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Executive summary 

This report presents the upscaled layout of the Powder2Power project, detailing the techno-
economic modeling approach, including thermodynamic models of components and bottom-up cost 
functions. The report introduces MoSES (Modeling of Solar Energy Systems) as a tool in Task 5.3, 
supporting the evaluation of Powder2Power benefits through simulation activities. MoSES facilitates 
the design, optimization, and benchmarking of various solar plant layouts. The report elaborates on 
the modeling approach for simulating and optimizing the performance of the hybrid solar system 
under investigation, emphasizing system design, cost structures, and expected performance 
metrics. 
 
A comprehensive Key Performance Indicator (KPI) panel is defined to evaluate the project’s benefits. 
KPIs are categorized into technical, economic, environmental, and mixed indicators. These KPIs 
monitor project benefits, target achievements, and the techno-economic viability of the 
Powder2Power plant. The KPI panel is integrated into MoSES, allowing users to select any KPI as 
an objective function during system optimization. The report also highlights the main equations used 
in thermodynamic and cost models, detailing customizable inputs and expected outputs for system 
design and operation. Future activities in Task 5.3 will focus on further model development, 
verification, and incorporating feedback from project partners and industrial stakeholders. 
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1. Introduction 

This document represents the Deliverable D5.3 “Definition of KPIs and methodology for techno- 
economic assessment”, related to Task 5.3, within WP5. 

1.1. Task Description 

The aim of task T5.3 is to develop appropriate techno-economic models, valorizing previous 
modeling work carried out by KTH in sister EU projects by enhancing KTH’s in-house tool (MoSES 
– Modeling of Sustainable Energy Systems) with new system layouts and correlations cross-
validated with partners. The work will integrate operational maps developed in T5.1 for assessing 
the benefits of the proposed P2P system (from T4.1) and enable the use of this tool for comparison 
against standard and commercial CSP systems under user-defined assumptions. These models will 
account for the calculation of technical, economic, and environmental KPIs. The developed models 
will be used as a basis in T5.2 for a comprehensive performance assessment. This deliverable 
primarily focuses on developing bottom-up cost functions and defining KPIs for hybrid layouts. It 
involves identifying all relevant costs, including design, acquisition, installation, and maintenance. 
Cost functions for up-scaled systems will be created, incorporating uncertainty and sensitivity 
analyses to optimize the P2P system from both technical and economic perspectives. A selection of 
technical and financial KPIs related to construction, operation, maintenance, and decommissioning 
will be established and monitored throughout the techno-economic assessment. Additionally, 
relevant elements of optimization modeling will be integrated where necessary to support 
comprehensive system evaluation. 

1.2. Report Structure 

Section 1 provides a brief introduction to the Powder2Power (P2P) concept, including the task 
description and report structure. Section 2 presents a system description of an upscaled P2P 
concept, covering hybridization strategies that integrate solar photovoltaic (PV), battery energy 
storage systems (BESS), and electric heaters (EH). Section 3 outlines the techno-economic 
modeling approach, detailing the thermodynamic models used to characterize the system, as well 
as the cost functions and assumptions applied in the analysis. Section 4 introduces the key 
performance indicators (KPIs) used to benchmark and compare the different system configurations. 
These indicators are categorized into technical, economic, environmental, and mixed metrics, with 
each one defined and accompanied by its respective equation. Finally, Section 5 summarizes the 
key findings of the analysis and discusses future research directions planned for the P2P project. 

1.3. Introduction to P2P concept 

The Powder2Power (P2P) project addresses the urgent need for cost-effective, dispatchable 
renewable energy solutions to support the transition toward a sustainable and decarbonized global 
energy system. By developing an innovative concentrated solar power (CSP) technology with 
integrated thermal energy storage, P2P directly contributes to reducing reliance on fossil fuels and 
increasing the resilience of renewable energy supply. This project plays a pivotal role in enhancing 
the efficiency and affordability of solar power while ensuring its availability during periods of low solar 
radiation.P2P advances fluidized particle-driven CSP technology, building on previous research 
efforts and technological developments. By enabling the upscaling, implementation, and 
commercialization of this innovative solution, the project strengthens industrial competitiveness and 
supports the large-scale deployment of renewable energy in key markets. The technology’s ability 
to provide high-temperature heat also creates new opportunities for decarbonizing industrial sectors, 
further broadening its impact. The primary objective of the P2P project is to develop and validate a 
high-efficiency CSP system that integrates advanced thermal energy storage, enabling the stable 
and reliable generation of solar power. The project focuses on improving efficiency, reducing costs, 
and demonstrating the technical feasibility of a particle-based CSP system capable of replacing 
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conventional energy sources. A key innovation within P2P is the development of high-temperature 
fluidized bed heat exchangers that transfer thermal energy to a supercritical CO2 cycle, significantly 
enhancing overall efficiency. By addressing key technical challenges, such as thermal losses and 
operational flexibility, P2P aims to position CSP as a viable alternative for both electricity generation 
and industrial heat applications. Furthermore, the project fosters international collaboration, 
reinforcing scientific expertise and accelerating the path to commercialization. A fundamental aspect 
of the P2P project is the techno-economic analysis, which evaluates the financial and technical 
viability of the proposed CSP technology. This deliverable introduces the methodology used to 
assess efficiency, cost-effectiveness, and market potential. The analysis involves energy system 
modeling to simulate solar field and receiver efficiency using tools such as SolarPILOT and 
proprietary computational models. The integration of thermal energy storage is examined to 
determine its impact on dispatchability, while comparative assessments between molten salt and 
particle-driven CSP systems provide insights into performance improvements. A detailed cost 
analysis will estimate capital and operational expenditures for different configurations, alongside 
levelized cost of electricity calculations for various deployment scenarios. Sensitivity analyses will 
be conducted to assess the influence of critical cost drivers, such as storage duration and component 
efficiency. Performance evaluation focuses on quantifying efficiency gains enabled by operating at 
higher temperatures. The effectiveness of heat exchangers in transferring thermal energy from 
particles to supercritical CO2 is assessed, along with the startup and shutdown characteristics of the 
P2P system compared to molten salt-based CSP technologies. Additionally, market competitiveness 
and scalability will be examined to determine commercialization potential. This includes evaluating 
economic and regulatory factors, benchmarking against alternative renewable energy storage 
solutions, and analyzing the complementary role of P2P alongside photovoltaic and battery storage 
technologies. The techno-economic analysis will provide a comprehensive understanding of the 
financial and technical feasibility of P2P technology. The findings will highlight its potential to reduce 
costs, improve efficiency, offer cost-effective and long-duration energy storage solutions, and 
enhance the reliability of renewable energy integration in industrial applications. By applying this 
structured methodology, the P2P project aims to validate its technological advancements and 
support its transition toward commercial deployment, reinforcing its role as a key enabler of a 
sustainable energy future.  
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2. P2P System Description 

The schematic of the upscaled particle-based hybrid PV-CSP plant analyzed in this project is shown  
in Figure 1. A conventional PV plant is hybridized with a central tower CSP system featuring a particle 

receiver, a direct two-tank thermal energy storage (TES) system, and a supercritical CO₂ (sCO₂) 
Brayton power block. The hybridization between PV and CSP is achieved by using an electric heater 
for particles. In Figure 1, the electric heater is integrated in series with the receiver, so the particles 
are first heated in the receiver and then their temperature is further boosted in the electric heater. 

 

Figure 1. Layouts of the particle-based hybrid PV-CSP system with EH in series. 

In the presence of a defined electricity market framework, the operation of the hybrid PV-CSP plant 
is governed by an operational dispatcher or a market-based control strategy. This dispatcher 
determines how and when the plant should operate—deciding, for instance, when the PV system 
should inject electricity into the grid, when to store energy either in the battery energy storage system 
(BESS) or in the thermal energy storage (TES) via the electric heater (EH), and when to purchase 
electricity from the grid to charge the TES. The plant's operation is always constrained by the 
requirement that, as soon as the solar field begins concentrating solar irradiance onto the receiver, 
sufficient electricity—either from the PV system or the grid—must be available to boost the particles' 
temperature to their design conditions in the TES. If no electricity market constraints are imposed, 
the plant is assumed to operate with the goal of maximizing total electricity production, optimizing 
internal energy flows accordingly. 
The particle receiver is placed on top of the solar tower to convert the power collected by the heliostat 
field into thermal power. The particles are just partially heated into the receiver and then the 
temperature is boosted in the electric heater. Then, the particles are stored in a two-tank TES that 
decouples the sCO2 power block electricity production from the intermittent solar-based heat 
production. During the discharge phase, the thermal-to-electric reconversion is realized by using a 
sCO2 power block. For the power block, a sCO2 power cycle is adopted. The sCO2 power block is 
represented as a box in Figure 1. The sCO2 Brayton cycle is a thermodynamic power cycle that 
employs CO2 above its critical point (31 °C, 7.3 MPa) as the working fluid. Compared to traditional 
steam-based cycles, it offers the potential for higher thermal efficiency when operating at 
temperatures between 500 and 800 °C and pressures ranging from 20 to 30 MPa. Moreover, the 
sCO2 Brayton cycle is characterized by compact and scalable pieces of equipment, which contribute 
to reduced capital costs, even at small scales. Increasing the temperature at the turbine inlet and 
introducing higher complexity into the cycle layout both contribute to increased efficiency and a 
higher return CO2 temperature. Nevertheless, it is important to emphasize that these advancements 
also result in elevated system costs. To determine the suitability of sCO2 power blocks for efficient 
and sustainable power generation applications, it is essential to conduct a comprehensive 
investigation into their properties and performance. In this study, four different power block 
configurations have been outlined modifying the simple recuperated sCO2 Brayton cycle. Figure 2 
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shows the schematics of the different configurations of sCO2 power blocks investigated in line with 
the results from WP4 and .  
 

