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Abstract: About one-third of world energy production is destined to the industrial sector, with process
heat accounting for about 70% of this demand; almost half of this quota is required by endothermic
processes operating at temperatures above 400 °C. Concentrated solar thermal technology, thanks
to cost-effective high-temperature thermal energy storage solutions, can respond to the renewable
thermal energy needs of the industrial sector, thus supporting the decarbonization of hard-to-abate
processes. Particularly, parabolic trough technology using binary molten salts as heat transfer
fluid and storage medium, operating up to 550 °C, could potentially supply a large part of the
high-temperature process heat required by the industry. In this work, four industrial processes,
representative of the Italian industrial context, that are well suited for integration with molten salt
concentrators are presented and discussed, conceiving for each considered process a specific coupling
solution with the solar plant, sizing the solar field and the thermal storage unit, and computing the
cost of the process heat and its variation with the storage capacity. Considering cost data from the
literature associated with the pre-COVID-19 era, an LCOH comprising the range 5-10 c€/kWhy, was
obtained for all the cases studied, while taking into account more updated cost data, the calculated
LCOH varies from 7 to 13 c€/kWhy,.
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1. Introduction

Energy consumed by the industrial sector has a crucial impact on the global energy
balance: an estimation of the global industry energy use [1] shows that industry is respon-
sible for 32% of the overall energy consumption, with process heat accounting for about
70% of this demand. Furthermore, 30% of the process heat is required at temperatures
below 150 °C, 22% at temperatures between 150 and 400 °C, and 48% at temperatures
above 400 °C.

Regarding the specific European context, a quarter of total energy consumption is at-
tributable to the industrial sector, which requires 60% of electricity and 40% of heat [2]. From
analyses conducted by the Joint Research Center of the European Commission [3], European
industrial heat demand is mostly attributable to high-temperature processes (Figure 1).

A comprehensive study of the thermal energy consumption of European industry [2]
shows that the largest proportion of high-temperature heat demand is accounted for
by metallurgical industries (iron, steel, and aluminum), non-metallic mining industries
(especially the cement industry), and some processes in the chemical industry. Low-
and medium-temperature heat demand, on the other hand, refers to the food, beverage,
tobacco, paper, painting, and textile industries. Representative endothermic processes,
characterized by essentially homogeneous operating conditions, such as thermal levels
and heat transfer/process fluids, can be associated with each industrial sector, as shown
in Table 1.
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Figure 1. Final energy consumption and breakdown of useful heat demand by European countries [2].

Table 1. Main endothermic processes in industry: operating temperature ranges and process

HTFs [4-7].
Sector Process Temperature [°C] HTF
Cooking 70-120 Steam, Water
Pasteurization 60-150 Steam
Sterilization 100-140 Steam
Tempering 40-80 Steam
Drying, dehydration 40-100 Air
Food and beverage Wa};hiig, cle};ning 40-80 Steam, Air
Heat treatment 60-80 Water
Olive 0il deodorization 200-240 Steam
Cooking of bakery products 150-320 Air
Malting 80-90 Air
Blanching 60-90 Water
Drying, degreasing 100-130 Steam
Textile Pressing 120-140 Steam
Fixing 160-180 Steam
Printing 40-130 Water, Steam
Bleaching 120-150 Water
Pulp and paper De-linking 60-90 Steam
Drying 90-200 Air, Steam
Pulp preparation 120-170 Pressurized water
Distillation 100-200 Water
Chemical and Evaporation 110-170 Steam
pharmaceutical Drying 120-170 Air, Steam
Thickening 130-140 Steam
Paint pre-treatment 40-50 Water
Automobile Baking of Paints 175-225 Steam
Paint drying 150-175 Air
Pre-tanning 40-60 Water
Chrome tanning 60-80 Water
Drying and finishing 70-100 Air
Drying (rubber) 50-130 Air
Leather products, Pre-heati'ng 50-70 Water
rubber, plastic and P]{eRara’Flon 120-140 Steam
glass manufacturing Dlstllla}tlon 140-150 Steam
Extrusion 140-160 Steam
Drying (plastic) 180-200 Air
Laminating 100-180 Air
Drying glass fiber 150-175 Air
Annealing float glass 500-600 Air
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Table 1. Cont.

