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Europe 2021 - Useful Energy Demand [TWh]

Also, the thermal demand can vary widely across different sectors, with around 40% of industrial facilities
requiring 0-1 MW, and 25% between 1-10 MW, according to a study in the US [1].

[1] G. P. Thiel and A. K. Stark, “To decarbonize industry, we must decarbonize heat,” Mar. 17, 2021, Cell Press. doi: 10.1016/j.joule.2020.12.007.
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Solar thermal for industrial decarbonization is often overlooked! »>2>>3>>4>.
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Industrial Decarbonization D>2>>3>>4>I
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Objective of the Study D>2>>3>>4>I

DOI: 10.1016/j.applthermaleng.2026. 131466

(> To decarbonize a generic

medium temperature industrial

Contents lists available at ScienceDirect
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Methodology - Analyzed Cases

D) 2 )EHTY

Solar Collector Axis Tracking

(0°, N-S): Higher Energy

NS mEW Yield but Less Distributed

F @& S Q,Q &g

(90°, E-W): Lower Energy
Yield but More Distributed

Monthly Energy Generation

Heat Temperature Level & Thermal Load

> 510-400°C case: molten salts |

Collector: Eurotrough ET100 Both as HTF
Receiver: HCEMS-11 and storage
> 310-200°C case: mineral oil media

Collector: Eurotrough ET100 (double-tank)

Receiver: Schott PTR70

> Load Demand and Profile:
10 MW+ (Constant, 6-22, 6-22 No Weekend)

Solar Collector Cost

)
N

[1] System Advisor Model 2025. https://sam.nrel.gov/
[2]Sh okrnia M, C agnoli M, GrenaR, DA ngelo A, Lanchi M, Zanino R. Comparative Techno-Economic Analysis of Parabolic Trough and Linear Fresnel Collectors with
Eva d nd Non-Eva dR er Tubes in Different Geo, g -aphical Regions. Processes 2024;12. https://doi.org/10.3390/pr12112376.

Scenario Cost 11,121

Worst case 350 €/m?
Reference casel'll2] 250 €/m?
Best case 150 €/m?

[,‘«Q‘ Ty

B Bergamo.

Geographical Location

| Taranto JJ
B Scville

Industrial

Wind
Seville (ES) :
Taranto (IT) [©--C
Bergamo (IT) [



https://sam.nrel.gov/
https://doi.org/10.3390/pr12112376

Methodology - Optimization Algorithm )1 >»>3>>4>.
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o
© Financial Lifetime [y] 25 Fixed PV Cost [€/kW,] 630 On-Shore Wind PPA [€/ MWhg, ] 70-135
)
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OPEX for each Technology 1-3% Tracking PV Cost [€/kW ] 700 Thermal Energy Storage [€/kWh,] 40-50




D) 2 )EHTY

0Q .
+8 Methodology - Example of Hourly Annual Operation
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Case with fixed capacites (P-gr =25MW, Pp, =15MW, P+ =10MW, h;z5 =10h) and optimised annual operation, achieving RP = 90%.
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33 Effect of Azimuth (1) ZEBE
29 .
= < Seville, 510-400°C, 10 MW, CST-only case
O —
¢ N-S(0°) N 15° N 30° W 45° - 60° 75° E-W (90°) Collector {
Orientation Curtailed
EL Heater [MW] WT [MW] CST [MW] TES Eq. Hours [h] __ ?? Energy
NG Boiler [MW] PV [MW] === ¢curt [-] BESS Eq. Hours [h] Electric Heater g EL Fraction
— / Gas Boiler N
5 i = Capacil
5 200 1.0 7100 £ R Equivalent
'qé) = B CST| - i 9 1 0 é WT Hours
S R bl
ph Z L0 T 0828 180 3 instaled sess
8 S I s [ . i = 1 I Capacity Equivalent
! o Nominal @) o D CST Hours
[ g 120+ | HeatUser |--------4 --------- 0.6 > +60 q‘:) -
- % 1 Capacity | I o | =
_ O >
o O ol .. .. /[ ... .4, . _ i c 1 = . C :
2 o 0.4 & 40 = » Exponential growth in installed capacity to
2 O A o - o T . reach high RPs.
A B 401 -/ oY L) 0.2 £ 720 g
(@) n ©
c T AN TIHlAN U - " T o
e - —Lo.0 ‘g 0 S » CST-only case can’t reach complete
(@] ! ] - . . egn .
Dzﬁ. c-mjnqqtqw_h_oqc)ggo ™ v decarbonization due to parasitic solar field
~ cooecoo0oceeo s electric consumption (freeze protection,...).
0
g Renewable Penetration (RP) [-]
©
U - - L] - - L] -
= > N-S orientation is preferred at low RPs | E-W orientation is preferred at high RPs.