 

(a) Recompressed cycle (RCC) 

 

(b) Recompressed cycle with HTR bypass 
(RCBC) 

 

(c) Recompressed cycle with MC intercooling 

(RCIC) 

 

(d) Partial cooling cycle (PCC) 

Figure 2. sCO2 power block configurations investigated. 
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3. Techno-Economic Modeling Approach 

This section presents the methodology used to assess the techno-economic performance of the 
particle-based hybrid PV-CSP system, highlighting the key modeling tools, the role of Key 
Performance Indicators (KPIs) in system optimization, and the main steps involved in plant design 
and optimization. The techno-economic analysis of the hybrid solar plant was conducted using a 
quasi-steady-state model developed in MoSES (Model of Sustainable Energy Systems). MoSES, 
developed at KTH Royal Institute of Technology, is a simulation tool designed for the pre-design, 
operation, and optimization of hybrid renewable energy systems with storage, including solar and 
wind technologies for both grid-connected and cogeneration industry applications. 
For this project, MoSES was employed to estimate the techno-economic performance of hybrid CSP-
PV power plants, incorporating various cost factors, design assumptions, and meteorological 
conditions [1], [2]. The tool integrates CoolProp [3] for thermophysical properties and the NREL-
PySAM wrapper to interface with the System Advisor Model (SAM) [4]. MoSES features a 
comprehensive library of models, including both well-established subsystems and newly developed 
components, enabling a detailed and flexible evaluation of system performance. 
 
The performance of state-of-the-art components has been validated through a comparison with SAM 
estimates. Furthermore, ad hoc models for components that are still undergoing development have 
been devised through a combination of literature review and collaboration with industrial partners 
and equipment manufacturers. These models have been verified against anticipated performance 
curves documented in existing literature. The techno-economic indicators have been evaluated by 
coupling thermodynamics with an economic model based on a bottom-up estimation method, as 
shown in Figure 3. The resulting system model is customizable in terms of location (meteorological 
data, grid availability, electricity market, and economics of location), design assumptions, and 
dispatch strategy. 
 
The particle-based hybrid CSP-PV layout in this project will be designed through the resolution of a 
multi-objective optimization problem. Objective functions such as levelized cost of energy (LCOE), 
hybrid capacity factor (HCF), capital expenditure (CAPEX), annual energy yield (AEY), and 
maximum profit as well as the design variables can be customized by the users. To solve the 
optimization problem, a Genetic Algorithm is implemented, which utilizes principles of natural 
selection and genetics to obtain a set of tradeoff optimal solutions through evolutionary strategies [5]. 
The optimization problem has been implemented in Python using Pymoo [6]. The algorithm follows 
the general outline of NSGA-II with modified survival selection [7]. Dispatch optimization is 
implemented using Pyomo [8] to manage the system's decisions on when to store electricity, when 
to store heat, when to produce electricity, and when to purchase electricity. The optimal dispatch can 
be tailored to minimize energy waste, maximize revenues, and maximize CO2 equivalent savings. 
 

 

Figure 3. MoSES modeling methodology flowchart. 
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3.1. Thermodynamic models of the system 

This section provides the main equations employed to build the quasi-static models of the different 
subsystems mentioned in section 2. 

3.1.1. Sun 

The weather file provided as the only input for the sun model is unpacked using the module weather 
file reader (Wfreader), included in the tool NREL-PySAM. Table 2 summarizes the model outputs, of 
which some are extracted from the weather file, while the rest such as the sun positions are 
estimated using the Duffie and Beckman algorithm [9]. 

Table 1. Operating Inputs – sun model 

Symbol Description Unit 𝑤!"#$ Weather file [-] 
 

Table 2. Operating Outputs – sun model 

Symbol Description Unit 𝑡𝑖𝑚𝑒% Timestep in seconds [s] ℎ𝑟𝑎&$'	 Hour angle [deg] 𝑑𝑒𝑐&$' Declination angle [deg] 𝑒𝑙𝑒&$' Elevation angle [deg] 𝑎𝑧𝑖&$' Azimuth angle [deg] 𝑧𝑒𝑛&$' Zenith angle [deg] 𝐷𝑁𝐼 Direct Normal Irradiance [W/m2] 𝐺𝐻𝐼 Global Horizontal Irradiance [W/m2] 𝐷𝐻𝐼 Diffuse Horizontal Irradiance [W/m2] 𝑇()* Ambient temperature [K] 𝑊%+& Wind speed [m/s] 𝑙𝑜𝑛 Location longitude [deg] 𝑙𝑎𝑡 Location latitude [deg] 𝑡,-.$ Location time zone [h] 𝑒𝑙𝑒𝑣%"/$ Elevation of the location [m] 

 

3.1.2. Heliostat Field 

The heliostat field is designed and optimized for a specific site and target power output. The solar 
field design and optical performance map—used to estimate operating performance—can be derived 
by integrating performance maps provided by CSPB based on WP4’s work. Alternatively, the main 
outputs of the model can be obtained using SolarPILOT, a module within the NREL-PySAM tool. 
The design process includes determining the optimal tower height and receiver area. For the 
selected solar field layout, an optical efficiency map is generated to assess the power concentrated 
on the receiver under varying irradiance conditions. When using external tubular receivers, a 
surrounding solar field is typically employed. However, because the particle system utilizes a cavity 
receiver, a single-sided solar field is required. This configuration addresses the receiver’s thermal 
power constraints and prevents excessive thermal losses, thereby excluding the use of surrounding 
solar fields. When the heliostat field power exceeds a user-defined threshold (e.g., 150 MW), a multi-
CSP tower configuration is adopted to manage the receiver’s maximum thermal power and maintain 
relatively high optical efficiency. Finally, for a specified net power to be installed and a given SM 
input, the model calculates the number of CSP plants that must be installed in parallel to meet the 
required demand. Figure 4 (left) illustrates the heliostat field area for different solar field design 
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powers, and in Figure 4 (right) shows the corresponding solar tower height and receiver aperture 
area for the same design power levels.  

   

Figure 4. Heliostat field area (left) and tower height with receiver aperture area (right) as 

functions of the solar field design power. 

Design 

Table 3 summarizes the main inputs required for the heliostat field design. If the design is performed 
with SolarPILOT, the tool offers the possibility to optimize the solar field, the tower height, and the 
receiver dimensions based on a trade-off between the costs of these components and the 
performance of the solar field. The optimization is performed if the Boolean 𝑂𝑝𝑡𝑖𝑚𝑖𝑧𝑒!" is true. In that 
case, the specified cost inputs are required. If the receiver is a flat plate receiver, further inputs are 
required. The design outputs are estimated as shown in the equations below and they are 
summarized in Table 4. 

Table 3. Design Inputs - heliostat field model  

Symbol Description Unit 𝐷𝑁𝐼&$% Direct Normal Irradiance at the design point [W/m2] ℎ𝑒𝑙𝑖𝑜0"&/1 Width of the heliostat [m] ℎ𝑒𝑙𝑖𝑜1$"'1/ Height of the heliostat [m] 𝑒𝑥𝑐𝑙!(2 Exclusion factor (mirror density) [-] ℎ𝑒, 𝑎𝑣&$%"'. Heliostats availability [-] 𝐻/-0$3!"#$% Input of the tower height [m] 𝑄3$2&$% Design receiver output power [W] 𝐹𝑙𝑎𝑡𝑃𝑙𝑎𝑡𝑒/	𝐶𝑎𝑣𝑖𝑡𝑦 
Boolean to decide if the receiver is a  

Flat Plate/Cavity (Otherwise Surrounded Field) 
[-] 𝑂𝑝𝑡𝑖𝑚𝑖𝑧𝑒45 Boolean to run optimization of the solar field [-] 𝑤!"#$ Weather file [-] 𝑐(/)&

