode
File GTP/GTM/STM

Site Menu ] Components I Miscellaneous T Gen/Matars Plant Assembly Economics Regional Costs

[HTF Specification [54]
HTF Specification Fluid Definition

P 11 b
EesuE o @ Pick from Fluid Librany
Mass flow

Flow multiplier value (= outlet flow/inlet fow) " User-defined fluid properties

Flow divider value (= i outlet flow] 1

Price of Heat input (ignore) 0 eurn/GJ

Fiice of Heat output fignore) [0 ]euwo/ss

Flow priority |Vety weak LI
=

Function |Enlolce cantinuity

Fluid Library
- DOWFROST (Propylene Glycol) ~ CURRENT SELECTION
- DOWFROST HD [Propylene Glycal]
=~ DURATHERM
~--DURATHERM 600
DURATHERM 630 Minimum temperature 12,78 C
DURATHERM 450 Maxirum temperature 3989 C
DURATHERM G
DURATHERM XLT
DURATHERM LT
(= Paratherm Corporation
Paratherm NF
Paratherm HE
Paratherm MR
Paratherm MG
Paratherm LR

THERMINOL ¥P-1

= Solutia
THERMINOL LT
THERMINOL D-12
THERMINOL xP
THERMINOL 55
THERMINOL 53
THERMINOL B&
THERMINOL 72
THERMINOL 75
THERMINOL vP-1

= Exxontobil
MOBILTHERM 43

= Malten Salts
Nitrate Salt 60% NaNO3 - 40% KNO3 by wt v
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'd" Thermoflow

HTF to Steam Generator

Flow Specification

- HTF mf (strong) + Evaporator Pinch - Steam mf
- HTF mf (strong) + Steam mf — Evaporator Pinch (if > “minimum pinch”)
- Evaporator Pinch + Steam Production = HTF mf

HTF to Reheater
- Fractions from Splitter (Strong)
- Component sets Shell Flow+ Cold End Approach Diference (minimum Flow)

Control Loop to determine HTF / Steam mf to achieve a Power Output
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Thermoflow
Control Loop

Control Loop Power TD

Gross power =50000 kW

Lower Control Primary Control Upper Control

53450 — .

Set Point: 50000 .

44480 - ;

56,15
50 60

Primary Control: Shell-Tube Evaporating HX (PCE) [44] : Desired steam production = 56,15 kg/s
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'd" Thermoflow

Design, ED Mode

Main Inputs
- Solar Field

Irradiance

Collector Design

Flow Path

Storage
- Heat Exchangers: Hardware

- Pressure Drops: computed (check pipes DP)
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Thermoflow

Irradiance

Iradiance Specification
" Estimated from site data

" User-defined DNI + Local Time
" User-defined DNI + Sun Position
@ |ser-defined at aperture

Estimated Site Direct Irradiance, W/m*2

0 L | | | A

12
Sunrise = 4,587 (435:11) Solar Time, hours Sunset = 19,41 (19:24:48

" User-defined DNI + Local Time
* User-defined DNI + Sun Position

" User-defined at aperture

Inadiance Specification Site location and curent time
" Estimated from site data Latitude [>0=North] 395 degiees
(& User-defined DNI + Local Time Longitude [>0=E ast of Greenwich) 1095 | degiees
Q"W MO SR MR " User-defined DNI + Sun Position | | Standard time zone (>0=E ast of Greenwich) |8 hours
SteMerw | Components | Mecelweows | GeMotas Plark Aeviabyy L " User-defined at aperture Day/of the year 173 fjunio 22]
(e —— —— — Local standard time (24 hour clock) 2 e
radanc L . . e ay ~ ummer solstice
TR She lohude H5  Jdogees @ Usehazeindex Day 82 - Vornal squinex Direct normal iradiance (DNI) 850 Wim™2 Day 264 ~ Autumnal equinox
Userdefned DNI + Locai Tane || Dayof the year 173 |fio22)  Use clear skywih CF i tine ) Day 356 ~ Winter solstice
Userdefined DNI + SunPositon || Hou of the day (sole: time) [11.27 Hazeindex [0 - Winter solstice [v Include aperture shadawing
Userdefined st aperture W Include aperture shadowng
Latitude = 39,5°, Elevation = 1000 m, junio 22, Sunlight = 14,83 hours (14:49:36), Day total irradiance = 11,42 kWhe/m2
Axis rotation from North = 0°, Axis tilt from honzontal = 0° junio Average Daily Radiation = 11,37 kWhr'm2/d
! - » # - & ! Peak = 923 6
e 936 e - L - - "
o F » % Imadiance Specification |Jser-defined Direct Nomal liradiance
. . . . . ~
" / / " Estimated from site data Direct normal imadiance [DMI] 850 Wim™2
\ Average = 7003

B0 deqgrees

180 deaqrees

Solar zenith angle

Solar azimuth angle

W Include aperture shadowing

Imadiance Specification
" Estimated from site data

" User-defined DNI + Local Time
" User-defined DNI + Sun Position

(¢ User-defined at aperture

Uszer-defined Direct liradiance Normal to Aperture

Aperture normal direct inadiance|819.4  [WwW/m™2
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Thermoflow

Collector Design, Physical Model

3 |I': ngineenng Design

= isdince P Colector Dosgn | Flon Poh Hadwae

Colacior Cross Secton and Fisld Lapout
T fuitomatic

% Uzer-defmed

1. Mumbes of elficiency corection factcs diata points

Solar Field[1]

ED Mam Inputs
Hominal ophcal efficesncy cosmechon fachor
labde, That accounts for scalberng.
absorphon and other reduchons in reflacive
efficiency for nondncident ray stikes. This is
ot & gecneln: comection fof the ‘cosine
effact’ which iz accounted for based on
ofher inputs