. But what’s the impact on LCOH?
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Effect of Azimuth (2) EEBE

Seville, 510-400°C, 10 MW, CST-only case

A LCOH Opt Azimuth LCOH EW-Only » The choice between N-S and E-W at
LCOH NS-Only -- ALCOHEgy _ ns [%] low and high RPs is crucial, generating
S differences of up to 20-30% between
£ 150 (510-400°C} 10 LCOH,s and LCOH,, at high RPs.
S 135- g t L5
O e ~.“'.\
2 — . ~ —_
g -é_: 120- ...................................... ‘.\ ......................... -0 §
5 = 105- X -5 2
8 = : |
£ S 90 % --10 2
E. R \‘ A I
S I 75- v -—-15 O
S @) A‘\ 8
= O - \ ,
£ ¥ 60 £ -20 g
o £ Kk L \
i 45 =i “& L _25
g 30 | | | . —-30 » In the analysed framework, just
S 0.0 0.2 04 0.6 0.8 1.0 choosing either N-S or E-W is actually
= Renewable Penetration (RP) [-] sufficient to minimize LCOH.
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Effect of Hybridization (1)

DT : )X

equivalent operating hours and annual energy distribution),

Seville, 510-400°C, 10 MW,

penetration.

Renewable Penetration (RP) [-]
» When coupled with PV at 500°C, CST is badly outperformed despite its lower specific cost (425 vs 700 €/kW,,).
» Why? Four key factors to determine the optimal mix: technology cost, technology availability (in terms of both

Opv : Fixed ¢ N-S(0°) < E-W (90°)
Ocst: ¢ N-S (0°) N 15° N 30° W 45° w 60° 75° E-W (90°)
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NG Boiler [MW] PV [MW] -== O®curt [-] BESS Eq. Hours [h] :
p— ©
= 200 1.0 O
S po CST| - [ CST+PV| ]| ([CST+WT) || [CST+WT+PV}-1 m
> 16O T e e f e 0.8 5
:'"‘_J ******************************************************************************************************************************************************* )
1201 e g L e .6 >
% o D = | A1 | Y | R 0.6 >
U 80"/ """""""""""""" .‘ [I 1y o e,V T ” """""" 0-4 :::
-8 T Nt | | ‘ ¢ ¢ ’0’"’ ’ iR 1 S W\ 17 ¢ ¢ "’0’"’ ’ P 1 =
= 401 Q*’* /| [ELEEEEEE [l SERRLE T IS\ S 5'*' 7 11T é 1 /- 10.2 ©
° 0 / 0! / 0 i 0! - c
w1 zEkrrerll | || — SRASINVA NN | =] —7 TN LS| ,,_,\_,/ o
= c':.-'u&n&&u'aé:ée'oc'nhréé éé&n&&mﬁu‘:&o&ém&&é 6é&n&<’nﬁx'o.¢obo‘nbr;c3 éé&n&&dm’:&o’oc’n&&é 0.0 ¥
00000060000 NNH 0060666666680 %- 660606666666 NNH S0 NNH ©
oo co" so" oo e

160
140

120

Storage Equivalent Hours [h]

storage cost, and desired level of renewable
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4l Effect of Hybridization (2) ZEB
% .
< Seville, 510-400°C, 10 MW,
=
=
—— CST N-S CST E-W PV Fix == PV N-S —- PV E-W
1ol Winter —— E 140
. < = CST N-S
£ ® 120 CST E-W
= M b PV Fix
o I
A c ; — = PV N-S
)
S §-T- S 10013 = PV E-W
u O T = i
ke Zs 3 .
= 5. 9o 80 ,
T g © = | 25-30 times per year:
— 0 g 3 \ >40h storage needed
3 0§ o 60
c L4l C) 3
po'a) ()
) T
= g = 40] %
) g =
c & =
b o 20
£ 0 — e
- :
= AR\ \ /2 HEER © 0
= 5 8 11 14 17 20 23 5 8 11 14 17 20 23 00 02 04 06 08 1.0
= Local Hour [h] Normalized Number of Times [-]
@)
(@) . . . aye . . .
) [ lower winter and spring availability ] [ longer and more frequent periods without generation ]
=