  Attenuation coefficient 0 [-]   𝑐(/)'
	 Attenuation coefficient 1 [-]   𝑐(/)(
	 Attenuation coefficient 2 [-]   𝑐(/))
	 Attenuation coefficient 3 [-]   𝑐𝑎𝑙𝑐!#67)(+%		 Boolean to decide to include fluxmap calculations [-]   𝑐𝑎𝑛𝑡/8+$ 		 Heliostat cant method [-]   𝑐ℎ𝑒𝑐𝑘)(7*+$, 	 Boolean to decide to check max flux at design point [-]   𝑑𝑒𝑙𝑡𝑎!#67-./ 	 Hourly frequency in flux map lookup. If not provided [-]   𝑓𝑙𝑢𝑥_𝑚𝑎𝑥		 Maximum allowable flux. If not provided [W/m2] 𝑓𝑜𝑐𝑢𝑠/8+$ 	 Heliostat focus method [-]   
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ℎ𝑒𝑙𝑖𝑜-+/"2(#0..1. 	 Optical error. If not provided [rad] ℎ𝑒𝑙𝑖𝑜3$!#$2/(.2$ Heliostats reflectance [-] 𝑙𝑎𝑛𝑑)(7 Maximum land multiplier [-] 𝑙𝑎𝑛𝑑)". Minimum land multiplier [-] 𝑛_𝑓𝑎𝑐𝑒𝑡_𝑥  Number of heliostat facets - X [-] 𝑛_𝑓𝑎𝑐𝑒𝑡_𝑦  Number of heliostat facets - Y [-] 𝑛_𝑓𝑙𝑢𝑥_𝑑𝑎𝑦𝑠  Number of days in flux map lookup [-] 𝑛_𝑓𝑙𝑢𝑥_𝑥  Flux map X resolution. [-] 𝑛_𝑓𝑙𝑢𝑥_𝑦  Flux map Y resolution. [-] 𝑓𝑖𝑥𝑒𝑑_𝑙𝑎𝑛𝑑_𝑎𝑟𝑒𝑎  Plant area not occupied by the solar field. [acre] 𝑜𝑝𝑡_𝑎𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚	 Optimization algorithm. [-] 𝑜𝑝𝑡_𝑐𝑜𝑛𝑣_𝑡𝑜𝑙  Optimization convergence tol. [-] 𝑜𝑝𝑡_𝑓𝑙𝑢𝑥_𝑝𝑒𝑛𝑎𝑙𝑡𝑦  Optimization flux overage penalty. [-] 𝑜𝑝𝑡_𝑖𝑛𝑖𝑡_𝑠𝑡𝑒𝑝  Optimization initial step size. [-] 𝑜𝑝𝑡_𝑚𝑎𝑥_𝑖𝑡𝑒𝑟  Max. number iteration steps [-] 𝑙𝑎𝑛𝑑_𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑_𝑓𝑎𝑐𝑡𝑜𝑟	 Land overhead factor [-] 𝑟𝑒𝑐_𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑎𝑛𝑐𝑒  Receiver coating absorptance [-] 𝑟𝑒𝑐_ℎ𝑙_𝑝𝑒𝑟𝑚_𝑔𝑢𝑒𝑠𝑠  Receiver design heat loss [kW/m2] 

 Inputs if 𝐹𝑙𝑎𝑡𝑃𝑙𝑎𝑡𝑒/𝐶𝑎𝑣𝑖𝑡𝑦	 = 𝐹𝑎𝑙𝑠𝑒  𝐷3$2".+6/ Receiver diameter [m] 𝑎𝑟3$2".+6/ Receiver aspect ratio (height/width) [-] 

Inputs if 𝐹𝑙𝑎𝑡𝑃𝑙𝑎𝑡𝑒/𝐶𝑎𝑣𝑖𝑡𝑦	 = 𝑇𝑟𝑢𝑒 𝑤3$2".+6/ Receiver width [m] 𝐻3$2".+6/ Receiver height [m] 𝑠𝑝𝑎𝑛3$2".+6/ Receiver span angle [deg] 𝑛3$2+(.$#% Number of receiver panels [-] 

Inputs only if 𝑂𝑝𝑡𝑖𝑚𝑖𝑧𝑒45 = 𝑇𝑟𝑢𝑒 𝑡𝑜𝑤𝑒𝑟!"7$&21/% Tower reference cost for cost function [USD] 𝑡𝑜𝑤𝑒𝑟$7+ Exponent for tower cost function [-] 𝐶3$2$"9$3.0* Receiver reference cost for cost function [USD] 𝐴3$2$"9$3.0* Receiver reference area for cost function [m2] 𝑟𝑒𝑐2-%/0,# Exponent for the receiver cost function [-] 𝑠𝑖𝑡𝑒%+$221/% Site improvement specific cost [USD/m2] ℎ𝑒𝑙𝑖𝑜𝑠𝑡𝑎𝑡%+$221/% Heliostat field specific cost [USD/m2] 𝑐𝑜𝑠𝑡%!*!,03 Heliostat field fixed cost [USD] 𝑙𝑎𝑛𝑑%+$221/% Land specific cost [USD/acre] 𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦3(/$ Contingency rate [%] 𝑠𝑎𝑙𝑒𝑠/(7*.42 Share of tax fraction [%] 𝑠𝑎𝑙𝑒𝑠/(7.4%0 Tax rate [%] 
 

 𝐴%".'#$1$#"-%/(/ = ℎ𝑒𝑙𝑖𝑜0"&/1 ⋅ ℎ𝑒𝑙𝑖𝑜1$"'1/ (1) 

 𝐷/-0$3 = 𝐷3$2 (2) 

 𝐶3(/"- = n 𝐴45𝑤3$2 ⋅ 𝐻3$2 																							𝑖𝑓	𝐹𝑙𝑎𝑡𝑃𝑙𝑎𝑡𝑒/𝐶𝑎𝑣𝑖𝑡𝑦 = 𝑇𝑟𝑢𝑒𝐴45𝜋 ⋅ 𝐷3$2 ⋅ 𝐻3$2 																									𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒									  (3) 
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Table 4. Design Outputs - heliostat field model  

Symbol Description Unit 𝐴45 Heliostat field area [m2] 𝑛1$#"-%/(/ Number of heliostats [-] 𝐴%".'#$-0+!1/%4% Area of single heliostat [m2] 𝐴#(.&54/0 Base land area [m2] 𝐴#(.&%1% Total land area [m2] 𝐻/-0$3 Tower height [m] 𝐻3$2 Receiver height [m] 𝑎𝑟3$2 Receiver aspect ratio [m] 𝐷3$2/𝑤3$2 Receiver diameter/width [m] 𝐷/-0$3 Tower diameter [m] 𝐶3(/"- Receiver concentration ratio [m] 𝑀𝑎𝑝:$#"- Map of heliostat field [-] 𝑆𝑃456**!2!0"27 Heliostat field optical efficiency map [-] 

Operation 

Table 5 summarizes the main hourly inputs required for the estimation of the operating performance 
of the heliostat field. The outputs are estimated by using the equations (4) –(15) and they are 
summarized in Table 6. 

Table 5. Operation Inputs - heliostat field model  

Symbol Description Unit 𝐴45 Heliostat field area [m2] 𝐷𝑁𝐼 Hourly direct normal irradiance [W/m2] 𝑄&$%"'. Heliostat field design power [W] 𝑄&$!-26% Heliostat field defocus power [W] 𝑄#-%%.0230/ 	 Receiver thermal losses at the design point [W] 𝑛𝑢%/(3/ Minimum energy start-up fraction to start the receiver [-] 𝑛𝑢)". Minimum turn-down energy fraction to stop the receiver [-] 𝑒𝑙𝑒 Elevation angle [rad] 𝑒𝑙𝑒)". Heliostat stow deploy angle [rad] 𝑤%+& Wind speed [m/s] 𝑤%+&84,
 Wind stow speed [m/s] 𝑑𝑒𝑓𝑜𝑐𝑢𝑠 Boolean to indicate if defocus [-] 𝑆𝐹-.#.09 Previous boolean value to indicate if SF was on [-] 𝑒𝑓𝑓!"$#&:; Optical efficiency from SolarPILOT [-] ℎ𝑟𝑎 Hour angle [rad] 𝑑𝑒𝑐 Declination angle [rad] 𝑛1$#"-%/(/ Number of heliostats [-] 𝑊/3(2; Tracking power for a single heliostat [W] ℎ𝑒(9 Heliostats availability [-] 

 

 𝑄".45 = 𝐴45 ⋅ 𝐷𝑁𝐼 (4) 

 𝑒𝑡𝑎!"$#& = 𝑓(ℎ𝑟𝑎, 𝑑𝑒𝑐) (5) 

 𝑄3(0 = t	𝑄".45 ⋅ 𝑒𝑡𝑎!"$#& 								𝑖𝑓	𝑒𝑙𝑒 > 𝑒𝑙𝑒)".	𝑎𝑛𝑑	𝑤%+& < 𝑤%+&)(70																																																	𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒								  (6) 

 𝑄%/(3/ = 𝑛𝑢%/(3/ ⋅ 𝑄&$%"'. (7) 

 𝑄)". 	= 𝑛𝑢)". ⋅ 𝑄&$%"'. (8) 
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 𝑆𝐹-. = x𝑇𝑟𝑢𝑒										𝑖𝑓	𝑄3(0 > 𝑄%/(3/𝑆𝐹-.#.09 						𝑖𝑓	𝑄3(0 > 𝑄)".	𝐹𝑎𝑙𝑠𝑒												𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒								  (9) 

 

𝑄-6/45
=
⎩⎪⎨
⎪⎧min�𝑄&$!-26%, 𝑄3(0� 	𝑖𝑓	𝑆𝐹-. = 𝑇𝑟𝑢𝑒, 𝑑𝑒𝑓𝑜𝑐𝑢𝑠 = 𝑇𝑟𝑢𝑒, 𝑄&$!-26% < 𝑄#-%%3$2&$%0																																						𝑖𝑓	𝑆𝐹-. = 𝑇𝑟𝑢𝑒, 𝑑𝑒𝑓𝑜𝑐𝑢𝑠 = 𝑇𝑟𝑢𝑒, 𝑄&$!-26% < 𝑄#-%%3$2&$%𝑄3(0 																															𝑖𝑓	𝑆𝐹-. = 𝑇𝑟𝑢𝑒, 𝑑𝑒𝑓𝑜𝑐𝑢𝑠 = 𝐹𝑎𝑙𝑠𝑒																																										0																																						𝑖𝑓	𝑆𝐹-. = 𝐹𝑎𝑙𝑠𝑒, 𝑑𝑒𝑓𝑜𝑐𝑢𝑠 = 𝐹𝑎𝑙𝑠𝑒																																										

 
(10) 

 𝑑𝑎𝑚𝑝𝑖𝑛𝑔	 = �𝑄-6/45/𝑄3(0 																																											𝑖𝑓	𝑆𝐹-. = 𝑇𝑟𝑢𝑒0																																																																	𝑖𝑓	𝑆𝐹-. = 𝐹𝑎𝑙𝑠𝑒 (11) 