Sector Process Temperature [°C] HTF
C . Atomization 500-600 Air
eramics Drying 80-160 Air
Foundries Hardening, Annealing, 700-1500 Air
Tempering, Forging, Rolling
Cement and Calcination of lime 600-1200 Air
sum Calcination of gypsum 450-600 Air
8YP Drying Plasterboard 180-300 Air
Cooking 70-120 Steam, Water
Pasteurization 60-150 Steam
Sterilization 100-140 Steam
Tempering 40-80 Steam
Drying, dehydration 40-100 Air
Food and beverage Washing, cleaning 40-80 Steam, Air
Heat treatment 60-80 Water
Olive 0il deodorization 200-240 Steam
Cooking of bakery products 150-320 Air
Malting 80-90 Air

Currently, thermal energy for industrial processes is produced through the combustion
of fossil fuel in boilers and furnaces: approximately 40% of industrial primary energy
consumption is covered by natural gas and approximately 41% by petroleum [8], causing
the release of significant amounts of carbon dioxide, accounting for about one-third of
global emissions [4]. Adding to the environmental challenge is the problem of fossil
resource provision, which is becoming increasingly urgent due to geopolitical instabilities
and the need to ensure the security of the energy supply.

Globally, the International Energy Agency (IEA) forecasts a 50% rise in industrial
energy demand by 2050 if current policies remain unchanged. This highlights the pressing
need for a widespread transition to clean technologies within the industrial sector [9].

Solar, wind, hydro, and geothermal energy represent sustainable alternatives to reduce
or even eliminate dependence on conventional fossil resources.

Several studies have assessed the technical potential of Solar Industrial Process Heat
(SHIP) for various countries and on a global scale [10]. The International Renewable Energy
Association (IRENA) estimates that SHIP could reach a best-case potential of 15 EJ by 2030,
representing a significant portion of the projected total industrial energy use of 173 EJ in
the same year [8].

Lower temperature processes (below 80 °C) can be readily addressed with commer-
cially available systems like flat plate collectors (FPCs) and evacuated tube collectors (ETCs).
For medium-temperature applications, advanced collector designs have been successfully
developed [8]. Additionally, ultra-high vacuum FPCs or ETCs equipped with concentra-
tors can achieve temperatures up to 200 °C. For higher-temperature heat demands, solar
thermal concentrators (STC) like parabolic trough collectors and linear Fresnel collectors
can generate superheated steam and/or directly supply thermal heat to the endothermic
processes. STC technology is particularly well suited to provide renewable heat to the
industry for the following reasons:

e It directly supplies renewable heat without electric-to-heat conversion and its related
energy waste;

e Thermal energy is relatively easy to store, with efficient and economically viable
solutions for realizing energy storage of 15 h and more [11];

e  Anindustry, or an industrial ecosystem, which deals with medium-to-high-temperature
applications, is intrinsically suited to cope with a solar plant, particularly if the thermal
energy vector of the industrial process and solar plant coincides.



Energies 2024, 17, 4541

40f17

However, up to now, the heat supply from a solar source is mainly limited to low-grade
heat supply for food, beverage, transport equipment, textile, machinery, pulp, and paper
industries, where roughly 60% of the heating needs can be met by temperatures below
250 °C [8]. The widespread adoption of solar process heat faces a significant challenge due
to the structure of the industrial sector itself. The presence of small- and medium-sized
enterprises (SMEs) presents two key hurdles: integrating solar heat into their existing, often
optimized thermal energy systems, and a general lack of familiarity with the technology
itself. To overcome these bottlenecks, solar process heat solutions must be adaptable and
tailored to the specific energy demands of individual industrial locations.

In this regard, Table 2 provides matching of the main STC technology options (includ-
ing type of solar collectors, heat transfer fluid (HTF), and storage medium (HSM)) and their
possible applications for supplying heat/steam to industry for different thermal levels and
sizes of industrial users.

Concerning HTFs, in the case of low-temperature applications, it may be convenient
to use paraffinic oils (less toxic than aromatic oils), while at medium temperature for small
utilities, it is appropriate to use aromatic oils, which are stable up to 400 °C and are usually
used in the industrial heat transport sector, and at medium/high temperature, especially in
the case of large plants, molten salt mixtures (binary or ternary) are very promising due to
their high thermal stability and environmental sustainability.

Regarding the thermal storage systems, in principle, it is always preferable to adopt
the direct thermal storage option, in which the heat transfer fluid coincides with the storage
medium. For large utilities and large storage capacities, the most reliable storage option is
the commercially established two-tank system [12]. However, in view of thermal storage
cost reduction, thermocline systems are under development [13,14], potentially suitable for
doubling the density of stored energy through the use of a single tank in place of the two
used in current commercial systems.