Imeadent Elfie il:'l'li,:_l,l
Angle [deg) | Conection -l

1] 1

1 09334

2 05338

3 05531

4 09374

S 09366

& 0.9357

7 0.5348

g 0.5339

3 09328

10 0.7

11 0.9305

12 0.5533

13 0388

14 09366

15 0.5851

16 0.5336

17 0sE2

18 0,5303

19 09735

20 0.9768

21 0.9746

22 09726

23 09704

24 0.5

o M S=R7

2 Recaner hube outzside dismetes

3. Recaner hube wal thickness

4. Reflechor apeshure vadth

5. Reflector geometn: concentsslion rabo [apeituie wadth / recernver daametes]
E. Redlector im angle

7. Redlechor focal kength

8. Mumbes reflector nows per flow path

9. Mumbes reflector row banks

10, duetrve reflachor length az percent of lotal length
11. Reflaciorn iow pitch / Apartue wadth

12 Reflecton cleanhness oo

13, Row [wacking axiz] rokation from due Morth

14. Row [wacking =) bit from hodizontal

15. Recerver lube emissvily

16, Recerver glass ervelope emisinvily

17, dssumed convective haal iranshfer cosfliceant outsade glass envelope
18, Assumed isceiyed suppoit fin sfficiency

19, Rscener suppairt spacing along reflachor row

20, Oveiall et bods conection |acloi

21. Hurrber of computabonal segments along recenver

3

=

"]
.
el

{11101

Dregress

=2

Dhegresa:

i
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=

8 [wim"2C

ot

UL

El
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Thermoflow
Collector Design, Data-Defined

|So|ar Field w/ Storage (Data-Defined) [1] vl |Engineering Design vl
ED Main Inputs liradiance Collector Details Flow Path Hardware

Click to choose a built-in collector and reset all [ Field Lo "" ] Collector details were initislized using built-in collector = Novatec Solar - Evaporative Se
layout and efficiency inputs accordingly f* Automatic " User-defined Cuirent definitions may include user-defined modifications.
Angle IAM IAM 1. Number of IAM data points |
Degrees Longitudinal | Transverse 2. Line collector type: O=parabolic trough, 1=linear fresnel @ - o
0 1 1 Choose collector type
10 097791 0.97894 3. Receiver lube outside diameter mm ' _
0 092183 09538 4 Receiver tube wall thickness o Choose a collector and press ‘0K’ Related program inputs .
- T 0.94564 . ‘ ‘ will be updated with data for the chosen collector.
m 070119 I 5. Aperture width (sum of primary reflector widths) m Afterwards, you can alter these parameters as needed to
= Y Ta510d . Aperture width / Collector unit width (Fresnel only) s sult pour needs. Cancel
&0 0 '32553 07036 7. Collector unit width (for information Fresnel only) D m
0 01173 043456 8. Collector focal length 74 Im (" Movatec Solar - Evaporator Section (linear Fresnel)
:g 0,0101 i 0’230303 9. Number collector rows per flow path ] " Movatec Solar - Superheater Section [inear Fresnel)
10. Humber collector row banks . s EUI'E*I'EI..IQ’I I pa‘abnl'c tl‘l:ll.l;h
- |
11. Active reflector length as percent of total length 95 A o LZ Il boi h
12. Collector unit row pitch / collector unit width 1,281 . - parabolic troug
13, Reflector cleanliness factor 0,95 " Generic parabolic trough
14. Row [tracking axis) rotation from due North D degiees
15. Raw [tracking axis] tilt fram harizontal D degrees

1E. Coefficient &1 in heat loss per unit length equation W.-’m-l:

17. Coefficient A2 in heat loss per unit length equation 1.2E8  [wW/mk 4

18 Overall heat loss comection factor

'

13 Mumber of computational segments along receiver
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Thermoflow

Heat Exchangers Hardware

Shell-Tube Evaporating HX (PCE) [44]

Design Method
" Automatic

Mumber of units

Tube Parameters

Tube layout Tube type

Design Main Inputs

+ User-defined

L]

Tube material

Rotated Square Ll |Bare Tube

Tube outer diameter

Tube wall thickness

Tube pitch / tube diameter

Fin height

Fin thickness

Fin spacing

Fin density

Tube inner diameter

Heat transfer area ratio [4o/Ai)
User-defined tube metal conductiaty

Tube metal conductivity slope

ﬂ | Carbon steel
1.245  |mm
1588 |mm
R0 mm
mm
’—] per meter
1656 |mm

1.032

748

.15 in
495
-0,0249
1483

EE
W /m-C
[o2ss |

WimC™2

Reference temperature of tube metal conductivity 3 C

Ll [Engineering Design

Design & Other Parameters

Number of passes

Desired tube-side velocity

Tube internal fouling resistance

Tube external fouling resistance

Overall heat transfer coefficient conection factor
Buailing surface roughness

Tube-side pressure drop correction factor

Shell inner diameter / tube bundle diameter
Tube-side sizing pressure / cuirent pressure
Shell-side sizing pressure / cunent pressure

Minimum pressure for sizing with gas/vapor in tube

2
[5,812E 5| m"2-Cw

m 2-Chwf

D24E-E|m

TR

10 bar

Shell-Tube Superheater (PCE) [43] - SH

Design Method
" Automatic

Number of units

Tube Parameters

Tube layout Tube type

Design Main Inputs

& User-defined

L]

Tube material

| Rotated Square
Fin outer diameter
‘Wall thickness under fins

Tube pitch / fin outer diameter

Fin height

Fini thickness

Fin spacing

Fin density

Tube innher diameter

Heat transfer area ratio [Ao/4i)
User-defined tube metal conductivity

Tube metal conductivity

Reference temperature of tube metal conductivity

Shell & Baffle Parameters

Baffle spacing ¢ shell inner diameter
Baffle cut / equivalent pass diameter
Shel-bundle diametral clearance
Shel-baffle diametral clearance

Two pass shell -

Shell type

ﬂ ‘Integlal Low Fin Tube ﬂ ‘Earbon steel

905 |mm
245 |mm

588 |mm
mm
032 (mm
43 per meter
339 |mm

N

RECHEE

~1

i

435  |w/mC

-0,0243 |\w/m-LL"2

=

LI IEngmeerngesu;n
1

Design & Other Parameters

Number of tube-side passes

Desired tube-side velocity

Tube intemal fouling resistance

Tube external fouling resistance

Overall heat transfer coefficient correction factor
Tube-side pressure diop conection factor
Shell-side pressure drop conection factor
Tube-side sizing pressure / current pressure