 𝑊#-%% = �𝑛1$#"-%/(/ ⋅ ℎ𝑒(9 ⋅ 𝑑𝑎𝑚𝑝𝑖𝑛𝑔 ⋅ 𝑊/3(2; 									𝑖𝑓	𝑒𝑙𝑒 > 𝑒𝑙𝑒)".	0																																																																								𝑜𝑡ℎ𝑒𝑟𝑤ℎ𝑖𝑠𝑒								  (12) 

 𝑄0(%/$&<4= 	= 	𝑄3(0 	− 	𝑄-6/45 (13) 

 𝑄0(%/$&%/(3/6+ 	= 	𝑄0(%/$&<4= ⋅ (1 − 𝑆𝐹-.) (14) 

 𝑄0(%/$&&$!-26% 	= 	𝑄0(%/$&<4= 	− 	𝑄0(%/$&%/(3/6+ (15) 
 

Table 6. Operation Outputs - heliostat field model  

Symbol Description Unit 𝑄".:< Input power in heliostat field [W] 𝑄3(0 Raw heliostat field output power [W] 𝑄-6/:< Net heliostat field output power [W] 𝑄0(%/$&/%4.%$# Wasted heliostat field output power at startup mode [W] 𝑄0(%/$&30*12$/ Wasted heliostat field output power at defocus mode [W] 𝑄0(%/$&=:; Total wasted heliostat field output power [W] 𝑆𝐹-. Boolean to indicate if the solar field is on [-] 𝑒𝑡𝑎!"$#& Optical efficiency heliostat field [-] 𝑊#-%% Heliostat field parasitic loss [W] 

 

3.1.3. Receiver 

The receiver model included in MoSES for P2P estimates the design and operation of the particle 
receiver using performance maps provided by CSPB as part of the parallel work in WP4. Particles 
are treated as the heat transfer fluid, with their properties either supplied by the user or estimated by 
default according to [10]. Similarly, receiver performance and thermal losses can be determined by 
interpolating lookup tables from CSPB or by applying the methodology proposed in [11], which 
accounts for natural and forced convection as well as radiation losses. Table 7 presents the 
parameters defining the receiver that needs to be customized by the user. 

Table 7. Operation Outputs - heliostat field model  

Description Value Unit Ref. 

Receiver outlet temperature 600-700 [◦C] - 
Back wall emissivity 0.8 [-] [11] 
Back wall thickness 0.05 [m] [11] 

Back wall conductivity 0.2 [W/(mK)] [11] 
Back wall heat transfer coefficient 10 [W/(m2K)] [11] 

Particle diameter 350 [µm] [12] 
Particle specific heat 1200 [J/(kgK)] [13] 
Particle conductivity 2 [W/(mK)] [13] 
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Particle density 3550 [kg/m3] [13] 
Maximum solid volume fraction 0.6 [-] [14] 

Particle absorptivity 0.87 [-] [15] 
Particle emissivity 0.87 [-] [16] 

The Solar Multiple (𝑆𝑀) is a key design parameter to establish the ratio of the thermal power 
produced by the solar field to that required by the power block at the design point. The design 
receiver thermal output has been estimated as the product of the power block design thermal power 

(𝑄=>,&$%) and the solar multiple, as shown in (16). 

 𝑄-6/,3$2,&$% = 𝑆𝑀 ∙ 𝑄=>,&$% (16) 

Design 

Table 8 summarizes the main inputs required for the receiver design. The design outputs are 
estimated as shown in equations  (17) – (32) and they are summarized in Table 9. 

Table 8. Design Inputs – receiver model 

Symbol Description Unit 𝑀𝑒𝑑𝑖𝑢𝑚 HTF utilized in the receiver [-] 𝑇𝐿𝑅𝐸𝐶 Thermal Losses Receiver Calculation - Model [-] 𝐹𝑙𝑎𝑡𝑃𝑙𝑎𝑡𝑒/𝐶𝑎𝑣𝑖𝑡𝑦 Boolean to decide to use a flat plate/cavity receiver [-] 𝑄3$2&$% Nominal output thermal power [W] 𝑇-6/&$% Outlet HTF temperature at the design point [K] 𝑇".&$% Inlet HTF temperature at the design point [K] 𝑇()*&$% The ambient temperature at the design point [K] 𝑢0".&&$% Wind speed at the design point [m/s] 𝐻3$2 Receiver height [m] 𝑎𝑟3$2 Receiver aspect ratio (height over width/diameter) [-] 𝑔𝑒𝑜𝑚".+6/% 
Receiver geometrical inputs (Number of panels in the 

receiver,…) 
[-] 𝑘)(/$3"(# The conductivity of the receiver material [W/(mK)] 𝑎𝑏3$2 Receiver coating absorptance [-] 𝑒𝑚3$2 Receiver coating emissivity [-] 𝑖𝑛𝑝𝑢𝑡$!! Boolean to decide to use a fixed receiver efficiency [-] 𝑒𝑡𝑎3$2".+6/ Input of a constant receiver efficiency [-]   

 
 

 𝑠𝑡𝑎𝑡𝑒".#$/&$% 	= 	𝑀𝑒𝑑𝑖𝑢𝑚. 𝑠𝑒𝑡𝑆𝑡𝑎𝑡𝑒+@A(𝑀𝑒𝑑𝑖𝑢𝑚. 𝑝&$!(6#/ , 𝑇".&$%) (17) 

 𝑠𝑡𝑎𝑡𝑒-6/#$/&$% 	= 	𝑀𝑒𝑑𝑖𝑢𝑚. 𝑠𝑒𝑡𝑆𝑡𝑎𝑡𝑒+@A(𝑀𝑒𝑑𝑖𝑢𝑚. 𝑝&$!(6#/ , 𝑇-6/&$%) (18) 

 ℎ".&$% = 𝑓(𝑠𝑡𝑎𝑡𝑒".#$/&$%) (19) 

 ℎ-6/&$% = 𝑓(𝑠𝑡𝑎𝑡𝑒-6/#$/&$%) (20) 

 𝑚!#-0&$%
= 𝑄3$2&$%/(ℎ-6/&$% − ℎ".&$%) (21) 

 𝑤3$2 	= 	𝐻3$2/	𝑎𝑟3$2 								𝑖𝑓	𝐹𝑙𝑎𝑡𝑃𝑙𝑎𝑡𝑒 = 𝑇𝑟𝑢𝑒 (22) 

 𝐷3$2 	= 	𝐻3$2/	𝑎𝑟3$2 								𝑖𝑓	𝐹𝑙𝑎𝑡𝑃𝑙𝑎𝑡𝑒 = 𝐹𝑎𝑙𝑠𝑒 (23) 

 𝐴3$2$"9$3 = 𝐻3$2 ∙ 𝑤3$2 									𝑖𝑓	𝐹𝑙𝑎𝑡𝑃𝑙𝑎𝑡𝑒 = 𝑇𝑟𝑢𝑒  

 𝐴3$2$"9$3 = 𝜋 ⋅ 𝑎𝑟3$2 ⋅ 𝐷3$2B 								𝑖𝑓	𝐹𝑙𝑎𝑡𝑃𝑙𝑎𝑡𝑒 = 𝐹𝑎𝑙𝑠𝑒 (24) 

 𝑒𝑡𝑎3$2&$% = �𝑄3$2&$%/𝑄".3$2&$%							𝑖𝑛𝑝𝑢𝑡$!! = 𝐹𝑎𝑙𝑠𝑒𝑒𝑡𝑎3$2".+6/																												𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒		  (25) 

 𝑄".3$2&$% = t	𝑄(*%-3*$&/𝑎𝑏3$2 							𝑖𝑛𝑝𝑢𝑡$!! = 𝐹𝑎𝑙𝑠𝑒𝑄3$2&$%/𝑒𝑡𝑎3$2&$%																	𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒		 (26) 

 𝑄(*%-3*$& = 𝑄3$2&$% + 𝑄(&9#-%%&$% + 𝑄3(&#-%%&$% (27) 
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 𝑄(&9#-%%&$% 	= 	𝑇𝐿𝑅𝐸𝐶 �𝑇()*&$%, 𝑄3$2&$%, 𝑇-6/&$%, 𝑇".&$%, 𝑢0".&&$%, 𝑚!#-0&$%
, 𝑅𝑒𝑐&$%"'.� (28) 

 𝑄3(&#-%%&$% 	= 	𝑇𝐿𝑅𝐸𝐶 �𝑇()*&$%, 𝑄3$2&$%, 𝑇-6/&$%, 𝑇".&$%, 𝑒𝑚3$2 , 𝑚!#-0&$%
, 𝑅𝑒𝑐&$%"'.� (29) 

 𝑄3$2#-%%&$% = (1 − 𝑎𝑏3$2) ⋅ 𝑄".3$2&$% (30) 

 𝑄#-%%.0230/ = �	𝑄3(&#-%%&$% + 𝑄(&9#-%%&$% + 𝑄3$2#-%%&$%							𝑖𝑛𝑝𝑢𝑡$!! = 𝐹𝑎𝑙𝑠𝑒𝑄".3$2&$% − 𝑄3$2&$%																																																					𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒		  (31) 

 𝑒𝑡𝑎3$2/1&$% = 𝑄3$2&$%/𝑄(*%-3*$& (32) 
 

Table 9. Design Outputs – receiver model 

Symbol Description Unit 𝑅𝑒𝑐&$%"'. Complete geometrical design of the receiver* [-] 𝑒𝑡𝑎3$2&$% Design total receiver efficiency [-] 𝑒𝑡𝑎3$2/1&$% Design thermal receiver efficiency [-] 𝑄#-%%3$2&$% Design receiver losses [W] 𝑄".3$2&$% Design receiver input power [w] 𝑚!#-0&$%
 Design receiver mass flow rate [kg/s] 

* It summarizes all the geometrical parameters calculated above. 