The adoption of linear collectors using molten salts as a heat transfer fluid—especially
the so-called solar salts, a NaNO3; /KNOj3; mixture 60/40%wt—could potentially guarantee
the supply of a large part of the energy required by the high-temperature endothermic
processes since their working temperature can be as high as 550 °C; initially considered for
thermal storage only [15] or for use in tower systems [16], solar salts have also been pro-
posed as a viable heat transfer fluid for linear concentrators, both parabolic troughs [17] and
linear Fresnel concentrators [18], with the realization of prototypes and pilot plants [19,20].
High-temperature thermal storage can be realized as a two-tank system [12] or as a thermo-
cline storage [13]. Beyond solar salts, other molten salt mixtures can be theoretically applied
for providing heat to the industrial sector depending on the temperature requirements of
the industrial processes; in this regard, Figure 2 shows the operating temperatures of some
relevant industrial endothermic processes along with the operating temperature intervals
of different molten salt mixtures.

The aim of this work is to analyze, in realistic cases, the possible use of molten salt
concentrators for supplying process heat to the industry. State-of-the-art STC technology
(linear trough concentrators with a two-tank thermal) has been assumed, and four specific
case studies, strictly connected to the Italian context, have been considered in order to assess
the feasibility of the integration of existing production plants with existing STC technology
that has already been tested for electricity production. The analysis considers different
typologies of industrial processes and localizations, highlighting the technical specifications
of the selected endothermic processes (operational thermal levels, heat load profiles, the
possibility of heat recovery, etc.), the possible proposed solutions for supplying solar heat
to the processes, the estimated performance of the solar plant, and the corresponding
costs in terms of the Levelized Cost of Heat (LCOH). The results should provide useful
indications on the feasibility and on the economic viability of supplying renewable solar
heat to industrial processes via the analysis of specific and realistic cases.
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Table 2. Matching main CST technology options and heat/steam supply in industry [7].
Temperature [°C] Application Size STC Technology HTF HSM
Water/steam;
gy G s mnEe g, Ol bemodi
Process heat (<IMW) Paraffinic oil ’
Trough concretes;
PCMs
Water/steam;
Process heat Medium Fresnel/ Water/ Oilin :Zg(rg()dme
(1-10 MW) Parabolic Trough Paraffinic oil -
concretes;
PCMs
.. Oil in thermocline
mini Fresnel/ Paraffinic oil/ tanks;
MT (150-400) Process heat Small mini Parabolic .. !
Trough Aromatic oil concretes;
PCMs
Molten salt in
. Fresnel/ thermocline tank
Medium Parabolic Trough Molten salt with integrated
exchangers
QOil in
oil thermocline tank
with integrated
exchangers
Fresnel/ Tower Water Not Available
Steam production Small Fresnel Water Not Available
Molten salts in
Fresnel/ thermocline tank
Medium Parabolic Trough Molten salt with integrated
arabolic Troug
steam
generator
Oil in thermocline
Fresnel/ oil tank with
Parabolic Trough integrated steam
generator
Fresnel / Double tank with
Heat and/or steam  Medium and large Parabolic Trough / Molten salt molten salts
HT (400-600) production (5-20 MW) T & (external
ower
exchanger)
Double tank with
Large Fresnel/ oil molten salts
Parabolic Trough (external
exchanger)
Chemicals Small/
HHT (>600) . Medium/ Tower Air/gas Ceramic Materials
production

Large
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Figure 2. Temperature ranges of Industrial Process Heat Demand and molten salt mixtures [4-7,21,22].

2. Materials and Methods
2.1. Preliminary Screening

A screening of various industrial processes requiring heat at temperatures up to
550 °C—which is the output temperature of a linear molten salt collector—was initially
performed. The parameters considered in the screening were the processes” heat require-
ments, their operating temperatures, and the possibility of integrating the STC trough’s
realistic and feasible heat exchangers.

2.2. Design of Heat Exchanger

For each selected process, a suitable heat exchanger design was chosen to transfer solar
heat from molten salts to the industrial process itself. Different alternatives were considered
for the heat exchanger typology (shell/tube, spiral tube, steam generators) and for the
process fluid (air, steam, salts). Designing and sizing of heat exchangers were performed
according to the well-known procedures applied in thermal engineering [23,24]. Convective
heat transfer coefficients were obtained via Reynolds, Prandtl, and Nusselt numbers; soiling
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of the tubes was also considered to calculate the heat exchanger performance. Once we
assumed the industrial process capacity—and, consequently, the given required input
power—the sizing of the heat exchanger was performed through an iterative calculation
based on the heat transfer fluid flow, specific and global thermal exchange coefficients,
length, distance, and number of passages in the tubes and in the shell according to TEMA
(Tubular Exchanger Manufacturers” Association) design standards [25].

