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Abstract. Concentrated Solar Thermal (CST) has been addressed as a promising technology 
for industrial heat decarbonization; however, its use is still limited to low-medium temperature 
processes (50-250°C). The following analysis explores its feasibility at high temperature em-
ploying a parabolic trough solar field with a direct two-tank storage configuration using molten 
salts both as heat transfer fluid and storage medium, to provide a constant 10 MWTH power to 
heat up a process fluid to 500°C. Through an economic optimization, various levels of process 
decarbonization are examined, also including CST hybridization with resistive electric heating 
powered by photovoltaic and wind energy generation and computing CO2 emissions on a life 
cycle assessment (LCA) basis. The results indicate that CST is a viable alternative to direct 
electrification up to 30-50% process decarbonization, while hybrid systems show potential to 
reduce costs up to 40% at high decarbonization levels. Moreover, although achieving 100% 
process decarbonization remains still unfeasible, decarbonization levels up to 80-95% appear 
economically viable when considering up-to-date costs and the forecasted carbon tax. 
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1. Introduction

According to the International Energy Agency (IEA), industrial heat constitutes approximately 
two thirds of industrial energy demand and nearly one fifth of global energy consumption [1]. 
Decarbonizing this sector poses a formidable challenge due to the intricate and heterogeneous 
nature of industrial processes: their diverse temperature requirements, their necessity for on-
site heat generation and their unique features often demand tailor-made solutions [2]. In the 
European Union, the drive towards decarbonization is supported by the Emission Trading Sys-
tem, which currently includes most industrial sectors and plans to eliminate emission allow-
ances by 2034, thus accelerating research and industry efforts toward fully renewable systems 
[3]. Among the wide spectrum of renewable technologies, Concentrated Solar Thermal (CST) 
has gathered interest due to its decreasing costs, wide temperature range and higher solar-to-
heat conversion efficiency, which can halve the land occupation compared to electric heating 
sustained by photovoltaic technology given the same thermal power output [2] [4]. Despite a 
significant 45% reduction in costs and increased annual installations between 2010 and 2020 
[5], CST is still largely limited to low-medium temperature processes (50-250°C) using pres-
surized water, steam, or diathermic oil as Heat Transfer Fluids (HTFs) [2]. The slow adoption 
of CST in industry can be attributed to high upfront costs, low fuel prices in some regions, 
perceived risks, and an underdeveloped supply chain. Addressing these challenges will require 
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innovative financial mechanisms, strong policy support, and technological advancements to 
improve efficiency and reduce CST system costs [2]. 

The objective of this study is to investigate the pathways for decarbonizing a generic in-
dustrial process that operates at medium-high temperature with a constant thermal demand of 
10 MWTH, required to heat up the process fluid to 500°C. Typical processes with similar tem-
perature levels and thermal demands include: glass annealing (500-600°C, 4-6 MWTH), which 
accounts for 20% of the energy required for glass production; ceramic spray drying (450-
600°C, 2-4 MWTH), which constitutes 40% of the energy required for ceramic production; and 
refinery visbreaking oil cracking (450-550°C, 10-15 MWTH) [6]. The analysis employs a para-
bolic trough solar field with a direct two-tank storage configuration using molten salts both as 
heat transfer fluid (HTF) and storage medium, considering also the hybridization with resistive 
electric heating sustained by photovoltaic (PV) and wind power generation. An economic opti-
mization is conducted to determine the hybrid system’s optimal installed capacities under var-
ious levels of imposed renewable penetration, benchmarking against a natural gas base case 
and computing the Levelized Cost of Heat (LCOH), the CO2 avoidance rate and the Cost of 
CO2 Avoided (CCA) considering CO2 emissions on LCA basis. 

2. System Modelling 

The developed MILP (Mixed Integer Linear Programming) model is based on a year-long sim-
ulation with hourly resolution carried out in GAMS using the CPLEX solver, as depicted in 
Figure 1. The model optimizes both system sizing and plant operation, minimizing the LCOH 
and having as inputs the techno-economic assumptions, the heat load, the imposed renewable 
penetration (RP) and the hourly energy generation profiles of PV, wind and CST. The latter 
are assumed to scale linearly at growing installed capacity, which is a continuous variable in 
the model (PCST, PPV and PWT).  

Figure 1. High-level scheme of the optimization logic (optimization variables in red). 