Operation 

Operating Inputs – receiver model summarizes the main hourly inputs required for the estimation of 
the operating performance of the receiver. The outputs are estimated by using the equations (33) – 
(47) and they are summarized in Operating Outputs - receiver model. 

Table 10. Operating Inputs – receiver model 

Symbol Description Unit 

𝑀𝑒𝑑𝑖𝑢𝑚 HTF utilized in the receiver [-] 

𝑇𝐿𝑅𝐸𝐶 Thermal Losses Receiver Calculation - Model [-] 

𝑄#$%&' Incoming receiver power [W] 

ℎ#$   Input specific enthalpy [J/kg] 

𝑚()*+ Receiver mass flow rate [kg/s] 

𝑆𝐹*$ Boolean to indicate if the solar field is on [-] 

𝑇,-. Ambient temperature [K] 

𝑢+#$/ Wind speed [m/s] 

𝑇*01/&2 Set point output temperature [K] 

𝑅𝑒𝑐/&2#3$ Receiver geometrical design [-] 

𝑟𝑒𝑐,.2*%41,$'& Receiver absorptance [-] 

𝑟𝑒𝑐&-#22#5#16 Receiver emissivity [-] 

𝑖𝑛𝑝𝑢𝑡&(( Boolean to indicate if a fixed efficiency should be used [-] 

𝑒𝑡𝑎%&'#$401 Input receiver efficiency (if input_eff is True) [-] 

 

 𝑠𝑡𝑎𝑡𝑒".#$/ 	= 	𝑀𝑒𝑑𝑖𝑢𝑚. 𝑠𝑒𝑡𝑆𝑡𝑎𝑡𝑒+1A(𝑀𝑒𝑑𝑖𝑢𝑚. 𝑝&$!(6#/ , ℎ".) (33) 

 𝑠𝑡𝑎𝑡𝑒-6/#$/ = 𝑀𝑒𝑑𝑖𝑢𝑚. 𝑠𝑒𝑡𝑆𝑡𝑎𝑡𝑒+@A(𝑀𝑒𝑑𝑖𝑢𝑚. 𝑝&$!(6#/ , 𝑇-6/&$%) (34) 

 𝑇". = 𝑓(𝑠𝑡𝑎𝑡𝑒".#$/) (35) 

 ℎ-6/,%$/ = 𝑓(𝑠𝑡𝑎𝑡𝑒-6/#$/) (36) 
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 𝑄-6/3$2'6$%% = 𝑚!#-0 ⋅ (ℎ-6/%$/ 	− 	ℎ".) (37) 

 𝑄(&9#-%% 	= 	𝑇𝐿𝑅𝐸𝐶 �𝑇()* , 𝑄-6/3$2'6$%%, 𝑇-6/&$%, 𝑇"., 𝑢0".& , 𝑚!#-0 , 𝑅𝑒𝑐&$%"'.� (38) 

 𝑄3(&#-%% 	= 	𝑇𝐿𝑅𝐸𝐶 �𝑇()* , 𝑄-6/3$2'6$%%, 𝑇-6/&$%, 𝑇"., 𝑟𝑒𝑐$)"%%"9"/8 , 𝑚!#-0 , 𝑅𝑒𝑐&$%"'.� (39) 

 𝑄(*%-3*$& = 𝑟𝑒𝑐(*%-3+/(.2$ ⋅ 𝑄".3$2 (40) 

 𝑄3$!#-%% = 𝑄".3$2 − 𝑄(*%-3*$& (41) 

 𝑄#-%%%-.02 = 𝑄3(&#-%% + 𝑄(&9#-%% (42) 

 𝑄#-%%3$2 = 𝑄#-%%%-.02 + 𝑄3$!#-%% (43) 

 𝑒𝑡𝑎/1.02 = �𝑄(*%-3*$& − 𝑄#-%%%-.02� /𝑄(*%-3*$& (44) 

 𝑒𝑡𝑎3$2 = �𝑄"..02 − 𝑄#-%%.02�/𝑄"..02 (45) 

 𝑄-6/3$2 = 𝑒𝑡𝑎3$2 ⋅ 𝑄".3$2 (46) 

 ℎ-6/ = ℎ". + 𝑄-6/3$2/𝑚!#-0 (47) 
 

Table 11. Operating Outputs - receiver model  

Symbol Description Unit 𝑄-6/3$2 Output receiver power [W] ℎ-6/ Output specific enthalpy [J/kg] 𝑒𝑡𝑎3$2 Receiver total efficiency [-] 𝑒𝑡𝑎/13$2 Receiver thermal efficiency [-] 𝑄#-%%3$2 Receiver thermal losses [-] 

 

3.1.4. Thermal Energy Storage 

A two-silo thermal energy storage layout has been included in this tool: The design hot temperature 
should be set coherently with the receiver + EH assumption. The design cold temperature depends 
on the power block type selection and the return sCO2 temperature. The energy stored can be 
calculated as a function of the hours of storage, and the design of thermal power to the power block. 

Design 

Table 12 summarizes the main inputs required for the thermal energy storage design. The design 
outputs are estimated as shown in equations (48) – (57) and they are summarized in Table 13. 

Table 12. Design Inputs – thermal energy model 

Symbol Description Unit 𝑀𝑒𝑑𝑖𝑢𝑚 HTF utilized in the TES [-] 𝑇2-#&/0%@C4 Design cold temperature for TES [K] 𝑇1-//0%@C4 Design hot temperature for TES [K] 𝑡%/-3('$ Storage hours [h] 𝑄!#-0&$% Design thermal power to the power block [W] 𝐻%/-3('$ Storage tank height [m] 𝑡𝑎𝑛𝑘)".# Minimum tank height [m] 
 
 

 𝑠𝑡𝑎𝑡𝑒2-#&,@C4&$% 	= 	𝑀𝑒𝑑𝑖𝑢𝑚. 𝑠𝑒𝑡𝑆𝑡𝑎𝑡𝑒+@A �𝑀𝑒𝑑𝑖𝑢𝑚. 𝑝&$!(6#/ , 𝑇2-#&/0%@C4� (48) 

 𝑠𝑡𝑎𝑡𝑒1-/,@C4&$% 	= 	𝑀𝑒𝑑𝑖𝑢𝑚. 𝑠𝑒𝑡𝑆𝑡𝑎𝑡𝑒+@A �𝑀𝑒𝑑𝑖𝑢𝑚. 𝑝&$!(6#/ , 𝑇1-//0%@C4� (49) 

 ℎ2-#&/0%@C4					𝜌2-#&/0%@C4 = 	𝑓 �𝑠𝑡𝑎𝑡𝑒2-#&,@C4&$%� (50) 

 ℎ1-//0%@C4						𝜌1-//0%@C4 	= 	𝑓 �𝑠𝑡𝑎𝑡𝑒1-/,@C4&$%� (51) 
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 𝐸)(7 = 𝑡%/-3('$ ⋅ 3600 ⋅ 𝑄!#-0&$% (52) 

 𝑚)(7 = 𝐸)(7/ �ℎ1-/%$/@C4 −	ℎ2-#&%$/@C4�		 (53) 

 𝑉)(7 = 𝑚)(7/𝜌(9$>6: (54) 

 𝐷%/-3('$ = � 4 ⋅ 𝑉)(7𝜋 ⋅ �𝐻%/-3('$ − 𝑡𝑎𝑛𝑘)".#��
D.F

 (55) 

 𝑉/(.; = (𝐻%/-3('$ ⋅ 𝜋 ⋅ 𝐷%/-3('$B )/4 (56) 

 𝐴%63!@C4 = 𝜋 ⋅ 𝐷%/-3('$ ⋅ 𝐻%/-3('$ + 𝜋 ⋅ 𝐷%/-3('$B /4 (57) 
 

Table 13. Design Outputs – thermal energy storage model 

Symbol Description Unit 𝐸)(7 Maximum tank stored energy [J] 𝑚)(7 Maximum medium mass in tanks [kg] 𝑉/(.; Maximum medium volume in tanks [m3] 𝐷%/-3('$ Storage tank diameter [m] 𝐴%63!@C4 Tank surface for losses  [m2] 

Operation 

Table 14 summarizes the main hourly inputs required for the estimation of the operating performance 
of the thermal energy storage. The outputs are estimated by using the equations (58) – (67) and 
they are summarized in Table 15. 

Table 14. Operating Inputs – thermal energy storage model 

Symbol Description Unit 𝑀𝑒𝑑𝑖𝑢𝑚 HTF utilized in the TES [-] 𝑚!#-0".
 Inlet mass flow rate in tank [kg/s] ℎ". Inlet specific enthalpy [J/kg] 𝑚+3$9 Previous value of estimated mass in tank [kg] ℎ+3$9 Previous value of average specific enthalpy [J/kg] 𝑚!#-0-6/
 Outlet mass flow rate from tank [kg/s] 𝑇()* Ambient temperature [K] 𝑡". Initial time step [s] 𝑡-6/ Final time step [s] 𝑑𝑡 Duration time step [s] 𝑇𝑎𝑛𝑘G$%"'. Tank design parameters* [-] 𝑚)(7&$%
 Maximum mass - design [kg] 𝛼 Tank heat transfer coefficient [W/m2/K] 𝑊(67 Nominal heat tracing capacity [W] 𝑒1/ Efficiency of the heat tracing system [-] 

* It summarizes all the geometrical parameters calculated above 
 

 𝑠𝑡𝑎𝑡𝑒)$&"6) 	= 	𝑀𝑒𝑑𝑖𝑢𝑚. 𝑠𝑒𝑡𝑆𝑡𝑎𝑡𝑒+1A(𝑀𝑒𝑑𝑖𝑢𝑚. 𝑝&$!(6#/ , ℎ+3$9) (58) 

 
𝑑𝑚𝑑𝑡 = 𝑚!#-0".