Shell-side sizing pressure / current pressure

il

m's

5.812E5 | m"2-CAW

m"2CAw

T

Maximum alloweable shell-side pressure drop %
Minimum pressure for sizing with gas/vapar in tube (10 bar
Inlet
\; B -

I

=
«
Outlet

Two Pass Shell

©Thermoflow Inc. 2017 — Webinar: Modeling Solar Thermal Systems in THERMOFLEX, July 27, 2017 by IGNACIO MARTIN

18



Thermoflow

Storage System

| Solar Field w/ Storage [39] v| |Engineering Design
C EDManiue ] wadeee m
Houwrs of storage I:I hiours
o o Storage Hx sizing duty as % of current field heating % i
- Solar Multiplier i
Neatwork Raturn Network Dalivery
3 >
- Hours of Storage THERMINDL VP
- HX Size (%)
Field-side pressure dropD bar
- Delta T cold / hot side i,
Storage HX sizing LMTD B, EE L e .
c
- S | Z | ng L M TD Tank-side pressure dlop- bar
Ch?ose.?totagc
_ £ B luid Type
M O |te n S a |ts S p e C Ifl Cat I O n Cold tank temperature - Network return temperature Nitrate Sak 50% NaNO3 - 40% KNO3 by wt Field exit temperature - Hot tank temperature
I - e
_ Heat loss from HX + piping as % of heat transfer |1 % A
P re SS u re D ro p S Al:ll:iliunlal augiliary power for heaters, etc. 0 K
Storage pumps isentropic eff. 75 %
Storage pumps electro-mech eff. |85 2 @ i i

©Thermoflow Inc. 2017 — Webinar: Modeling Solar Thermal Systems in THERMOFLEX, July 27, 2017 by IGNACIO MARTIN 19



Thermoflow

ED Mode, Outputs

1 L 2 L 3 1 4 L -] 1 g L 7 L g
FOR QUALITATIVE INDICATION ONLY .
Solar Field
5 N DP = 2,91bar
h A " ey e
A I St e e i Nowber fiow pathe A 987,38 h 3878 h N .
| T =206 545'm 545 m s =
. From network o o To network
| | | C Number reflactor rows [ THERMINOL VP-1 o )
| i
[=] [=]
| Total Ve 17,07 p
s | | =402.155 m2 B oy
545
| Collector ald land ared "
i | =1450300m2 |
| | Collactor fisld land ared
B | =146 hectare
C | C
12,6 p
| DP = 5 bar 3837
| Heat Exchanger (nominal) ééélf"mh
1 | = UA=2B12BKW/C
| LMTD =5 C
| | Naote: Data shown along DTh=5C
D D dotted lines is used for
storage system sizing only.
| The current heat balance [Tt [--+ 388T
| does not utilize the H ggg’i:; H f{;’lnhm .
b - storage system. V11382 m ' e _— —
H DP = 3 bar H T —
A UEn R R AR H !
H Temp. = 305,3 C 1 H Temp. = 388 C
H H
H H
E D E | H
H H
H H
H 1
— = H H
i L H H
= H H
H 1
- H 1
H H
e H L Hot Tank
A B c D E F G H 1 T Vol = 8308 m~3 Vol = 8908 m~3 bar -
F T— F ar - p
Cc-T
. P P K1/kg - h
124 m 11923 m2183m| 144m | - - - - - - Storage system capacity = 562,6 MWhr Stored fluid: Nitrate Salt 60% NaNO3 - 40% KNO3 by wt ka/s-m
1 T 2 T 3 T 4 T = T 6 T - T ]
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Thermoflow

Estimated Shell-Tube Heat Exchanger Data

Shell-Tube Superheater [PCE] [46] - Recalentador

ED MOde Outputs MNumber of units 1
’
1. Tube Description [per unit)
- L < —L— = L £ L - L Tube type Bare Tube
FOR QUALITATIVE INDICATION ONLY -
Tube material Carbon steel
Total extemal heat ransfer area 1.760 | m"2
MNameplate tube flow pressure 16,08 | bar
Tube outer diameter 13,05( mm
Tube inner diameter 16,56 | mm
Tube wall thickness 1.245| mm
Tube layout in crossflow Rotated Square
" N Mumber of tubes per pass 1471
= TE i Stesm ont ol MNumber of passes 2
i Mumber of tubes in heater 2942
; i ; Tube length per pass 10,02 m
T I Tube pitch 29,53 | mm
D | ! Heat transfer area ratio (Goddi) 1,15
i | | R
I 1 2. Shell Descrniption [per unit)
Actual number of bafles = 26, cnly L .; N Bpr—y—- diagram. MNameplate shell flow pressure 12,36 | bar
HTF out Stzam in Shell material Carbon steel
e He—c —> Shell length 10,02] m
Tube bundle diameter 1.830 | mm
Shell inner diameter 1.840 | mm
Shell wall thickness 9,525 mm
Tube sheet thickness 11,11 | mm
- L Overall length 11,7 m
v - Shell type Two pass shell
E c D E - ' Number of baffles 26
S PPN RS B Baffle spacing 371 | mm
- i - Baffle cut / equivalent pass diameter 18] %
T 2 T 3 T 3 T = T Equivalent pass diameter 1307.2 | mm
Shell outer diameter 1861.2 | mm
3. Weight [per unit)
Tube dry weight 16.123 | kg
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Thermoflow