» Drastical increase of the renewable overcapacity to be installed to reach the same RP.
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Effect of Hybridization (3)

DT : )X

Installed Capacity [MW]

>

Seville, 510-400°C, 10 MW,

Opy : Fixed ¢ N-S(0°) < E-W (90°)
OcsT: ¢ N-S (0°) N 15° N 30° wW 45° wu 60° 75° E-W (90°)
EL Heater [MW] WT [MW] CST [MW] TES Eq. Hours [h]
NG Boiler [MW] PV [MW] —== ®curt [-] BESS Eq. Hours [h] :
©
200 1.0 0
——————————————— CST)-of | (CSTHPV) o | (CSTHWT oo | (CST+HWT+PV}-t g
N5 0 R REEEECEEEEEESELEEEERRES I ARRRRCERRRRECEECEECEEEEEECERERREES -8 [ SERREERLEERCEECEEEEEECEECEEEEREEREEEES [ ERREESEEEECEEEEEEEEEEEEEEEEEEEERRAERE, 0.8 5
7777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 U
1201l e gl L e 0.6 ;
""""""""""""""""""""""""""""""""" .S [ (o B e E
80"[’ ”””””””””””””” .‘ ,l 1y T e, ” ”””””” O-4 I.E
T 7. I ’0‘0‘ //' """""""" WV 7 ¢0’0‘ F T =
401 ‘i”.' /i R I SR ‘0 MNNNT '."h". ZIZ17 0 N . ’0 /-10.2 ©
T "",_,\,/ """"""" ' ,-_—-4.,’/ 4 g 1 4 S 5
c':.-'m'm%&u'uér;cééfbﬂé c'>.-'|£n6<'ru'nbr;obc§w'n§c'> 6:&6&&»«5&&:6\;&&6 6F'm'|-n6<'rnr'ubr§o€>c'nr'n§c'> 0.0 (s
000000600060 NN+d 0060606666666 9%- ©60606666666A%%H S0 NNH ©
oo oo So” so” o

Hybridization allows to greatly reduce the storage and renewable overcapacity (consequently the LCOH) at high

Renewable Penetration (RP) [-]

RPs thanks to the wind energy decorrelated hourly generation compared to solar energy sources.

160
140

120

Storage Equivalent Hours [h]
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Effect of Temperature

DT : )X

Seville, 31

0-200°C, 10 MWq,

‘o o o
H & O

o
N

©
o

Renewable Penetration (RP) [-]

Opy : Fixed ¢ N-S(0°) < E-W (90°)
OcsT: ¢ N-S (0°) N 15° N 30° W 45° w 60° 75° E-W (90°)
EL Heater [MW] WT [MW] CST [MW] TES Eq. Hours [h]
NG Boiler [MW] PV [MW] -== Qcurt [-] BESS Eq. Hours [h]
= 200
S e CST]-boe] | CST+PV| b f | ([CST+WT| ||~ (CST+WT+PV} -
'; 160+ e e f e fe
# ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
B L2071 D e e
Q. L I . - | i I I B
© T > ¢ 'K
O 80+ e vy T A Y. o ""0 """""" n
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r=c 4071~ 05.. Vo A0 [ el ”§~. // """" ’§~i ' _,—--" ‘,0~. a2
w T ’i/l\—-"' Al ‘!/\,f\/ ' ‘4"\"/\' ‘J’\"’\’,
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Fraction of Energy Curtailed [-]

1100
Iso
leo
lao

120

Storage Equivalent Hours [h]

» The trade-off between CST and PV adoption has undergone a clear shift due to: (i) CST higher receiver thermal

efficiency, which results in higher availability and lower specific cost;

consumptions, going from 3-5% to 0.25-0.5% [kWhg /kWhy]; (iii) lower TES cost (oil vs molten salts).