−𝑚!#-0-6/
 (59) 

 𝐿 = 𝑚/𝑚)(730/
⋅ 100 (60) 

 𝑇, 𝜌 = 	𝑓(𝑠𝑡𝑎𝑡𝑒)$&"6)) (61) 

 𝑉 = 𝑚/𝜌 (62) 

 𝐴 = 𝜋 ⋅ 𝐷%/-3('$ ⋅ 𝐻%/-3('$ ⋅ 𝑉/𝑉/(.; + 𝜋 ⋅ 𝐷%/-3('$B /4 (63) 

 𝑄#-%%$% = 𝐴 ⋅ 𝛼 ⋅ (𝑇 − 𝑇()*) (64) 

 𝑊.$/ = min(𝑄#-%%$%,𝑊(67) (65) 
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 𝑊#-%% = 𝑊.$//𝑒1/ (66) 

 𝑚𝑑ℎ𝑑𝑡 + ℎ 𝑑𝑚𝑑𝑡 = 𝑚!#-0".
⋅ ℎ". +𝑚!#-0-6/

⋅ ℎ − 𝑄#-%%$% +𝑊.$/ (67) 

 

Table 15. Operating Outputs – thermal energy storage model 

Symbol Description Unit 𝐿 Tank level [%] ℎ Average specific enthalpy [J/kg] 𝑚 Mass of HTF stored in the tank [kg] 𝑄#-%%$% Thermal losses [W] 𝑊#-%% Parasitic losses due to heat [W] 

 

3.1.5. sCO2 Power Block 

The power block model has been implemented in MoSES by interpolating design and part-load 
performance maps developed by POLIMI, in the parallel work conducted in WP4 for all the layouts 
presented in Figure 2. The user can select the power block by using four Booleans variables, 1 for 
each power block layout: RCC, RCBC, RCIC, and PCC. Dry cooling has been considered for all the 
configurations.  

Design 

Table 16 summarizes the main inputs required for the power block design. The design outputs are 
estimated directly from the lookup tables provided by POLIMI and they are summarized in Table 17. 
The isentropic efficiency of the turbine (𝑒𝑡𝑎7) and the compressor (𝑒𝑡𝑎8) are estimated iteratively as 
a function of the turbomachinery size. 

Table 16. Design Inputs – sCO2 power block model 

Symbol Description Unit 𝑃'3-%% Power Cycle Gross Output [W] 𝑇𝐼𝑇 Turbine Inlet Temperature at design [K] 𝑇".<-)+3 Compressor inlet temperature at design [K] 𝑝1"'1 Power block design high pressure [Pa] 𝑝#-0 Power block design low pressure [Pa] 𝑒𝑡𝑎'$. Mechanical-to-Electrical Efficiency [-] 𝑒𝑡𝑎:@H Effectiveness High-Temperature Recuperator [-] 𝑇1-/1$(/$3%$/ Heat source high-temperature design [K] 𝑇2-#&1$(/$3%$/ Heat source low-temperature input value [K] 𝐷𝑇+".211-/I%<JB Initial Temperature difference for the primary HX(s) [K] 𝑇".("32--#$3&$% The ambient temperature at design point for the power 
block [K] 𝐷𝑇3$26+$3(/-3 		 Min Pich-point temperature recuperators [K] 

 
 

 

Table 17. Design Outputs – sCO2 power block model  

Symbol Description Unit 𝑚!#-0%<JB
 Design sCO2 Mass flow rate [kg/s] 𝑒𝑡𝑎*#;&$% Design power block efficiency [-] 𝑇%<JB2-#&&$% Design return sCO2 temperature - MH [K] 𝑇)(7:@H%<JB Maximum temperature HTR [K] 
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𝑊@K&$%
 Design HPT power [W] 𝑒𝑡𝑎@K Design HPT isentropic efficiency [-] 𝑊<K&$%
 Design MC1 power [W] 𝑒𝑡𝑎<K Design MC1 isentropic efficiency [-] 𝑈𝐴L:&$% Overall heat transfer coefficient MH [W/K] 𝑈𝐴:@H&$% Overall heat transfer coefficient HTR [W/K] 𝑈𝐴2--#$3&$% Overall heat transfer coefficient cooler [W/K] 𝑄<--#$3&$% Design cooler power [W] 𝐷𝑇+".212--#$3 Cooler pinch-point temperature difference [K] 𝑄:@H Design HTR power [W] 𝑐𝑦𝑐𝑙𝑒+-"./% Thermodynamic states of all the cycle points [-] 

Operation 

Table 18 summarizes the main hourly inputs required for the estimation of the operating performance 
of the power block. Similarly, also for the operation, the outputs are estimated by interpolating the 
lookup tables provided by POLIMI, and they are summarized in Table 19. 

Table 18. Operating Inputs– sCO2 power block model  

Symbol Description Unit 𝑚!#-0  sCO2 Mass flow rate - MH [kg/s] 𝑇𝐼𝑇 Turbine Inlet Temperature [K] 𝑇".<-)+3&$% Compressor inlet temperature [K] 𝑒𝑡𝑎:=@&$% Design HPT isentropic efficiency [-] 𝑒𝑡𝑎L<&$% Design MC1 isentropic efficiency [-] 𝑒𝑡𝑎:@H Effectiveness High-Temperature Recuperator [-] 𝑒𝑡𝑎'$. Mechanical-to-Electrical Efficiency [-] 𝑢𝑠𝑒$/(.$/*#; Boolean to decide to use a fixed net-to-gross efficiency 
or calculate parasitic losses 

[-] 𝑒𝑡𝑎.$/*#; Gross-to-net power conversion factor at the power block [-] 𝑇()* Ambient Temperature [K] 𝐷𝑇+".212--#$3 Cooler pinch-point temperature difference [K] 𝑊*(%$*#;
 Fixed power block power consumption [W] 𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑒𝑠*#; Parasitic losses [W] 𝐷𝑇3$26+$3(/-3 Min Pich-point temperature recuperators [K] 

 
 

Table 19. Operating Outputs – sCO2 power block model 

Symbol Description Unit 𝑊.$/ Net power production [W]   ℎM Return specific enthalpy - MH [J/kg] 𝑒𝑓𝑓 Efficiency [-]   𝑄<--#$3 Cooling thermal power [W]   𝑄:@H HTR thermal power [W]   𝑊@K HPT power [W]   𝑊<K MC1 power [W]   𝑐𝑦𝑐𝑙𝑒/$)+$3(/63$% Temperatures for the different cycle points [-]   
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3.1.6. Electric Heater 

The electric heater has been modeled with a fixed electric-to-thermal efficiency approach. 

Design 

Table 20 summarizes the main inputs required for the electric heater design. The design outputs are 
estimated as shown in equations (68) – (73) and they are summarized in Table 21. 

Table 20. Design Inputs – electric heater model 

Symbol Description Unit 𝑀𝑒𝑑𝑖𝑢𝑚 HTF utilized in the electric heater [-]  𝑒𝑡𝑎1$(/$3&$% Electric-to-thermal efficiency [-]  𝑇-6/&$% Outlet HTF temperature at the design point [K]  𝑇".&$% Inlet HTF temperature at the design point [K] 𝑃.()$C: Net electric heater power [W] 
 
 

 𝑄.()$C: = 𝑃.()$C: ⋅ 𝑒𝑡𝑎1$(/$3&$%"'.	 (68) 

 𝑠𝑡𝑎𝑡𝑒".#$/6?30/ = 𝑀𝑒𝑑𝑖𝑢𝑚. 𝑠𝑒𝑡𝑆𝑡𝑎𝑡𝑒+@A(𝑝&$!(6#/ , 𝑇".&$%) (69) 

 𝑠𝑡𝑎𝑡𝑒-6/#$/6?30/ = 𝑀𝑒𝑑𝑖𝑢𝑚. 𝑠𝑒𝑡𝑆𝑡𝑎𝑡𝑒+@A(𝑝&$!(6#/ , 𝑇-6/&$%) (70) 

 ℎ2-#&%$/C: = 𝑓 �𝑠𝑡𝑎𝑡𝑒".#$/6?30/� (71) 

 ℎ1-/%$/C: = 𝑓 �𝑠𝑡𝑎𝑡𝑒-6/#$/6?30/� (72) 

 𝑚!#-06?30/
= 𝑄.()$6?/ �ℎ1-//0%6? − ℎ2-#&/0%6?� (73) 

Table 21. Design Outputs – electric heater model 

Symbol Description Unit 𝑃.()$C: Nominal electric power [W] 𝑄.()$C: Nominal thermal power [W] 𝑚!#-06?30/
 Design mass flow rate [kg/s] 

Operation 

Table 22 summarizes the main hourly inputs required for the estimation of the operating performance 
of the electric heater. The outputs are estimated by using the equations (74) – (76) and they are 
summarized in Table 23. 