ED Mode, Outputs

@] PEACE Output - Simplified — O = @ PEACE OQutput - Simplified — O e
File Edit File Edit
Financial Financial
Cost Report Cash Flow Cost Repart Cash Flow
Cost Summary ] Cost Breakdown Cost Summary ] Cost Breakdown
Exsfiounmary _ Exiin sted|Fo st Cost Breakdown Unit Cost | Cost Adj. Factor Ref. Cost Est. Cost =
1. Sum of Costs for Equipment and PEACE Components 214.692.700 | euro Wet Cooling Tower (PCE) 1.357.428 1.472.806| euro
- ‘Wet Cooling Tower [PCE] [28] 1.357.428 1
2. Sum of User-defined Costs 0| euro
3. Sum of PEACE Components, Linked Files, and User-defined Costs [Contractor's Internal Cost) 214.692.700 | euro Plp? (PCE) Sk L 200 Ko
Contractor's Soft & Miscellaneous Costs 10.890.050 | euro Pipe (PCE] [3] 21.991 1
Pipe (PCE] [12] 21.991 1
4. Contractor's Price 225.582.800 | euro Plipe (PCE) [15] 26.073 1
Owner's Soft & Miscellaneous Casts 19.322.340 | euro Pipe [PCE) [18] 34.464 1
Pipe [PCE] [21] 44167 1
5. Total - Owner's Cost [0.75 euro per USD) - See Cautionary Note Below 244 905.100 | euro Pipe [PCE) [24] 129147 1
Pipe [PCE] [29] 193.456 1
6. Plant Net Electric Output 46.24 |MWe Pipe [PCE] [39] 139.441 1
Pipe [PCE] [36] 66.112 1
Cautionary Note: Pipe [PCE] [37] 85.835 1
In Simplified PEACE mode, THERMOFLEX does not provide complete plant cost estimates Pipe PCE] [53] 188671 1
as is done in the Compiehensive PEACE mode or in GT PRD and STEAM PRO.
In Simplified PEACE mode, THERMOFLEX only includes capital cost estimates for PEACE components and for linked GT PRO, GT MASTER. and Shell-Tube Economiser (PCE) 217 735 232 753 | euro
STEAM MASTER files. Complete plant cost estimates often contain features not included in the THERMOFLEX Shel-Tube E conomiser (PCE) [45] H77% 1
model. It is the user's responsibility to carefully review the cost estimate and its scope to ensure suitability -
to the ject at hand.
S e Shell-Tube Evaporating HX (PCE) 744.996 800.112] euro
Costs for features not included in the model should be included via the user-defined cost inputs available from: Shelt Tube Evaporaling HX [PCE) [44] 744.9% 1
'Edit Inputs® -> "Economics & Regional Costs® menu -> "User-Defined Costs' tab.
= Cost estimates as of August 2016, Shell-Tube Superheater [PCE] 5438.888 587.184| euro
Shell-Tube Superheater [PCE] [43] - SH 253.286 1
. | Shel-Tube Superheater [PCE] [46] - Reheater 295,602 1
Solar Field w/ Storage 173.219.300| 192.588.500| euro
Solar Field w/ Storage [39] 173.219.300 1
—
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'd" Thermoflow

Off Design

- Resizing
- Resizing the Solar Field (Check Pipes, Pumps involved)

- Storage System Tank Temperatures and capacity
- Resizing the Heat Exchangers (humber of tubes & length / Shell geometry)

- Inputs
- Controls
- Operating Modes

- Link to MS Excel for “dynamic” simulation

©Thermoflow Inc. 2017 — Webinar: Modeling Solar Thermal Systems in THERMOFLEX, July 27, 2017 by IGNACIO MARTIN
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Thermoflow

Resizing the Solar Field

1. Mumber of efficiency corection factor data points

. Receiver tube outside diameter i 1 . 2 A 3 . 4 L 5 . g . 1 . ]
. . FOR QUALITATIVE INDICATION ONLY
. Receiver tube wall thickness T X
- A N

A

Reflector aperture width

3
S

Tttt

Number fow paths

=] T M &= w M

Coliector fisld land ary
= 156 hectare

i Sttt T T
. Reflector geometric concentration ratio [aperture width / receiver diameter) = T T =160
. - Number reflactor rows
. Reflector rim angle degrees c — 3%
. Reflector focal length i _l_ Total effctive aperturs
E =525312 2
8. Total reflector row length m Calbeome Seld Land e
9. Active reflector length as percent of total length % 1 =1.558.237 m*2

10. Reflector row pitch

11. Reflector cleanliness factor

12. Number flow paths

E c D E F G H I I

13. Number reflector rows per flow path

14. Number reflector row banks

15. Row [tracking axis] rotation from due Morth dearees

16. Row [tracking awxis] tilt from horizontal degrees ¥

17. Receiver tube emissivity

18. Receiver glass envelope emissivity

19. Assumed convective heat transfer coefficient outside glass envelope 6,78  |wW/m"2-C

20. Assumed receiver support fin efficiency

o
»

21. Recerver support spacing along reflector row

3
i
]

12825 m 300m | 15m - - - - -

22. Overall heat loss cormection factar

bad

= Sl 120820~ =
o —lmgm

23 Number of computational segments along recerver
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Thermoflow

Resizing the Storage System

Solar Field wf Storage [39]

El IOﬁ-design

P

Main Inputs ] Iiradiance ] Caollectar Design 1 Flow Path Hardware ] Storage
Storage Statug
+ ‘Working " Dut-of-service
Solar Fisld
Natwork Raturn Natwork Delivery
Recirculation pump isentropic eHicienc;il 75 %
Recirculation pump electro-mechanical efficiency |85 %
Overall heat transfer coefficient correction factor - pamp Y
Field-zside pressure drop comection factor 1 -
Storage-side pressure drop corection factor -
Storage pumps isentropic efficiency _?'5 % Heat loss from Hx +||:|ipir|g as percent of heat transfer 1 %
Storage pumps electro-mechanical efficiency 85 % Additional storage system ausiliary power for heaters, etc. 0 ki
@k temperalule Hat tank temperature

Tank Height/Diameter

Mominal storage-side flowrate
S —

W } by

. . Hot tank level
q00
< Storage system nominal capacity M'\-klih'

11392 |kgis X

M airnum flowrate as % of nominal (100 F4

©Thermoflow Inc. 2017 — Webinar: Modeling Solar Thermal Systems in THERMOFLEX, July 27, 2017 by IGNACIO MARTIN
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'd" Thermoflow