(i) lower CST parasitic electric
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S Effect of Temperature - 500°C vs 300°C - LCOH, CCA, CCAre 2 N2EN4)
0O .
Ei — CST 500 CST+PV 500 CST+WT 500 —— CST+WT+PV 500 Seville, 500°C vs 300°C, 10 MWy

O g‘ — = CST 300 CST+PV 300 CST+WT 300 == CST+WT+PV 300

» RP 80% marks a clear boundary,

180 20 | | : P
165 lrJ_H._COH J 18 (Land Occupation | beyond which decarbonization
150 . .16 . begins to require a significant
5 — 135 /’ . 2 314 . _ - economic effort, especially in the
o= = 120 | s - 12 Switch from feaxis | | | f | o
= T < i 2 I to fixed PV 500°C case.
g 8 E e Gas-fired ! 8 E o | |
8 - G 20 Refe?;c](reeCase ’ ,!J o E 8 > CST h Id d
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Effect of Location - Seville / Taranto / Bergamo - CST+WT+PV case EEEE

f YA AR
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®

Industrial hubs with low solar/wind resources are
disadvantaged.

e » Reduction in DNI, GHI and wind speed -

e CST [MW] WT [MW]
PV [MW] TES Eq. Hours [h]
Taranto B4 :
b ' RP =50 %
s 40 20 _
B Seville I =
o e U 116 £
g [ 2
D241 e 112 o
Location Seville Taranto  Bergamo e 1 - | @ 5
© -
Direct Normal Irradiation 2175 1875 1733 g 1611 i 8 ?
[RW Ryl (-15%) | (-20%) o 1 1 3
Global Horizontal 187 1684 1502 -E 811 e Tk ﬁ
Irradiation [kWh/m?/y] (-10%) (-20%) I = +25%  +40% |
0 - - - 0
Mean Wind Speed @ Hub 5.80 6.65 513 Seville Taranto Bergamo
[m/s] (nearby) CST+WT+PV, 310-200°C
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‘+ @ Effect of Location - Seville / Taranto / Bergamo - CST+WT+PV case MBE
0O |
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Investment economic viability drop to
8o — T T lower RP levels.
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Effect of Collector Cost - CST+WT+PV case - Seville

— 500°C 150€/m?
300°C 150€/m?

DT : )X

> Collector cost reduction -> Higher
share of installed CST & Investment
economic viability increase to higher

500°C 250€/m?
300°C 250€/m?

— 500°C 350€/m?
300°C 350€/m?
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Effect of Thermal Load Profile - CST+WT+PV case - Seville

DT : )X

Load [MW4,]

> No nighttime load - significantly lower
renewable and storage capacity needed to
achieve the target RP.

A
Constant 24/7 (adopted till now)

10

0 i i i i i i —» Time
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A

10 +=

0 ’ T 1 1 T T —» Time
Mon Tue Wed Thu Fri Sat  Sun
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6-22 No Weekend

10 ==

0 Time
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PV [MW] TES Eq. Hours [h]
RP =50%

30 20 _
= <
3 """"""""""""""""""""""""" [ -
2 241 16 £
. 30% e | =
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CST+WT+PV, 310-200°C
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op: Effect of Thermal Load Profile - CST+WT+PV case - Seville MBE
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180 o S (CAPEX amortization).
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» Optimum Renewable Mix: Given a location and a thermal load profile, the optimum mix is a trade-off

between technology cost, technology availability, storage cost, and desired RP. Important factors:

% Temperature (500°C vs ): directly impacts on technology availability and cost, marking a RP

threshold beyond which Resistive Electric Heating is more competitive than CST given a certain

economic framework.

HelioCon Seminar

% Collector Orientation (N-S vs E-W): allows to modify technology availability, making it more

attractive either at low or high RPs.

% Hybridization (CST+WT): thanks to synergic decorrelated energy generations, combining CST/PV

and Wind allows to reduce the drawbacks of each technology.

% Land occupation (not accounted in the analysis): whenever land availability is constrained and
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there is a target RP, CST may hold an advantage compared to on-site PV thanks to its 2-4 times

lower land occupation.
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» Economic Target: increasing the renewable penetration of a process, two RP thresholds arise, i.e.

breakeven RP (RPPreak-even) gnd cost-optimal RP (RP€°5t—°Pt), |Important factors:

< Temperature: RpPreak—even ghifts from 30% to 70% without carbon tax in Seville CST+WT+PV going
from 500°C to 300°C.