Table 22. Operating Inputs – electric heater model 

Symbol Description Unit 𝑊1$(/$3 Net Power to the electric heater [W]   ℎ". Inlet specific enthalpy [J/kg] 𝑚!#-0 Mass flow rate [kg/s] 𝑒𝑓𝑓_ℎ𝑒𝑎𝑡𝑒𝑟	 Electric-to-thermal efficiency [-] 𝐸𝐻-. Boolean to indicate if electric heater is on [-] 
 
 

 𝑄#-%%1$(/$3 = �𝑃=N1$(/$3 ⋅ �1 − 𝑒𝑡𝑎1$(/$330/!@"� 										𝑖𝑓	𝐸𝐻-. = 𝑇𝑟𝑢𝑒0																																																																						𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒	  (74) 

 𝑄-6/-04%0. = 𝑒𝑡𝑎1$(/$3 ⋅ 𝑃=N1$(/$3 	 (75) 

 ℎ-6/ = ℎ". + 𝑄-6/-04%0./𝑚!#-0 (76) 
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Table 23. Operating Outputs – electric heater model 

Symbol Description Unit 𝑄-6/1$(/$3 Thermal power output [W]   ℎ-6/ Output specific enthalpy [J/kg] 𝑄#-%%1$(/$3 Thermal power losses [W]   

 

3.1.7. PV Plant 

The PV plant has been modeled using the module Pvwattsv8 included in the tool NREL-PySAM. 
The design and operating conditions are estimated simultaneously. The system is designed with a 
scalable size in terms of the number of inverters to reach the nominal PV capacity (in MWAC), with 
a fixed DC-AC ratio. Table 24 summarizes the main design and operating inputs required for the 
estimation of the operating performance of the PV field. The outputs are estimated by using the 
equations (77) – (82) and they are summarized in 0. 

Table 24. Inputs – PV model 

Symbol Description Unit 𝑤!"#$ Weather File [-] 𝑎𝑧𝑖𝑚𝑢𝑡ℎ 
Array azimuth angle [deg] - Options: N=0, 

E=90,S=180,W=270 
[deg] 

𝑎𝑟𝑟𝑎𝑦/8+$ Array type [0, 1, 2, 3, 4] - [Fixed Rack, Fixed Roof, 
1Axis, Backtracked, 2Axis] 

[-] 𝑏𝑖𝑓𝑎𝑐𝑖𝑎𝑙𝑖𝑡𝑦 Module bifaciality factor [0 or ~0.65] [-] 𝑟G<O< DC-to-AC ratio [-] 𝑒𝑛_𝑠𝑛𝑜𝑤𝑙𝑜𝑠𝑠 Boolean to enable snow loss model [-] 𝑒𝑛_𝑤𝑖𝑛𝑑_𝑠𝑡𝑜𝑤 Boolean to enable tracker stow at high wind speeds [-] 𝐺𝐶𝑅 Ground coverage ratio [-] 𝑡𝑖𝑙𝑡 Array tilt angle (if no tracking) [deg] 𝑒𝑡𝑎".9".+6/ Inverter efficiency at rated power [-] 𝑡𝑜𝑡_𝐷𝐶_𝑙𝑜𝑠𝑠𝑒𝑠 Total DC losses, Total system losses [-] 𝑚𝑜𝑑𝑢𝑙𝑒/8+$ Module type [0, 1, 2] - [Standard,Premium,Thin film] [-] 𝑟𝑜𝑡_𝑙𝑖𝑚 Tracker rotation angle limit [deg] 𝑠𝑡𝑜𝑤_𝑤𝑠𝑝𝑑 Tracker stow wind speed threshold [m/s] 𝑃G< DC nameplate system capacity [W] 𝑡𝑖𝑙𝑡 Array tilt angle (if no tracking) [deg] 𝑤𝑖𝑛𝑑_𝑠𝑡𝑜𝑤_𝑎𝑛𝑔𝑙𝑒 Tracker angle for wind stow [deg] 𝑃%".'#$=N Single PV module DC power output [W] 𝑒𝑓𝑓_𝑠𝑖𝑛𝑔𝑙𝑒_𝑃𝑉 Single PV Efficiency [-] 
 

 𝐴=N*!0+3 = 𝑃G</𝑒𝑓𝑓%".'#$;A (77) 

 𝑁=N813$+0/
=	𝐴=N*!0+3/1.7/2	 (78) 

 𝐴#(.&;A%1% = 𝐴#(.&;A%1% = 	1.7 ∗ � 3𝐺𝐶𝑅� ∗ 𝑁=N813$+0/
 (79) 

 𝐸𝑛𝑒𝑟𝑔𝑦𝑌𝑖𝑒𝑙𝑑=N = 𝑜𝑢𝑡𝑝𝑢𝑡	𝑓𝑟𝑜𝑚	𝑃𝑦𝑆𝐴𝑀 (80) 

 𝑃G<!"9 = 𝑜𝑢𝑡𝑝𝑢𝑡	𝑓𝑟𝑜𝑚	𝑃𝑦𝑆𝐴𝑀 (81) 

 𝑊/-/;A
= 𝑜𝑢𝑡𝑝𝑢𝑡	𝑓𝑟𝑜𝑚	𝑃𝑦𝑆𝐴𝑀 (82) 
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Table 25. Outputs – PV model 

Symbol Description Unit 𝐴#(.&=N/-/ Total land occupied by the PV plant [m2] 𝐴=N!"$#& Land occupied by PV modules [m2] 𝐸𝑛𝑒𝑟𝑔𝑦𝑌𝑖𝑒𝑙𝑑=N Energy Yield PV plant [kWh/kW] 𝐶𝐹=N Capacity Factor PV plant [%] 𝑃G<".9 Power DC output [W] 𝑊/-/=N
 Total Power AC output [W] 

 

3.1.8. Battery Energy Storage System 

The Battery energy storage system plant has been modeled incorporating the aging effects of the 
BESS, accounting for both calendar and cycle degradation [16]. Replacement of the BESS is 
considered when its health—defined as 100% when corresponding to the installed energy capacity 
for charge and discharge—falls below 50% due to actual usage patterns. The design and operating 
conditions are estimated simultaneously. Table 26 summarizes the main design and operating inputs 
required for the estimation of the operating performance of the BESS. The outputs are estimated by 
using the equations (83) – (105) and they are summarized in Table 27. 

Design and Operation 

Table 26. Design and Operation Inputs – BESS model 

Symbol Description Unit 𝑡_𝑠𝑡𝑜𝑟𝑎𝑔𝑒	 Battery Capacity in hours of storage h 𝑃_𝐴𝐶_𝐵𝐸𝑆𝑆&$% Design AC Power to Grid from BESS W-AC 𝑒𝑡𝑎_𝑖𝑛𝑣&$% Design and Operation - Inverter Efficiency - 𝑒𝑡𝑎_𝐵𝐸𝑆𝑆_𝑅𝑇&$% Initial Roundtrip DC Efficiency - 𝐷𝑂𝐷_𝑚𝑎𝑥"."/"(# Initial Maximum DOD of BESS - 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛_𝐸_𝐵𝐸𝑆𝑆2(#$.&(3 	 Calendar Degradation  -/year 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛_𝐸_𝐵𝐸𝑆𝑆282#$ Cycling Degradation /cycle 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛_𝑒𝑡𝑎_𝐵𝐸𝑆𝑆_𝑅𝑇2(#$.&(3 	 Roundtrip DC Efficiency Calendar Degradation -/year 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛_𝑒𝑡𝑎_𝐵𝐸𝑆𝑆_𝑅𝑇282#$ 	 Roundtrip DC Efficiency Cycling Degradation /cycle 𝑃_𝑔𝑟𝑖𝑑#")"/ Grid interconnection limit W-AC 𝑃_𝑐ℎ𝑎𝑟𝑔𝑒_𝐴𝐶HC4 AC Power from RES to BESS W-AC 𝑃_𝑐ℎ𝑎𝑟𝑔𝑒_𝐴𝐶'3"& AC Power from grid to BESS W-AC 𝑃_𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝐴𝐶%$/ AC Power from BESS to grid - set point W-AC 𝑆𝑂𝐶+3$9 State of Charge at the previous time step - 𝐸_𝐵𝐸𝑆𝑆_𝐷𝐶_𝑢𝑠𝑎𝑏𝑙𝑒_𝑝𝑟𝑒𝑣	 Usable Battery bank - at each time step Wh-DC 𝐸_𝐷𝐶_𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑑!3-)>C44#.09 	 DC Electricity discharged from BESS prev Wh-DC 𝑑𝑒𝑙𝑡𝑎_𝑡 Time step simulated [s] 𝑆𝑦𝑠𝑡𝑒𝑚𝐴𝑔𝑒_𝑝𝑟𝑒𝑣	 Age of the BESS System years 𝑠ℎ𝑎𝑟𝑒_𝑑𝑒𝑔𝐶𝑦𝑐𝑙𝑒_𝐸_𝐵𝐸𝑆𝑆+3$9 Share of Cycle Degradation of BESS prev - 𝑠ℎ𝑎𝑟𝑒_𝑑𝑒𝑔𝐶𝑦𝑐𝑙𝑒_𝑅𝑇𝐷𝐶$!!#.09 Share of Cycle Degradation of RT Efficienc prev - 

 

 𝑃O<B6::30/ 	= 𝑃O<B6::30/  (83) 

 𝑃O<B6::30/ = 𝑃O<B6::30/𝑒𝑡𝑎_𝑖𝑛𝑣&$% (84) 

 𝐸>C44C="1830/
= 𝑃G<B6::30/ ∗ 𝑡%/-3('$/𝐷𝑂𝐷)(7 (85) 