2.3. STC Modeling and Sizing

For the performance evaluation of the solar field, the SAM software (System Advisor
Model, version 2023.12.17) developed by the National Renewable Energy Laboratory
(NREL—USA) [26] was adopted. SAM software is a widely used and validated tool
employed for modeling and simulating renewable energy production systems, generating
both electric and/or thermal energy. The results of the present work were obtained via the
simulation procedures implemented in the software.

Parabolic troughs were selected as concentrating systems, with a molten salt inlet
temperature of 290 °C and an outlet temperature of 550 °C. The considered collector was
a “Siemens Sunfield 6”, and the receiver tube was a “Schott PTR70” (8 collectors for each
loop), as modeled in SAM software library. The thermal storage was a two-tank storage
system. Its capacity is given in working hours at the nominal power.

The system was simulated assuming that the irradiation followed a Typical Mete-
orological Year (TMY), obtained from PVGIS [27,28]. The locations of the plants were
chosen close to real production plants located in different regions of Italy to obtain realistic
simulations: different from electricity generation, process heat production must be located
close to the thermal energy user, and this limits the location choices.

The STC supplies energy to a two-tank system, which is directly connected to the
process heat exchanger. Obviously, the tank storage level depends on the energy harvested
during daytime and the energy required by the endothermic process.

The SAM model provides a yearly simulation of the plant, allowing us to obtain the
fraction fsrc (hereinafter referred to as the heat supply factor) of the heat supplied by the
STC and the total heat consumed by the process in order to evaluate the cost of the thermal
energy generated. To clarify the procedure, in Figure 3, an example of the obtained time
sequences from SAM simulations is shown relative to three consecutive summer days for a
thermal user capacity of 10 MWy,.

The Levelized Cost of Heat (LCOH) was computed considering the Capital Expen-
diture (CAPEX) and the Operating Expenses (OPEX); in the case of a solar plant, CAPEX
contribution was dominant. The calculation of CAPEX requires the estimation of plant
components costs, including the cost of their design, realization, supervision of construc-
tion, and installation; these costs were drawn from specific publications [23,29,30]. OPEX
costs can be divided in a fixed part and in a variable part depending on the production.
Fixed OPEX costs include personal, maintenance, and assurance costs; variable OPEX
costs include aging of components (and, consequently, their frequency of replacement) and
electric and thermal additional consumption when the plant is in operation. OPEX costs
were estimated relying on the SAM database. Once CAPEX and OPEX were estimated,
the LCOH was evaluated actualizing the cost of the produced energy via the real discount
factor (adjusted for inflation); for the purpose of the present work, a real discount factor of
3%/year was hypothesized.

In this study, a parametric analysis of LCOH and fsr¢ varying the solar field size and
the storage capacity was performed. For each application, a set of selected values of realistic
storage capacities was studied (0, 2, 6, 12, and 15 h), and for each capacity, the optimal size
of the solar field (i.e., the size that minimizes the LCOH) was computed under the condition
of having an integer number of collector loops. Therefore, five possible configurations were
obtained and discussed for each application.
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Cost parameters used for the estimation of the LCOH are shown in Table 3.
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Figure 3. Time sequences in three consecutive summer days (2—4 July) for the Trapani site of (a) Direct
Normal Irradiance, power absorbed by the collector and the collected power; (b) power collected,
transferred to the process, transferred to the storage, and transferred from the storage to the process.
The storage level is also shown. The associated industrial process requires 10 MWy,, and the storage
size is 6 h.
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Table 3. Cost parameters for the estimation of the CAPEX, OPEX, and LCOH.

CAPEX Value
Solar field—pre-COVID-19, Standard (Scenario A) 200 €/m?
Solar field—pre-COVID-19, Best (Scenario B) 150 € /m?
Solar field—Present, Standard (Scenario C) 260 €/m?
Solar Salts—pre-COVID-19 (Scenario A and B) 1.09 €/kg
Solar Salts—Present (Scenario C) 120 €/kg
Structural works 9% of CAPEX
Piping 6% of CAPEX
Terrain 2% of CAPEX
Electromechanical works 14% of CAPEX
Project and supervision 10% of CAPEX
Instrumentation and control 7% of CAPEX
Local services 2% of CAPEX
Contingency 10% of CAPEX
OPEX