The chosen location for the analysis is southern Italy (Taranto, 40.5° N, 17.3° E). The PV 
generation and weather data for CST are taken from PVGIS [7] using SARAH2 database, while 
wind generation is taken from [8] using MERRA-2 database. The main parameters of PV and 
wind generation in the chosen site are reported in Table 1. 

Table 1. Main parameters of PV and wind generation in the chosen site. 

The hybrid system has to heat up the process fluid to a temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 as illustrated in 

Figure 2. The pinch-point of the heat exchanger between process fluid and molten salts is 

 

Parameter Value Parameter Value 
]/y2kWh/m[ Annual DNI 1972 PV / Wind Reference Capacity 2000 kW 

PV Tilt (optimized) 35° Average Wind Speed 4 m/s 
PV Azimuth (optimized) -3° Wind Turbine Vestas v90 2000 

PV System Loss 15% Hub Height 80 m 
PV DC Capacity Factor 16.4% Wind Capacity Factor 33.4% 
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assumed on the hot side and equal to 10°C, meaning that the solar field outlet temperature 
𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆  will be higher than 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and equal to 510°C. The solar field inlet temperature 𝑇𝑇𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆 depends 
on the process fluid inlet temperature 𝑇𝑇𝑖𝑖𝑖𝑖

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and is assumed equal to 400°C, though this will 
be subject to a sensitivity analysis. The CST generation is computed using the SAM tool [9], 
whose main parameters are reported in Table 2: the design power is set to a medium-high 
value in order to obtain more representative results; the design DNI is selected considering a 
90% value of the DNI cumulative distribution function [10]; and no storage is considered. Two 
different collector orientations are analyzed, north-south (N-S) and east-west (E-W), to explore 
the trade-off between a higher annual generation and a lower but more distributed one. 

Table 2. Main parameters for SAM. 

2.1. MILP Modelling and Renewable Penetration Definition 

The system optimization block scheme, depicted in Figure 2, presents the following features: 

• Each hour, renewable thermal energy is generated either by CST or by PV and wind 
through an electric heater, and is supplied either directly to meet the process thermal de-
mand or indirectly to charge the thermal energy storage (TES); in case of a shortage, the 
back-up natural gas boiler covers the residual load heating up molten salts coming from 
the cold tank (𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). The system is also connected to the electric grid, which however can 
only provide electricity to the system auxiliaries (solar field pump, freeze protection and 
tracking systems, 𝐸𝐸𝑆𝑆𝑆𝑆) and to the hot tank electric resistance to compensate for thermal 
losses and maintain its temperature constant (𝐸𝐸𝐻𝐻𝐻𝐻,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙); the cold tank thermal losses are 
covered by injecting hot HTF from the hot tank (𝑄𝑄𝐶𝐶𝐶𝐶,𝑡𝑡ℎ). Excess thermal or electric genera-
tion can be dumped via defocusing (𝑄𝑄𝑆𝑆𝑆𝑆,𝑑𝑑𝑑𝑑𝑑𝑑) or curtailment (𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). 

Figure 2. Hybrid system optimization block scheme (optimization variables in red). 

Parameter Value Parameter Value 
Collector Type EuroTrough ET-100 Min Loop Flowrate 1.75 kg/s [11] 
Receiver Type  Schott PTR70 (2008) Max Loop Flowrate 12 kg/s [11] 

𝑇𝑇𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆 400°C HTF Hitec Solar Salt 
𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆  510°C n° SCAs per loop 4 
𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 250°C Collector Azimuth 0° (N-S) – 90° (E-W) 

Design DNI  2W/m 830 N-S Capacity Factor 15.06% 
Design Power THMW 35 E-W Capacity Factor 13.04% 
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• Piping and thermal losses between TES and the heat user are neglected: each light-red or 
light-blue segment has the same temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆  or 𝑇𝑇𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆, respectively.  

• During operation with low DNI, the solar field outlet temperature will be lower than the 
design value due to the minimum loop flowrate constraint. Assuming that only thermal 
power at the design temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆  can be accepted by the heat user, the optimization 
software can choose whether to discard the CST production in that hour (𝑄𝑄𝑆𝑆𝑆𝑆,𝑛𝑛𝑛𝑛𝑛𝑛) or to up-
grade it to the design 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆  using either renewable electricity or natural gas. 