Off-Design

Main Inputs

Power Output

- Ambient Conditions

- Irradiance

- Time period each run represents
- Hot Tank Level

- Solar Field / Storage System status

©Thermoflow Inc. 2017 — Webinar: Modeling Solar Thermal Systems in THERMOFLEX, July 27, 2017 by IGNACIO MARTIN
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'd" Thermoflow

- Solar Field

- Desired Delivery mass Flow

- Number of operating Flow paths

- Low Heat Input Field shutdown (% of design)
- High Heat Input field Flow limit (% of design)

Off Design Controls

- Storage System

- Working / out of service
- Hot Tank level
- Maximum mf (% of design)

- Flow determination

- Control Loop for Desired Delivery mf to satisfy Power Output demand
- HX Flow specification (network / component)
- Controlled Splitter: parameter matching (TSH = TRH)

©Thermoflow Inc. 2017 — Webinar: Modeling Solar Thermal Systems in THERMOFLEX, July 27, 2017 by IGNACIO MARTIN
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Thermoflow

Off Design, Control Loop

Gross power = 49997 kW

Lower Control Primary Control

52609 —

Set Point: 50000 .

Upper Control

47691 . T

544,7
500

Primary Control: Solar Field w/ Storage [39] : Desired delivery massflow = 544,7 kg/s

600

©Thermoflow Inc. 2017 — Webinar: Modeling Solar Thermal Systems in THERMOFLEX, July 27, 2017 by IGNACIO MARTIN
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Thermoflow

Off Design Flow Diagram

Solar Field
DP = 7,487bar
26,07 p 26,07 p Aperture defocused = 0 % 12,61 p 12,61 p
300,1T 300,2T Heat from field = 100 % 395T 385 T
989,7 h 989,9 h _ | 160 of 160 flowpaths in use | 12224h 1222,4 h
544,7 m 11742m | & 5[ 11742m 5447 m
From network L 3 & To netwn&
THERMINOL VP-1 ) o
Il Il
a o
a [=]
23,08 p 156 p
299,4T 396,3 T
988,2 h 12259 h
1174,2 m 1174,2m
@ 2474 kW
30,17
28,07 p DP = 4,099 bar 386,57
300,3°T 1225,5 h
930 h Heat Exchanger £552m
623,5m UA = 261383 kW/C P
LMTD = 5,668 C
DTc = 5,097 C DTh=6,28 C
> — 2,826
5,265 p d 3507
2952 T 930,1 h
847,2 h 1028 m
1028 m DP = 2,439 bar
Level = 33,81 % Level = 66,19 %
@ 279,5 kW
1,97 p 2,826 p
295 T 390 T
847 h 930,1 h
1028 m 1028 m
Vol = 12419 m~3 Vol = 12419 m~3 bar- p
/ka - h
kg/s - m

Storage system: charging mode Stored fluid: Nitrate Salt 60% NaNO3 - 40% KNO3 by wt
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'd" Thermoflow

Off Design simulation

Check Operating Modes in TFX, define the Control Loops for each case
ELINK, define variables, limits, logic functions to operate at each mode

Run a 24 hours case for Summer and Winter conditions

O

Calculate the Annual Yield

©Thermoflow Inc. 2017 — Webinar: Modeling Solar Thermal Systems in THERMOFLEX, July 27, 2017 by IGNACIO MARTIN
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Thermoflow

Off-Design Operating Modes

1 2 3 4 5 6

Inputs Irradiance High |Very High| High High Low No

Power demand 100 100 100 100 100

Storage in service 1 1 0 1 1 1

Hot Tank level <100 <100 100 >min >min
Outputs Power 100 100 100 100 100 X

Charging 1 1

Discharging 1 1

Defocus 1 1 1
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Thermoflow

Off-Design simulation, mode 2

2

ot 4,

0,097

=
43,07]|3209 43 =
18842033 | 45"
45.15|2705.3 /

i;

44

100,1]378,1
5563|3028

e 44 )
o I

103,1|313,2

Elssez|z719.8

_l
i @
103.1|308.2
e 56,19 (1390.5

E BB 42
103,2[249.8
58,19|1084.9

bar| T
Defocus Solar Energy Ambient temperature 25 C 49993 kW ]
3,97 % 289036 kW Ambient RH 50 %
—_— ANI 900 W/im*2
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Thermoflow

Defocus Solar Energy Ambient temperature 25 C 50000 kW
0% 156441 KW Ambient RH 50 %
ANI 500 Wim*2 G1
. e i
| |
0097+ | [#4]
41 100,2|378.1
5504|3026
2 44
i 15.73.1 | — :
4307|3209 & =
% O
\ ‘;I 103.13.2
2 (o .
B Lo
103,1 |308,2
56,19(1390.5
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i
103,2|249.8

a7

56,19|1084.9

bar| C
kg's| klikg

Off-Design simulation, mode 1

4 h
m

Solar Field
DP = 2,475bar
17,02 p 17,02 p Aperture defocused = 0 % 12,61
300,1 T 299,6 T Heat from field = 100 % ) 39!
989,7 h 988,6 h % | 160 of 160 flowpaths in use 5 1222,
5447 m 663,1 m 3 a 544,7
= o
From network b &
THERMINOL VP-1 b o
5 i
a a
a [=]
16,06 p 13,58 p
298,9 T 3963 T
986,9 h 122538 h
669,1 m 665,1 m
N
w\ 127,3 kW
17,02 p -
nyeh DP = 0,1596 bar
983,7 h Heat Exchanger
1244 m UA = 7948 kW/C
LMTD = 3,748 C
DTc = 2,514 C
3
S0P
—
847 h " T
206,1 m DP = 0,0981 bar I ~—~——

Level = 46,75 %

Vol = 12419 m~3

Storage system: charging mode

Level = 53,25 %

@ 3,976 kw

2,336 p 2,472 p
2857 360 T

847 h 350,1 h

206,1 m 206,1 m Hot Tank

Vol = 12419 m~3

Stored fluid: Nitrate Salt 60% NaNO3 - 40% KNO3 by wt

>
To network

bar - p
c-T

K)/kg - h
kg/s- m
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Thermofiow Off-Design simulation, mode 4