Fixed OPEX 1.5% of CAPEX
Variable OPEX 1.0 €/MWhy,
Plant life parameters

Plant life 30 years

Discount rate (real)

3%/ year
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It is worth noticing that the cost estimation of the solar field was conducted considering
three different scenarios: Scenario A was aligned with data in the literature [30], while
Scenario B was obtained from Scenario A considering benefits from learning rate and scale
effects; however, corresponding cost results were both based on pre-COVID-19 experiences
and evaluations before the subsequent inflation and economic turbulences. To obtain a
more realistic cost assessment, an additional scenario (Scenario C) was here considered,
updating the cost results of Scenario A to the present on the basis of chemical plant cost
indices (CEPCI) [31]. Therefore, for each considered process, three LCOH values were
computed corresponding to the three analyzed scenarios; this allowed us to consider a
variety of possible evolutions of the market, from a favorable one (Scenario B, with a
return to pre-COVID-19 stability and cost reduction by scale economy) to an unfavorable
scenario (Scenario C).

The CAPEX for the storage and the heat exchangers was assessed on a case-by-
case approach.

3. Results
3.1. Selected Processes

Four industrial processes were selected, representative of the Italian industrial sector:

1. Drywall production. The production of drywall from chalk mineral proceeds in
two phases. Step 1: starting from chalk mineral (CaSOy - H,O), the material must
be grinded and cooked to obtain an almost complete conversion to the 3-CaSO
phase (90%) and to lose 75% of the inlet water. This procedure is performed in
a mill (Figure 4), where the chalk is heated by an air flux entering at 450 °C and
exiting at 170 °C. Step 2: the material is then mixed with water and additives and
deposed between cardboard sheets; then, it must be dried with a flux of air at 280 °C.
Table 4 shows the hypotheses here formulated on the production process along with
the thermal power required by the two phases, assuming a plant production of
150,000 tons/year of drywall.

2. Spray drying of ceramics. In the production of ceramic tiles, the wet material (slip)
is usually prepared in a spray dryer that causes the immediate evaporation of the
water obtaining the ceramic powder. The drying is performed by a strong air flux
entering the dryer at 500 °C. The plant scheme—already integrated with an STC—is
represented in Figure 5. Table 5 shows the hypotheses here formulated on the produc-
tion process along with the thermal power required for a plant with a production of
140,000 tons/year of ceramic powder.

3. Visbreaking. Visbreaking is, in general terms, a cracking process of heavy oils to
increase the fraction of more valuable products, such as diesel. A possible process
scheme is illustrated in Figure 6. Heavy oils are heated and then transferred to a
soaker where the chemical reactions take place; the reaction products are subsequently
transferred to a distillation column, where valuable sub-products are recovered. Work-
ing temperatures are in the range of 420-500 °C. It is worth noticing that the feeding
of a visbreaker can be extremely variable since heavy oils can have a wide range of
viscosities, compositions, and sulfur content. The main parameters of the process here
considered are summarized in Table 6 (the assumed annual production capacity is
850,000 tons/year of processed oil).

4.  Deodorization of oils for food industry. Oils used in the food industry can have
unpleasant odors due to traces of volatile substances, such as aldehydes, ketones,
terpenes, and others. Deodorization can be accomplished with the use of superheated
steam that passes through a previously de-aerated oil in an evacuated column. A
conceptual scheme of the plant is shown in Figure 7. The plant is fed by two steam
fluxes, one at 450 °C for the oil heating and one at 160 °C that is used in the evacuated
column. The main parameters of the process here considered are summarized in
Table 7, assuming a production capacity of 300,000 tons/year.
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Figure 4. A conceptual scheme of a plant for the spray drying of chalk and drywall production.

Table 4. Operating characteristics and production capacity of a typical plant for drywall production.

Step 1: 3-Chalk Production Value

Operating mode Continuous (24 h)

Inlet material Dihydrate chalk

Inlet material quantity 153,000 tons/year

Initial temperature 25°C
Outlet material -chalk (90%) + «-chalk (10%), hemihydrate

Outlet material quantity 129,000 tons/year

Outlet material temperature 170 °C
Thermal power required 2525 kWi,

Step 2: drywall dehydration

Operating mode
Inlet material
Inlet material quantity
Initial temperature

Outlet material

Outlet material quantity
Outlet material temperature

Thermal power required

Continuous (24 h)