*» Hybridization: massive LCOH reductions at high RPs, with up to 40% LCOH decline at 90% RP
between CST and CST+WT cases at 500°C in Seuville.

HelioCon Seminar

% Location: renewable availability plays a crucial role > RpbPreak—even dqacregses from 75% to 25%

going from Seville to Bergamo without carbon tax. Similarly, RP¢°5t~°Pt decreases from 30% to 20%.

s Collector Cost: paramount to achieve developed supply chain to bring the collector cost lower than
250 €/m2.
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+» Load Profile: Trade-off - lower renewable/storage capacity vs lower operating hours.
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Industrial Process Heat (IPH): Stating the Problem

2)

394)

Process

Heat

» Wide Temperature Range

» On-Site Heat Generation

7

Calcination [ 850-900
Cement . .
Clinker Making 1400-1500 [N
Spray Dryer [ 450-600
Ceramic Drying [ 100-300
Firing 900-1500 [
Melting 1000-1500
Glass Annealing P 450-700
Tempering [ 600-720
Pulp and Cooking/prying I 100-200
Bleaching [ 60-90
Paper Pulp Preparation I 120-170
Pasteurization [ 60-140
- Food and Stzriliza:\tion [ 80-120
2 ooking [ 60-100
g Beverage Drying I 120-180
3 Baking / Frying [ 100-300
o Steam Reforming T 500-900
E PET Resin [ 200-320
o Synthetic Detergents (Soaps) [ 200-260
a Synthetic Rubber Making [ 150-200
qE) Chemicals Plastics Making I 120-290
; Hydrocarbons Distilllation [ 300-450
a Pyrolysis I 250-700
Hydrocarbon Cracking P 450-720
Sulphuric Acid [ 400-450
Primary Electrowirrn.ing .(Mining) I 30-50
Precipitation [ 200-300
Metals Annealing [ 300-500
Bleaching/Dyeing [ 60-90
i Drying I 100-130
Textiles Fixing I 160-180
Pressing [ 80-100
Steaming [ 80-100
Wood Compre.ssion [ 120-160
Cooking [ 80-100
Drying [ 40-160
50 150 250 350 450 550 650 750 850 950 1050 1150 1250 1350 1450
Temperature [°C] TRL
Flat Plate (FPC) / Evacuated Tube (ETC) 25-140 ( Water, Water+Glycole ) -
Parabolic Trough (PTC) / Linear Fresnel (LFC) 25-400 ( Water, Water Glycole, Thermal Oil ) -
= PTC / LFC / Solar Tower Receiver [270-565  ( Molten Salts ) 8\9
s £ Falling Particle Receiver T 400-800  ( Particles ) 5
8 2 Volumetric Receiver L 25-900  ( Air) 6
= Centrifugal Receiver N 25-1000  ( Particles ) 6
Rotary Kiln Receiver 1 EEEEEEEEEIII25-1:250 ( Particles )| &
Absorbing Gas Cavity 5\6
» Heat Pump 25-180 -
2. Electric Boiler | 25-500 -
- 8 % Electric Resistance Heating 25-1500+ (Max T: 1800°C -
g 5 £ Induction Heating 25-1500+ (Max T: 3000°C -
o [ Biomass 25-1500+ -
= Hydrogen 25-1500+ -

» Each Process requires Tailor-
made Solutions

N

Which Technology

to Adopt ?
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8 Medium Temperature Heat (200-500°C): CST as Possible Solution D)2 )3 ) 4)
S .
B2
Q'g Low reliance on critical 60% Cost Reduction between Higher solar-to-thermal
s materials, high recycling 2010-2023 (IRENA) efficiencies and power
rates (steel, glass) densities
A
g
2 PV + Electric Resistance > 0.2-0.25 -2
[}
1: Parabolic Trough Collectors > 0.55-0.7 '%p
E Linear Fresnel Collectors > 0.4-0.7 kmizp
=
=
-
e
= s ~ Concentrated Solar s
8 Deployment is limited Thermal (CST) High upfront costs,
S to low-medium perceived risks,
< temperature processes underdeveloped supply
= . i
. (50-230°C) p Lack of adequate policy support \ chain )
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