Solar Field
Solar . - DP = 3,373bar
Defocus Solar Energy [Ambient temperature 25 C 50001 kW 17498 T Aperture defocused = 38,35 %
o 7R W . o, ,1 4 Heat from field = 100 %
38,35 % 127363 KW AWmbient RH 50 % ses8h 9838 h 5 | 160 of 160 flowpaths in use 5
ANI 700 Wim?2 : e 4
] > From network IS o
D :} THERMINOL VP-1 ;- ’;
39 42 I i
ey 0k g &
s p ]| 16,74 p
I m 2989 T
@ 986,9 h
5564|3020 5447 m

i a
15.1(378.1

43083209 48

eesf03s | 45
35.15[2706.3 /

4]
103,1]313.2

=T55.64(2719.7

Heat Exchanger

[22]
034082 mmeen—————- -
Ea 56,19 (1380.56 ——

H ]
H ]
H ]
1 H o —
' ' o~ .-
1 . - -
H ]
Level = 0 % H ; Level = 100 %
H ;
H ]
— H '
, 1 i
(42 H ;
A 1] ]
4 ]
[22] ' 1,014p i
103.2[249.8 H ggg : !
H ]
56,19[1084.9 Cold Tank ' om ! Hot Tank
@ Vol = 12419 m~3 T Vol = 12419 m~3 b
ar - p
c-T
K)/kg - h
Storage system: unused Stored fluid: Nitrate Salt 60% NaNO3 - 40% KNO3 by wt kg/s- m
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Thermoflow

Defocus Solar Energy [Ambient temperature 25C 43020 kW
0% 0 kW Ambient RH 50 %
ANI 1 Wim*2
7 . e i
; |
0,094] '

89,38(365

41 49,24(3011

I E o— = )

13.45(386.3 /
38,26(3186 48 L L
46
14,88 [197.9 45\
40,13 |2700.6 /!

(43
I;I 91,99]304.9

| B39 .242739.1

[£2]
91,99]202.3
2973135671

(@

2 S 42
va
92,05[244.2
47

49.73|1058.2

B =

oar| u
kg/s | klkg

17,49p
294,27
976 h

544,7 m

Off-Design simulation, mode 6

From network
THERMINOL VP-1

[

Level = 41,94 %

Vol = 12413 m~3

Storage system: discharging mode

©Thermoflow Inc. 2017 — Webinar: Modeling Solar Thermal Systems in THERMOFLEX, July 27, 2017 by IGNACIO MARTIN

Solar Field
DP = Obar
Shutdown
12,6 p
136ie DP = 3,009 bar 3758 T
d 73,2
976'h Heat Exchanger éiig—mh
5447 m UA = 22318 kW/C
LMTD = 4,862 C
Heat from storage = 100 %
DTc = 0,9262 C DTh=142C
e— 3,529p
2202p E R
1 930,2 s
847,1 h 758,2 m —
758,22 m DP = 1,327 bar I
Level = 58,06 %
4 59,96 kw
2,202 p 2,601 p
2951T 390 T
847,1 h 990,1 h
758,22 m 758,2 m Hot Tank

Vol = 12419 m~3

Stored fluid: Nitrate Salt 60% NaNO3 - 40% KNO3 by wt

>
To network

bar - p
K/kg - h
kg/s - m
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Thermoflow ELINK: Operating Modes

E C u] E F [E] H | J K
o Basze Case Casel Caze 2 Caze 3 Cazed Cazeh Caze b Caze ¥
‘Ut‘ ELINK 25.0 &
2 3 b 4 5 [
Computation Message -> Messages Mezsages|Messages|Messages )4 MMeszages|Messages|Meszages
INFUT YARIABLE DESCRIPTION | Units Input Inpt |nput |nput Input Inpuit Input Input
Siolar Field v Storage[39] Storage sustern status: O=working, I=out-of-zervi 1] 1 ] ] 0 0 1] 1]
¢ |Contral Loop [ Enabled O:Mo tYes 1 F 0 o1 rFoo1 rFo 1 r1 r
t | Set point of Control Loop [1] ke 50000 50000 50000 S0000 B0000 B0000 50000 50000
- |Primary contral input lower bound for contral loop [1] ko's hoo a00, a00, a00, 500, 500, h00, a00
i |Primary contral input upper bound For contral loop [1] ko= FOoo 700, 70a, 700, 700, 700, oo, voo
i | Solar Field w Storage{33] Desired delivery rassflow ko's R25, F VOO F FOO. [ Yoo [ O Fo7o00 F 7000 [ O
" | Solar Field w Storage[39] Hot tank level at start of this period A 50 24 B0 B0 24 B0 a0 24
i |Solar Field v Storage[39] Hot tank ternperature C 386 386 386 386 386 386 386 386
I |Solar Field w Storage[39] Cold tank termper ature C 292 292 292 2932 292 292 232 292
1 | Solar Field w Storage[39] Maximurn tank-zide Flowrate as 22 of o 00 F wWoo [ W00 [ mwoo F o846 [ 846 F 8465 [ B4
| |Solar Field w Storage[39] Time peniod this run represents hours 1 1 1 1 1 1 1 1
2
3 |OUTPUT YARIABLE DESCRIFPTION Units Output | Output Ouatput Output Ctput Ctput Chatput Dutput
1 | Gross power [ 49995 342 495595 49952 i BO007 41745 49995
3 | het power Jehad 43106 27140 44668 425979 -B. 761 44929 26295 43106
3 | Gross electric efficienculLHY) A 38,88 A7.86 3884 38,88 1] 38,78 |37 3088
7 | Met electric efficiencul LHY) A 3352 32,79 34,74 3343 a 34.84 33592 3352
3 | Gross heat rate[LHY k. Mk 9259 9508 9259 9259 1] 9284 qag2 9259
3 | Met Fuel input{LHY] (A% 128580 B27e0 128580 128580 | HHEHHEE [ 128962 08787 128880
1 | Solar Field w Storage[39] Delivery massflow ko's 525, 283,7 h2a, 528, 0 588,39 44E 5 h2h,
Salar Field w Storage[39] Percentage of active aperture
| | defocused to limit field heating 4 0 il 1] 9819 0 0 i i
Siolar Field v Storage[39] Storage operation Flag: [0=aff,
2 |1=charging, -1=dizcharging) 1 1] 1 1 1 -1 -1 1
3 | Solar Field v Storage[39] Field-side charging flow ko's h24 7 il 2321 R3Ir.4 0.3 0 i h24.7
1 | Solar Field v Storage[39] Field-side discharging Flow ko's 0 1] 1] 0 0 2054 44E 5 1]
5 | Solar Field v Storage[39] Tank-zide charging Flow ko's 911.9 il 404 5 935 1922 0 i 9119
5 | Solar Field v Storage[39] Tank-side discharging Flow ko's 0 1] 1] 0 0 7B 91, 1]
7 | Solar Field w Storage[39] Ending haot tank level A ¥1.06 24 59,34 16 28,44 4135 .73 #1.06
3
k|
]
|
# | Low Irradiance lirit 125
3 |Hot Tank rminirmumn lewvel 20
1 | Very Low irradiance limit TR0
3 |Field Shut doven lirnit 100