Hemihydrate chalk + water + additives

196,000 tons/year
25°C
Drywall
150,000 tons/year
110 °C
4877 kWi,

e mmm—

Solar Field i

Molten Salt
Hot Tank
550°C

Spray dryer

Dried powder

—|
Separator
Cyclone 1

Scrubber

Figure 5. A conceptual scheme of a plant for the spray drying of ceramics. Beside the spray dryer, the
scheme also shows additional elements (a cyclone separator and a scrubber, which cleans the exiting

air flux from residual powder).
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Table 5. The operating characteristics and production capacity of a typical plant for the spray drying

of ceramics.
Parameter Value
Operating mode Continuous (24 h)
Inlet material Slip (wet ceramic powder)
Inlet material quantity 205,000 tons/year
Initial temperature 25°C
Outlet material Ceramic powder (+5% water)
Outlet material quantity 140,000 tons/year
Outlet material temperature 65 °C
Thermal power required 8713 kWy,
cST Visbreaking
fed by CST

Gas

Naphtha

1
1
[
1
[
1
1
1
1
1
1
[
: Discharge
1
1
1
1
1
[
1
L

Light diesel

Pre-heating Exchanger

salt/diesel

— Heavy oil

Figure 6. A conceptual scheme of a plant for the visbreaking of heavy oils.

Table 6. The operating characteristics and production capacity of a typical plant for visbreaking.

Parameter Value

Operating mode Continuous (24 h)

Inlet Heavy oil

Material quantity to be processed 85,000 tons/year

Initial temperature 25°C
Outlet material Light Diesel, Naphtha, Heavy oil
Outlet material temperature 450 °C
Thermal power required 18,000 kW,

Table 7. The operating characteristics and production capacity of a typical plant for the deodorization

of oils.
Parameter Value
Operating mode Continuous (24 h)
Inlet material Vegetal oil
Material quantity to be processed 300,000 tons/year
Initial temperature 70°C
Outlet material Deodorized vegetal oil
Outlet material temperature 25°C

Thermal power required 1500 kWy,
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Figure 7. A conceptual scheme of a plant for the deodorization of oils.

3.2. Heat Exchangers

For each considered process, a suitable heat exchanger design along with the associated

heat transfer fluid was selected. The selected solutions are reported below.

1.

Drywall production. The process requires air fluxes at high temperature. For this
reason, the most suitable choice for matching the process with the solar plant is a
salt/air heat exchanger. A tube/shell heat exchanger design has poor performance for
this specific application since the air flux per surface unit is limited and the turbulence
is low, resulting in limited heat transfer coefficient. Thus, finned tube heat exchangers,
invested by a transversal air flux, were here selected as suitable option.

Spray drying of ceramics. As in the previous case, hot air is the process fluid; therefore,
a salt/air finned tube heat exchanger was selected for this specific application.
Visbreaking. In this case, the process fluid is heavy oil. Thus, a direct salt/oil heat
exchanger was here chosen, eliminating the need for an intermediate heat transfer
fluid. Two heat exchanger designs were initially evaluated: a tube-and-shell and a
spiral type. In the spiral design, one fluid flows within a helical chamber, while the
other flows in the remaining space. The second design is more complex but can be
advantageous due to the high viscosity of the heavy oil. Preliminary studies showed,
in fact, an advantage of this second option in terms of costs. Therefore, a spiral heat
exchanger was chosen.

Deodorization of oils for food industry. In this case, water steam is required by the
process; thus, a steam generator fed by molten salts was selected as the reference
option for the heat exchanger. Particularly, two steam generators can be used: one
producing low-pressure steam to be directly injected into the oil and the other one
generating high-pressure steam for the pre-heating step.

Table 8 shows the characteristics of the heat exchangers proposed.
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Table 8. Heat exchanger characteristics (thermal power supplied by molten salts was calculated

considering heat exchanger efficiencies).

Parameter ]()s?;:all)l ](DSrt}:l,;Iall)l Spray Drying Visbreaking Deoc}tl))r - ol Deoti(z))r - Oil
Integration on Process level ~ Process level Process level Process level Supply level Process level
Thermal fluid Air Air Air Heavy oil (Hig}?tgigsure) (Lov»fs;igsure)
isﬁégﬁi re (°C) 450 280 500 540 450 160
g‘ﬁfetrg;ﬂfe o 170 100 100 150 80 80
g&;{;ﬁ;ﬁ;ﬁﬂ (We) 2945 6985 9953 18,500 1730 4060

3.3. Integration with STC
As mentioned in the previous paragraphs, the design and the sizing of the solar

plant to be coupled with each of the four described processes was performed by repeated

simulations to obtain a parametric analysis of different configurations.