• Each TES tank is computed with a 0-D model, considering a uniform temperature across 
the tank volume. Thermal losses are computed following the SAM approach [9] as shown 
in Eq.  (1), where 𝑈𝑈𝑡𝑡𝑡𝑡𝑡𝑡 is the global heat transfer coefficient and 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 is the tank surface 
area. The tank size is optimized keeping a fixed aspect ratio (H/D). Although large-scale 
molten salt tanks adopt aspect ratios lower than 0.4 due to maximum height constraints 
[12], being at small-medium scale a value equal to 1 has been considered. 

 𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑈𝑈𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 ∙ (𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎) (1) 

• Auxiliary battery energy storage systems (BESS, Li-ion) can be installed to help the system 
achieve an RP equal to 100%, reducing the oversizing of the renewable capacity. The 
BESS can provide electricity just for the system auxiliaries and the hot tank electric re-
sistance. 

• The initial state of charge (SoC) of both TES and BESS systems is an optimization variable; 
a yearly constraint imposes equality between initial and final SoC. 

To decarbonize such system, both natural gas and grid electricity use have to be limited. 
Considering that more than 80% of the system electrical demand is converted into thermal 
energy by the hot tank resistance and by the solar field freeze protection system, a tailored 
definition of RP has been developed converting the electric consumption to an equivalent ther-
mal consumption using a reference electric-to-thermal efficiency 𝜂𝜂𝑒𝑒𝑒𝑒−𝑡𝑡ℎ equal to 0.99. As 
shown in Eq. (2), since the annual renewable thermal energy provided to the user (𝑄𝑄𝑡𝑡ℎ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  

𝑟𝑟𝑟𝑟𝑟𝑟 ) is 
partially produced employing non-renewable electricity from the grid (𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑛𝑛−𝑟𝑟𝑟𝑟𝑟𝑟) for system aux-
iliaries, as a penalty the net renewable thermal energy provided to the user (𝑄𝑄𝑡𝑡ℎ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 

𝑟𝑟𝑟𝑟𝑟𝑟,𝑛𝑛𝑛𝑛𝑛𝑛 ) is consid-
ered equal to their difference. As a result, RP is the ratio between 𝑄𝑄𝑡𝑡ℎ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 

𝑟𝑟𝑟𝑟𝑟𝑟,𝑛𝑛𝑛𝑛𝑛𝑛  and the annual 
thermal energy required by the user (𝑄𝑄𝑡𝑡ℎ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙), where 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑛𝑛−𝑟𝑟𝑟𝑟𝑟𝑟 can be found considering the total 
electricity taken from the grid (𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) and assuming a renewable penetration in the grid (𝜓𝜓𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) 
equal to 50%. 

 𝑅𝑅𝑅𝑅 =
𝑄𝑄𝑡𝑡ℎ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 
𝑟𝑟𝑟𝑟𝑟𝑟,𝑛𝑛𝑛𝑛𝑛𝑛

𝑄𝑄𝑡𝑡ℎ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
=

𝑄𝑄𝑡𝑡ℎ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 
𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝑛𝑛𝑛𝑛𝑛𝑛−𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝜂𝜂𝑒𝑒𝑒𝑒−𝑡𝑡ℎ
𝑄𝑄𝑡𝑡ℎ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

=  𝑄𝑄𝑡𝑡ℎ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 
𝑟𝑟𝑟𝑟𝑟𝑟 − �1 − 𝜓𝜓𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔�∙ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∙ 𝜂𝜂𝑒𝑒𝑒𝑒−𝑡𝑡ℎ

𝑄𝑄𝑡𝑡ℎ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
 (2) 

2.2 Objective Function and Techno-Economic Assumptions 

The objective function of the optimization problem is the minimization of the LCOH for each 
given RP, identifying the optimal renewable installed capacities (PCST, PPV and PWT), TES ca-
pacity (hTES), BESS capacity (hBESS) and gas boiler and electric heater capacities (GBcap, 
EHcap). The LCOH is computed using Eq. (3), where CAPEXi, CCFi, fOPEX,i are the installed 
cost, the carrying charge factor and the annual fixed cost of the i-th component, while vOPEX 
accounts for the annual variable operating costs (natural gas, electricity). CCFi is computed 
considering the component lifetime (LFi) and a weighted average cost of capital (WACC) equal 
to 8% as shown in Eq. (4).  