©Thermoflow Inc. 2017 — Webinar: Modeling Solar Thermal Systems in THERMOFLEX, July 27, 2017 by IGNACIO MARTIN



350.000

300.000

250.000

200.000

150.000

100.000

50.000

-50.000 +

-100.000 ~

-150.000

Thermoflow

ELINK: 24 hours “dynamic” simulation

= Discharge == Solarto cycle

——1Boiler to cycle

—Storage

mmm Defocus

—8— Energia generada

60000

-+ 50000

-+ 40000

30000

-+ 20000

-+ 10000

1000

—#—lrradiance —*— % Defocus

900

800

00

600

500

400

300

200

100

/.‘ ; 5\ 110

0

1

60000

50000

40000

30000

20000

10000

0
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0

—+—Gross Power

\

L

1

2 3 4 5 6 7 8 9 10 1" 12 13 14 15 16 17 18 19 20 21 22 23 24
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Thermoflow

ELINK: Annual Yield calculation

L) =] cC [u] E F G H | J K L il M a P Q R S T

0
1
12 | Start Case 1 i - — Al
17 End Case n Compute Cases Prss to Cancel ‘
14 | Current Cas 0
15 . ° ° °

Sample (Elink4) Hourly Simulation-Entire Year.xIsm

Case Week of Dayof Hour Average Average Haze

& Number Tear Year of Day Temperatur Temperatur Factor
17 - - - - C C -
18 0 1 1 j 1] -3 25 014 «<- Thiz row of data comes from the Input Data Stack based on the "Current Case’. Don't edit this by hand.
13
20
21 INPUT DATA STACK i OUTPUT DATA TABLE