1. Drywall production. The selected location for drywall production is the city of
Trapani (Italy), where an important plant for chalk production is operative. The
analysis results are shown in Table 9, where the values of the LCOH are given at
the estimated cost for the solar field in the three scenarios (200, 150, and 260 €/m?,
respectively). It is worth noting that the cost increases with the heat supply factor
fstc, but the increase is quite moderate (a 15-20% increase in the LCOH corresponds
to a more than triplicated f¢rc).

2. Spray drying of ceramics. In this specific case, the city of Modena was selected as
the reference location since more than 80% of ceramic tiles production in Italy is
concentrated in this region. The analysis results are shown in Table 10. Unfortunately,
the irradiation of this area is quite limited, and this negatively impacts the cost of
the produced energy, which is about 50% higher than in the previous example (the
available DNI at Trapani is about 30% higher than the available DNI at Modena).

3. Visbreaking. The town of Gela in Sicily was selected as the reference location since
Gela is a relevant site for oil refining industry. The analysis results are shown in
Table 11. Among the proposed case studies, Gela is the location with the highest
irradiation, and this favorably impacts the cost of the thermal energy produced by the
solar plants.

4. Deodorization of oils for food industry. Here, the selected location is the city of
Brindisi, an important center for olive oil production. The analysis results are shown
in Table 12. Despite the good solar irradiation in the south of Apulia, the calculated
LCOH is higher than the ones obtained for Gela or Trapani due to the smaller size of
the plant.

Table 9. LCOH for drywall production (location: Trapani, Sicily).

Parameter Case 1 Case 2 Case 3 Case 4 Case 5
Area of collectors (mz) 17,440 26,160 39,240 52,320 56,680
Thermal storage (h) 0 2 6 12 15
Thermal energy production (MWhy, /year) 11,387 16,870 25,018 33,460 36,172
Heat supply factor, fsrc 0.130 0.193 0.286 0.382 0.413
LCOH (c€/kWhy,)—Scenario A 5.53 591 6.17 6.34 6.46
LCOH (c€/kWhy,)—Scenario B 4.26 4.63 4.87 5.05 5.16
LCOH (c€/kWhy,)—Scenario C 7.09 7.58 7.88 8.08 8.21
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Table 10. LCOH for spray drying of ceramics (location: Modena, Emilia-Romagna).
Parameter Case 1 Case 2 Case 3 Case 4 Case 5
Area of collectors (m?2) 17,440 30,520 43,600 61,040 65,400
Thermal storage (h) 0 2 6 12 15
Thermal energy production (MWhy, /year) 7218 12,304 17,381 24,214 25,781
Heat supply factor, fsrc 0.082 0.140 0.198 0.276 0.294
LCOH (c€/kWhy,)—Scenario A 8.59 9.21 9.64 9.91 10.12
LCOH (c€/kWhy,)—Scenario B 6.60 7.16 7.57 7.82 8.03
LCOH (c€/kWhy,)—Scenario C 11.04 11.83 12.35 12.66 12.92
Table 11. LCOH for visbreaking (location: Gela, Sicily).
Parameter Case 1 Case 2 Case 3 Case 4 Case 5
Area of collectors (m?2) 34,880 52,320 69,760 100,280 104,640
Thermal storage (h) 0 2 6 12 15
Thermal energy production (MWhy, /year) 24,130 37,161 49,768 70,925 74,246
Heat supply factor, fsrc 0.149 0.229 0.307 0.438 0.458
LCOH (c€/kWhy,)—Scenario A 5.35 5.34 5.49 5.62 5.71
LCOH (c€/kWhy,)—Scenario B 4.16 4.18 4.34 4.46 4.55
LCOH (c€/kWhy,)—Scenario C 6.88 6.85 6.94 7.01 7.16
Table 12. LCOH for deodorization of oils (location: Brindisi, Apulia).
Parameter Case 1 Case 2 Case 3 Case 4 Case 5
Area of collectors (m?2) 13,080 17,440 21,800 30,520 34,880
Thermal storage (h) 0 2 6 12 15
Thermal energy production (MWhy, /year) 7711 10,150 12,773 17,847 20,122
Heat supply factor, fsrc 0.152 0.200 0.251 0.351 0.396
LCOH (c€/kWhy,)—Scenario A 6.77 7.18 7.45 7.52 7.63
LCOH (c€/kWhy,)—Scenario B 5.37 5.76 6.04 6.11 6.20
LCOH (c€/kWhy,)—Scenario C 8.45 9.03 9.38 9.49 9.63