 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  ∑  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖  + ∑  𝑓𝑓𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂,𝑖𝑖 𝑖𝑖 + 𝑣𝑣𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂
𝑄𝑄𝑡𝑡ℎ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

 (3) 

 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 =  𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 ∙ (1+𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊)𝐿𝐿𝐿𝐿𝑖𝑖
(1+𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊)𝐿𝐿𝐿𝐿𝑖𝑖  − 1

 (4) 
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The main techno-economic and environmental assumptions are reported in Table 3. All 
components are assumed to have a 25-year lifetime except the BESS, for which a 10-year 
lifetime and 3 substitutions are considered. All specific costs already consider installation, con-
tingencies and indirect costs. The TES cost is taken from SAM (2023) [9] and then adjusted 
proportionally to the actual ∆𝑇𝑇 between hot and cold tanks following the analysis of Glatzmaier 
et al. [13]. The cost of the molten salts-heat user heat exchanger is assumed negligible. The 
natural gas specific CO2 emissions (𝑒𝑒𝐶𝐶𝐶𝐶2,𝐺𝐺𝐺𝐺) consider also a 0.5% methane leak in the distribu-
tion infrastructure, while the grid electricity specific CO2 emissions (𝑒𝑒𝐶𝐶𝐶𝐶2,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔), assumed equal 
to 200 kgCO2/kWhel, are representative of a country having the aforementioned renewable pen-
etration (50% average).  

Table 3. Main technical, economic and environmental assumptions. 

Parameter Value Ref Parameter Value Ref 

The natural gas base case is represented by RP equal to 0, where molten salts are heated 
using only the 10 MWTH NG boiler. The CO2 avoidance rate is computed from the ratio between 
the avoided and the base case annual CO2 emissions. The Cost of CO2 Avoided (CCA), de-
fined in Eq. (5), is computed as the ratio between the annual cost and the CO2 emission differ-
entials between hybrid and base case. ∆𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 is the cost differential of the i-th technology, 
∆𝐶𝐶𝐸𝐸𝐸𝐸

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 and ∆𝐶𝐶𝐺𝐺𝐺𝐺
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 are the cost differentials of electricity and natural gas consump-

tions, while 𝑒𝑒𝐶𝐶𝐶𝐶2𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 and  𝑒𝑒𝐶𝐶𝐶𝐶2
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 are the specific CO2 emissions of the base and hybrid cases. 

 𝐶𝐶𝐶𝐶𝐶𝐶 =  
∑ 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 ∙ ∆𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + ∆𝐶𝐶𝐸𝐸𝐸𝐸
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + ∆𝐶𝐶𝐺𝐺𝐺𝐺

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖

�𝑒𝑒𝐶𝐶𝐶𝐶2
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝑒𝑒𝐶𝐶𝐶𝐶2

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻� ∙ 𝑄𝑄𝑡𝑡ℎ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
 (5) 

Considering CO2 emissions on LCA basis, the CO2 avoidance rate considers not only the 
direct emissions associated with NG combustion, but also the indirect ones associated to me-
thane leakage, to grid electricity generation and delivery and to the embedded carbon in re-
newable energy technologies, while CCA just considers direct and grid electricity emissions.  

Technical 
LHVNG [MJ/kg] 48  Tank H/D Ratio [-] 1  

]-[ th,gas boilerη 0.90 [14] ]-[ discharge-chargeηBESS  0.97  
]-[ / resistance th, heater-elη 0.99  ]1-[h discharge-selfηBESS  4-10  
]K2 W/m[ Utot Tank 0.4  [h] ischarged-chargetBESS  3  

Economic 
[1/y]25 Years CCF 0.094  TES Cost ∆𝑇𝑇=265°C [€/kWh] 20.7 [9] 
[1/y]30 Years (BESS) CCF 0.089  ]CAPEX%[OPEX,MS TES f 2 %  

]DCPV Cost [€/kW 700 [15] BESS Cost [€/kWh] 250 [15] 
]CAPEX%[OPEX,PV f % 2 [15] ]CAPEX%[OPEX,BESS f 2.5 % [16] 

Wind Cost [€/kW] 1400 [15] ]THNG Boiler Cost [€/KW 82 [14] 
]CAPEX%[OPEX,Wind f 3 % [15] ]CAPEX%[OPEX,NG Boiler f 2.5 %  
]2CST Cost [€/m 250 [9] ]THEL Heater Cost [€/KW 50 [17] 
]CAPEX%[OPEX,CST f 2.5 %  ]CAPEX%[OPEX,EL Heater f 1 %  