Daily Hourly Aperture Steam

Average Average riormal Aperture ket heat Steam Dielivery Steam
Case Week of Dayof Hour Temperatur Temperatur  Haze direct Azimuth Zenith Altitude tracking Oilflowin  absorbedby  Solarfield  Delivery  Temperatur Delivery Compute
22| Number Tear Year of Day e L Factor irradiance angle angle angle angle Field ail efficiency | Pressure 3 Flomw Diate«Time
23 - - - - C C - Wwiim 2 Degrees Dlegrees Degrees Clegrees kai= (A0 b bar C kgls
24 1 1 1 1 -4 -E.7 0,14 FEENZ98  143,845356  GEIE0437  23E39602 489292679 MZEZEZE4 199332245 BEIEEEEZ 121 9EEZ9 3TR7I2TRE N7FE B19ME 1748
26 2 1 1 2 -4 -E.2 0,14 0 700407639  160E3023 -B0E30Z69  -27519692 1] 1] 0 1z2ooom 325914734 000 819161748
26 3 1 1 3 -1 54 014 0 830703 12904132 49041912 40750237 1] 1] 0 12200000 325914734 0,00 BMIME 1748
27 4 1 1 4 -1 4.4 014 0 925534106 12708339 -37.083385 -G2889126 1] 1] 0 12200000 325914734 0,00 BMIME 1748
28 5§ 1 1 5§ -1 B | 014 0 100776154 1519633 -Z6,196327 6440876 1] 1] 0 12200000 325914734 0,00 BMIME 1748
24 & 1 1 & 14 -4 0,14 0 W0&7E7729 10362126 13621261 75645477 1] 1] 0 12200001 325914734 0,00 &HAME 1748
30 T 1 1 T -4 -6 0,14 0 17160689 9269649 -2 6954826 -87 053626 1] 1] 0 1z2ooom 325914734 000 819161748
H 2 1 1 2 -4 0E 0,14 BE.6349731 126486618 82 416483 Y RE3R1ZE S0597ETEI 1] 1] 0 1z2ooom 325914734 000 819161748
3z ] 1 1 ] -4 17 0,14 281897308 137.25FTEZ2 73489937 16610071 EBE407IEEE 361008674 172096623  6EI43091 12197488 373,704EE3 10,00 31916 1745
33 0 1 1 0 -1 25 014 IEENZIE M2849396 66360497 2IE39002 499292679 NZEIZZEd4 199832246 BRIE6EGE 12196629 3T8TIETES WG &19ME 1743
24 1 1 1 1 -1 a0 014 303 64,3 G168 32 26,66 19252 57491 122 aral 2z 0E30 H30M4 1713
35 2 1 1 2 -1 A | 014 2941 120 60,04 29,96 -3689E-08 18521 742 122 373 088 0330 H30M4 1713
36 13 1 1 13 14 30 0,14 303 135,7 G165 832 - 26,66 13262 57491 122 a1 13z 0830 430141713
v 14 1 1 14 -4 25 0,14 36 E 2102 23,64 -43.93 19983 b8,36 122 a8 1,78 12,70 430141719
38 18 1 1 18 19 17 0,14 2834 2227 1651 -EE,41 17209 BE36 122 3748 10,1 9E16  HI0M4 1715
39 & 1 1 & 19 0E 0,14 E8.53 2335 7584 80,6 1] 1] 122 3264 BITZE-08 000 4443014 17:19
40 17 1 1 17 14 -0 014 1] 2428 2595 a7.08 1] 1] 122 3264 BITZE-03 0,00 #30M417:19
4 12 1 1 12 14 -4 014 1] 252 13,62 75,65 1] 1] 122 3264 BITZE-03 0,00 $30M4 17:20
4z 13 1 1 13 14 B | 014 1] 2592 26,2 64,41 1] 1] 122 3264 BITZE-03 0,00 $30M4 17:20
43 0 1 1 0 14 4.4 0,14 1] 2674 37,08 52,39 1] 1] 122 3264 BITZE-08 0,00 $30M4 17:20
44 # 1 1 # 19 -4 0,14 1] 2764 439,04 40,75 1] 1] 122 3264 BITZE-08 0,00 444300141720
45 22 1 1 22 -4 -E.2 0,14 1] 280 E0,ES 2782 1] 1] 122 3264 BITZE-08 0,00 444300141720
45 23 1 1 23 -4 -E.7 0,14 1] 3 70,98 14,14 1] 1] 122 3264 BITZE-08 0,00 444300141720
47 24 1 1 24 -1 £ 014 0 273IZE-05 -TE04 -6TI3E-08 1] 1] 122 3264 BITZE-03 0,00 $30M4 17:20
4& 8 1 2 1 -1 BT 014 1] 46,8 -7i0,92 14,18 1] 1] 122 3264 BITZE-03 0,00 $30M4 17:20
43 26 1 2 2 -1 B2 014 1] £3.91 -Gi0,64 2754 1] 1] 122 3264 BITZE-03 0,00 $30M4 17:20
50 7 1 2 3 14 5.4 0,14 1] 8296 -44 -40,78 1] 1] 122 3264 BITZE-08 0,00 $30M4 17:20
Bl 28 1 2 4 -4 4.4 0,14 1] 9247 37,04 -h2.93 1] 1] 122 3264 BITZE-08 0,00 444300141720
b2 28 1 2 i) -4 3.2 0,14 1] 00,7 -26,16 -Ed 46 1] 1] 122 3264 BITZE-08 0,00 444300141720
ik} a0 1 2 E -4 -14 0,14 1] 08,7 13,68 -th,7 1] 1] 122 3264 BITZE-08 0,00 444300141720
Fd 1l 1 2 7 14 MR 14 n 171 RLTTY A7 i n 170 APRG @A A0 A3NHL 17-70
ELINK Main | Help+Information | Input+Output Data
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Thermoflow punning your own software for detailed Solar Field

[ ]
calculations?

50002 kW

25C
0 % 229478 KW Ambient RH 50 %
ANI 700 Wim"2
3
42
0,096’ .
SOLAR FIELD 1]
I - #efen ] " Cesfe
g 15.1[ar7e | —
> Replace the SF with a Heat Adder woafazme ( 48 [
46 (43
—ELINK: enter the Heat Transfer, oulet state m = ?
45.17|2705.2 /!

& Pessure Drop to the Heat Adder
Add the associated Auxiliary Power

£
6

2299 6 KW

HTF Bump

L ”
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100,2|378 .1
55,65|3026
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10313133

E5585(2719.7
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5]
103,1]308.3
Bl Ss21(13906
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8. e
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Thermoflow ]
Solar Thermal info and examples

+ Contact Us =

'&1 Thermoflow * : —
@ Internét Thermoflow

‘ Products Licensing Support Training Tutorials ‘ Services ‘ Careers

Overview

Combined Cycle * i
Products > Sq rview

Conventional

THERM (EE- A CE: Solar Thermal Modeling

These poweri it BT Hesign of thermal power systems, and for simulation of off-design plant performance.

THERMOFLEX e . I freedom to construct flowsheets using component models available in its toolbox.
(i IS3Y(elElS Special Utilities > Solar Field bdel complete power plants of virtually every type, or to model only a small subsystem such
as a pump and|

Free Trial Solar Resource

Download Sol iew of solar thermal modeling features with examples.

View White paper describing the solar thermal modeling features in Thermoflow software, presented at SolarPACES 2009 conference in Berlin.

SAMPLES

A large variety of solar thermal models can be built with the tools provided in THERMOFLEX and PEACE. A selection is shown below.
Kramer Junction SEGS VI Plant

Hybrid Solar-Fossil Power Plant

Integrated Solar Combined Cycle

Air Conditioning with Solar Heat

Solar Thermal Desalination

Solar Heated Gas Turbine - SOLUGAS Project
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Solar Thermal Samples

THERMOFLEX
S5-07)SolarThermal_ParabolicTrough:
S5-07a)SolarThermal_Tower:

S5-08)Integrated Solar Combined Cycle:
S5-09)SolarThermalStorage_RankineCycle_OD:

S p— p— p—

(5§5-09B) MoltenSaltThermalStorage RankineCycle_OD:

(5§5-10) SolarThermal_Fresnel DirectSteamGeneration:
(55-10a) SolarThermal_Fresnel DSG_FossilBackup:

(§5-22)SolarPV with Gas Turbine Backup using Scripting:

EXCEL

S5-09)SolarThermalStorage_AnnualOperation

S5-08) Integrated Solar Combined Cycle
S5-09b)MoltenSaltThermalStorage RankineCycle_OD
S5-10) SolarThermal_Fresnel_DirectSteamGeneration
S5-10a) SolarThermal_Fresnel _DSG_FossilBackup
ELINK4)Hourly Simulation - Entire Year

P p— p— p— p— g—
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Q & A Session

IGNACIO MARTIN GONZALEZ
Malaga - SPAIN
martin@thermoflow.com
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