4. Discussion

The calculated LCOH for the considered industrial processes substantially comprises
the range 5-7 c€/kWhy, in the pre-COVID-19 era, with the cost strictly depending on the
site-available irradiation: the highest cost is associated with the spray drying of ceramics,
where an LCOH around 7-10 c€ /kWhy, was obtained since the irradiation available at the
site of Modena is significantly lower than the irradiation of the other three sites. Similarly,
even considering the less favorable scenario (Scenario C), the LCOH varies from 7 to
10 c€/kWhy, for all sites, except for the process located in Modena (11-13 c€/kWhy,). The
LCOH almost invariably increases with the storage capacity—and, consequently, with the
heat supply factor fsrc—if the optimal size of the solar field is selected for each storage
capacity considered. However, the fstc for a plant without thermal storage is quite low,
ranging from 0.082 to 0.152; only by accepting an extra cost for the energy produced on
demand, a significant contribution from the solar source can be obtained. However, this
extra cost is quite limited; considering the two extreme cases with no storage and with the
longer storage duration (15 h), an extra cost between 7% and 17% is associated with an
increase in heat supply cost fsrc of a factor of 2.5-3.5.

The components that contribute to the LCOH are shown in Figure 8. The CAPEX costs
are dominant with respect to the OPEX, and the largest share of the cost is attributable
to the solar field (around 25%); this means that progress in solar field manufacturing and
components’ quality/lifetime can have a strong impact on the final LCOH. The contribution
of the thermal storage to the LCOH is quite limited (less than 5%, including molten salts).
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Figure 8. The contribution of the different cost items to the LCOH (thermal storage of 6 h): (a) drywall
production; (b) the spray drying of ceramics; (c) visbreaking; and (d) the deodorization of oil.

It is worth noting that the costs considered as benchmark in this paper (Scenario A)
are well aligned with the literature data referring to the pre-COVID-19 period. On the basis
of chemical plant cost indices [31] (Scenario C), an average increase in the LCOH of about
27% with respect to the Scenario A was obtained.

5. Conclusions

In this paper, the possible use of solar linear concentrators using molten salts as an HTF
for supplying thermal energy to specific industrial processes at medium /high-temperature
levels (up to 550 °C) was analyzed. Four industrial processes, representative of the Italian
industrial context, were considered as case studies (drywall production, ceramic spray
drying, visbreaking, and oil deodorization). For each selected process, a tailored solution
for coupling the industrial process itself and the solar plant was conceived, sizing the solar
field and the thermal storage unit and arriving at the assessment of the LCOH.

The analysis shows that in the case of a 15 h storage capacity, the generated solar heat
covers up to 40% of the process energy demand, depending on the specific localization of
the industrial site, which obviously must be installed close to the solar plant. The cost of
the heat was evaluated in three different scenarios, from a favorable one (with a return to
pre-COVID-19 stability and cost reduction by scale economy) to an unfavorable scenario
(with updated costs affected by the recent inflation wave). Considering cost data from
the literature, associated with the pre-COVID-19 era, an LCOH comprising the range
5-10 c€/kWhy, was obtained for all the cases studied, while taking into account more
updated costs, the calculated LCOH varies from 7 to 13 c€/kWhy,. The highest cost was
the ceramic spray drying located in Modena, where the available irradiation is significantly
lower than the irradiation on the other three sites (Gela, Brindisi, and Trapani).

It should be noted that Modena can be considered as a limit case. Indeed, the applica-
tion of STC technology, as far as electric energy production is concerned, is economically
viable only in the presence of a high DNI and is usually recommended for southern loca-
tions. However, since process heat must be supplied at the production site, it is interesting
to explore the possibility of supplying the process heat in non-optimal locations (e.g., in
the northern part of Italy, which is the most industrialized part of the country). Clearly,



Energies 2024, 17, 4541 16 of 17

for even more northern locations (such as northern Europe), the use of STC cannot be a
viable solution.

Furthermore, from the present analysis, the LCOH referring to systems with a thermal
storage of 15 h is 7-17% higher than systems without storage, depending on the specific
applications. This moderate increase in the LCOH corresponds to a more relevant increase
in the heat supply factor (by a factor of 2.5-3.5). The cost item with the highest impact
on the LCOH appears to be the solar field (25-35%), while the cost of thermal storage
(supply only) is lower than 5%. This means that progress in solar field manufacturing and
components’ quality/lifetime can have a strong impact on the final LCOH.
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