TES Cost ∆𝑇𝑇=110°C [€/kWh] 50.0 [9] ]LHVNG Cost [€/MWh 40 [18] 
TES Cost ∆𝑇𝑇=210°C [€/kWh] 26.1 [9] ]elElectricity Cost [€/MWh 160 [19] 

Environmental 
ψgrid [-] 0.5  /kW]CO2,eq [kg WindLCA 557  

eCO2,GN]NG/MWhCO2,eq kg[  213  ]2/mCO2,eq [kg Solar FieldLCA 145  
eCO2,grid]EL/MWhCO2,eq kg[  200  ]3/mCO2,eq [kg TESLCA 1260  

/kW]CO2,eq [kg PVLCA 600  /kWh]CO2,eq [kg BESSLCA 70  
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3. Results 

Four different cases are analyzed and the LCOH cost breakdown, the CO2 avoidance rate and 
the CCA are shown in Figure 3. Due to the electricity demand required for the solar field aux-
iliaries, the CST case is limited to RPs lower than 90% and exhibits a very steep gradient 
already at RP=60%, highlighting the drawbacks of relying just on one technology. Given the 
current set of assumptions, CST is more advantageous than PV due to its lower specific cost 
(443 versus 700 €/kWpeak). However, in the CST+PV case, CST is outperformed by PV at 
medium-high RP due to its lower seasonal capacity factor and availability during winter, which 
are key factors in determining the storage capacity and renewable overcapacity to be installed. 
On the contrary, the decorrelated CST and wind hourly generation leads to significant improve-
ment in terms of LCOH, since the overnight wind electricity generation favors CST adoption, 
which is cheaper than PV, covering CST solar field auxiliaries and delaying BESS adoption to 
higher RPs. The CST+PV+WT case shows the lowest LCOH for RPs between 80% and 100%, 
where the CST capacity greatly reduces due to the aforementioned reason.  

Figure 3. LCOH cost breakdown, CO2 avoidance rate and Cost of CO2 Avoided for each RP consider-
ing CST only and CST hybridization with PV and Wind. The black dashed line, directly proportional to 

RP, is not linear between 90% and 100% RP due to the x-axis step variation.  

The black and green dashed lines in Figure 3 represent the direct and actual CO2 avoid-
ance rate, respectively, where the latter accounts also for LCA emissions. Despite achieving a 
100% renewable system in energy terms, the embedded CO2 associated with renewable en-
ergy technologies leads to decarbonization rates of up to 90%. The short-term ETS carbon 
price forecasts range between 100 and 150 €/tCO2 [20], which, if compared with the red dashed 
lines showing the CCA, make renewable heat generation competitive up to an RP of 80-90% 
for CST+WT and CST+PV+WT cases in the current techno-economic framework. The installed 
capacities for each case are shown in Figure 4, where the colored symbol on top of each 
stacked column represents the optimized collector orientation. 
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Figure 4. Installed capacities, solar field orientation, curtailed energy fraction (thermal + electric) and 
TES equivalent hours for each RP considering CST only and CST hybridization with PV and Wind. 

As it can be seen, at low RPs the N-S orientation is preferred due to the higher annual 
energy yield while at high RPs the E-W orientation is chosen due to the more uniform genera-
tion along the year, which greatly reduces the storage capacity needed. In the mid-range RPs 
a mix between N-S and E-W orientations is preferred to exploit both their advantages, with the 
fraction of E-W compared to N-S growing when moving towards high RPs. In the CST case, 
at high RP, the optimal NG boiler capacity exceeds the heat user nominal power due to the 
need to upgrade the molten salts from the solar field during low DNI hours. Similarly, in hybrid 
cases the EL heater capacity is oversized in order to exploit and then store the renewable 
electricity overgeneration. The red dashed lines in Figure 4 represent the curtailed fraction of 
renewable energy, which is the ratio between the sum of the solar field defocused energy and 
the curtailed PV and wind energy over the total renewable energy generated. The green 
dashed lines represent the TES equivalent hours, computed as the ratio between the TES 
thermal capacity and the heat user requested power. As can be seen, the higher the RP the 
higher the renewable overcapacity installed and consequently the fraction of energy curtailed 
and the TES equivalent hours. In particular, the increase in TES capacity between RP 97% 
and 100% is remarkably steep, showing how difficult it is to reach a fully renewable system.  

It is important to emphasize that these results were obtained under the assumption of no 
land availability constraints and negligible land costs, as PV and wind energy generation may 
be delocalized through Power Purchase Agreements (PPAs), unlike CST. In the on-site 
CST+PV scenario, land constraints will inevitably limit the feasibility of achieving very high 
RPs, with CST likely being favored over PV due to its higher power density and thus lower 
specific land occupation (6.5 vs 12.1 m2/kWTH [21] [22] [23]). Regarding the impact of land 
costs on LCOH, in the analysed 510-400°C on-site CST+PV case, assuming a land cost equal 
to 10 €/m2, increasing RP from 0.1 to 1 results in a LCOH increase of only 1 to 7%. 

Important variables to be optimized are the solar field inlet and outlet temperatures 𝑻𝑻𝒊𝒊𝒊𝒊𝑺𝑺𝑺𝑺 
and 𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐𝑺𝑺𝑺𝑺 , whose influence on the levelized cost of renewable heat (LCOHREN) and on the in-
stalled capacities is shown in Figure 5 for the CST+WT+PV case.  
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Figure 5. Solar field inlet and outlet temperature effect on: (upper) LCOHREN and CCA; (lower) In-
stalled capacities, solar field orientation and TES equivalent hours for the CST+WT+PV hybrid system. 

The solar field ∆𝐓𝐓 directly influences the CST thermal efficiency and the storable energy 
per unit volume of TES, which is proportional to the TES specific cost as mentioned in Section 
2.2. Increasing the solar field ∆T, in particular reducing the 𝑻𝑻𝒊𝒊𝒊𝒊𝑺𝑺𝑺𝑺 to 300°C, makes the share of 
CST capacity increase due to two main reasons: i) the solar field operates at a lower average 
temperature, increasing CST thermal efficiency, and ii) following the trade-off between gener-
ation and storage costs, which favored PV over CST at high RPs in the reference case, a 
reduction in TES costs shifts the preference toward CST, whose lower generation costs offset 
its higher storage requirements. As a result, increasing the solar field ∆𝑻𝑻 from 110°C to 210-
265°C, the LCOHREN, which neglects natural gas and electricity costs and is equal to LCOH at 
100% RP, presents an average 10% reduction and the hybrid system becomes competitive up 
to an RP of 90-95%. 

4. Conclusion 

This analysis investigated the techno-economic and environmental performances of different 
decarbonization levels for a generic medium-high temperature industrial process employing 
hybrid CST-resistive heating system sustained by PV and wind, obtaining the following results: 

• Despite the moderate annual DNI of the chosen site (1972 kWh/m2/y), CST proves to be a 
valid alternative to direct electrification for low-medium RPs, despite being outperformed 
by PV at medium-high RP due to its lower seasonal capacity factor and availability during 
winter, which are key factors in determining the storage capacity and renewable overca-
pacity to be installed; 

• One of the CST drawbacks when employing molten salts is the high auxiliary electricity 
consumption, given mostly by the freeze protection system, which limits the system capa-
bility to reach high renewable penetrations. This could be tackled by recirculating HTF from 
the cold tank in the field during night, avoiding freeze protection at the expense of lowering 
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the cold tank temperature, accepting harsher start-up heating transients during the morn-
ing; 

• CST hybridization, especially with wind energy due to the complementary availability 
curves, is crucial to lower investment costs and minimize the LCOH, as shown by the 40% 
LCOH reduction at RP 80% for the CST+PV+WT case with respect to the CST case;  

• The solar field temperature difference has a moderate impact on the CST thermal efficiency 
and on the TES specific cost. Increasing the solar field ∆𝑇𝑇 from 110°C to 210-265°C yields 
an average reduction of 10% of the renewable LCOH; 

• Although it is possible to achieve a 100% renewable penetration, the embedded CO2 in the 
renewable energy technologies leads to decarbonization rates of up to 90% compared to 
the natural gas-fired benchmark; 

• Under current short-term market conditions and in the absence of CO₂ pricing or policy 
frameworks like the EU ETS, process heat decarbonization using CST, PV, and wind is 
generally not cost-competitive beyond modest levels (up to 10–20% RP) compared to con-
ventional gas-fired boilers. Conversely, considering the short-term forecasted ETS carbon 
price range of 100-150 €/tCO2, decarbonization levels up to 80-90% are economically viable 
in the CST+WT and CST+PV+WT cases with 510-400°C fluid temperatures, increasing up 
to 95% when considering a solar field ∆𝑇𝑇 equal to 210 or 265°C. 
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