 𝐸>C44C=$/45+030/ = 𝑃G<B6::30/ ∗ 𝑡%/-3('$ (86) 
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 𝐵𝐸𝑆𝑆1 = 𝐸>C44C=$/45+030/ ∗ 𝑒𝑡𝑎".930//𝑃O<B6::30/  (87) 

 𝑆𝑦𝑠𝑡𝑒𝑚𝐴𝑔𝑒	 = 	𝑑𝑒𝑙𝑡𝑎//(3600 ∗ 8760) 	+ 	𝑆𝑦𝑠𝑡𝑒𝑚𝐴𝑔𝑒+3$9 (88) 

 𝑠ℎ𝑎𝑟𝑒>C44272+0 	= 	𝐸G<3!/2-4.@03*.18B6::#.09
/𝐸>C44C=$/45+0#.09  (89) 

 𝑠ℎ𝑎𝑟𝑒&$'<82#$6B6:: 	= 	𝑠ℎ𝑎𝑟𝑒&$'<82#$6B6::#.09 + (𝐷𝑒𝑔CB6::272+0 ∗ 𝑠ℎ𝑎𝑟𝑒>C44272+0) (90) 

 𝑠ℎ𝑎𝑟𝑒&$'<(#$.&(36B6:: = 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛CB6::24+0"34. ∗ 𝑆𝑦𝑠𝑡𝑒𝑚𝐴𝑔𝑒 (91) 

 𝐸>C44C=$/45+0 = 𝐸>C44C=$/45+030/ ∗ (1	 −	(𝑠ℎ&$'<82#$6B6:: +	𝑠ℎ&$'<(#$.&(36B6::)) (92) 

 𝑠ℎ&$'<82#$D>C=0** =	𝑠ℎ&$'<82#$D>C=0**#.09 + �𝐷𝑒𝑔$/(B6::D>272+0 ∗ 𝑠ℎ𝑎𝑟𝑒>C44272+0� (93) 

 𝑠ℎ&$'<(#$.&(3D>C=0** = 	𝐷𝑒𝑔$/(B6::D>24+0"34. ∗ 𝑆𝑦𝑠𝑡𝑒𝑚𝐴𝑔𝑒 (94) 

 𝑒𝑡𝑎>C44D> = 	𝑒𝑡𝑎>C44D>30/ ∗ �1	 −	�𝑠ℎ𝑎𝑟𝑒&$'<82#$D>C=0** + 	𝑠ℎ𝑎𝑟𝑒&$'<(#$.&(3D>C=0**�� (95) 

 𝐵𝐸𝑆𝑆1$(#/1 = 𝐸>C44C=$/45+0𝐸>C44C=$/45+030/  (96) 

 𝑊O<%1B6::
=	𝑊O<D6:%1B6::

+	𝑊O<@.!3%1B6::
 (97) 

 𝑊G<%1B6::
=	𝑊O<%1B6::

∗ 𝑒𝑡𝑎>C44D> ∗ 𝑒𝑡𝑎".930/ (98) 

 𝑊G<*.18B6::
=	𝑊O<*.18B6::

/𝑒𝑡𝑎".930/ 	 (99) 

 𝑆𝑂𝐶	 = 	𝑆𝑂𝐶+3$9 +	�𝑊G<%1B6::
−𝑊G<*.18B6::

� ∗ 𝑑𝑒𝑙𝑡𝑎/𝐸>C44C=$/45+0  (100) 

 𝑊>C44%1@.!3
=	𝑊G<*.18B6::

∗ 𝑒𝑡𝑎".930/ (101) 

 𝑊%8%/$)%1B6::
=	𝑊O<D6:%1B6::

 (102) 

 𝑊'3"&%1B6::
=	𝑊O<@.!3%1B6::

 (103) 

 𝐸G<3!/2-4.@03*.18B6::
=	𝑊G<*.18B6::

∗ 𝑑𝑒𝑙𝑡𝑎/3600  (104) 

 𝐸G<2-4.@03%1B6:: =	𝑊G<%1B6::
∗ 𝑑𝑒𝑙𝑡𝑎/3600 	 (105) 

Table 27. Design and Operation Outputs – BESS model 

Symbol Description Unit 𝑃_𝐴𝐶_𝐵𝐸𝑆𝑆_𝑑𝑒𝑠  Battery Power - Inverter design power W-AC 𝐵𝐸𝑆𝑆_ℎ Battery Capacity in hours of storage h 𝐸_𝐵𝐸𝑆𝑆_𝐷𝐶_𝑛𝑜𝑚_𝑑𝑒𝑠 Nameplate Battery bank installed capacity Wh-DC 𝐸_𝐵𝐸𝑆𝑆_𝐷𝐶_𝑢𝑠𝑎𝑏𝑙𝑒_𝑑𝑒𝑠 Usable Battery bank installed capacity Wh-DC 𝑊_𝐵𝐸𝑆𝑆_𝑡𝑜_𝑔𝑟𝑖𝑑 AC Electric Power to grid from battery W-AC 𝑊_𝑠𝑦𝑠𝑡𝑒𝑚_𝑡𝑜_𝐵𝐸𝑆𝑆 AC Electric Power to battery from system W-AC 𝑊_𝑔𝑟𝑖𝑑_𝑡𝑜_𝐵𝐸𝑆𝑆 AC Electric Power to battery from grid W-AC 𝑆𝑂𝐶 Battery state of charge % 𝐸_𝐷𝐶_𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑑_𝑓𝑟𝑜𝑚𝐵𝐸𝑆𝑆 DC Electricity discharged from BESS Wh-DC 𝐸_𝐷𝐶_𝑐ℎ𝑎𝑟𝑔𝑒𝑑_𝑡𝑜𝐵𝐸𝑆𝑆 DC Electricity charged to BESS Wh-DC 𝐸_𝐵𝐸𝑆𝑆_𝐷𝐶_𝑢𝑠𝑎𝑏𝑙𝑒 Usable Battery bank - at each time step Wh-DC 𝑒𝑡𝑎_𝐵𝐸𝑆𝑆_𝑅𝑇 Battery average roundtrip efficiency - 𝑆𝑦𝑠𝑡𝑒𝑚𝐴𝑔𝑒 Age of the BESS System years 𝐵𝐸𝑆𝑆_ℎ𝑒𝑎𝑙𝑡ℎ Percentage of usable capacity compared to start - 𝑠ℎ𝑎𝑟𝑒_𝑑𝑒𝑔𝐶𝑦𝑐𝑙𝑒_𝐸_𝐵𝐸𝑆𝑆 Previous Share of Cycle Degradation of BESS Energy - 𝑠ℎ𝑎𝑟𝑒_𝑑𝑒𝑔𝐶𝑦𝑐𝑙𝑒_𝑅𝑇𝐷𝐶_𝑒𝑓𝑓		 Previous Share of Cycle Degradation of RT Efficiency - 
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3.2. Financial cost model 

Two main economic indicators have been considered: capital investment cost (CAPEX) and 
operational cost (OPEX). The capital investment includes the direct and indirect costs for all the main 
components identified in the solar plant. The operational cost accounts for the operation and 
maintenance of the plant, distinguishing production-dependent and capacity-dependent yearly costs. 
Table 28 summarizes the cost assumptions for the main components identified in the hybrid plant. 
The considered cost functions are also reported in this section. The cost assumptions have been 
converted into EUR, considering the average 2021 USD-to-EUR exchange rate of 0.84 [17]. A 
nominal discount rate (𝑑) of 7% and an interest rate (𝑖) of 2.5% can be adopted [18]. A plant 

operational lifetime (𝑁) of 30 years is suggested to be considered for the PV-CSP plant [18]. All of 
the financial indicators mentioned above are customizable, and the provided values are only 
reference points. Similarly, the costs listed below serve as reference values that the user can adjust 
or replace with actual component costs. 

Table 28. Cost assumptions for the hybrid PV-CSP plant. 

 Description Unit Value Ref. 

Heliostat field 
Tower and Receiver 

Heliostat field  EUR/m2 100 [19] 

Tower reference cost MEUR 2.5 [20] 

Tower cost exponent - 0.0113 [20] 

Receiver specific kEUR/ m2 31.4 [10] 

Particle Lift Lift specific EUR/(kg/s-m) 49 [10] 

Storage 

Particle bin specific EUR/m2 1033 [10] 

Particles EUR/kg 0.84 [10] 

Particle loss per year - 0.0001 [10] 

Non-storage inventory - 0.05 [10] 

sCO2 Power Block 

Particle-to-sCO2 HX EUR/(W/K)0.8778 14.7  [21] 

sCO2 turbine kEUR/(MW)0.5561 153 [22] 

sCO2 compressor kEUR/(MW)0.3992 1033 [22] 

sCO2-sCO2 recuperator EUR/(W/K)0.7544 41.5 [22] 

sCO2-Air cooler EUR/(W/K)0.75 27.6 [22] 

Gearbox kEUR/(MW)0.2434 149 [22] 

Generator kEUR/(MW)0.5463 92 [22] 

sCO2 piping %PB cost 15 (20) [22] 

Electric Heater Fixed Cost EUR/kWe 125 * 

Variable Cost EUR/kWe 15 * 

PV 

Module EUR/WDC 0.24 [23] 

Balance of System EUR/WDC 0.18 [24] 

Inverter EUR/WAC 0.04 [24] 

Battery Energy 
Storage System 

Balance of system EUR/WAC 0.08 [23] 

Power control system EUR/WAC 0.06 [23] 

Energy Storage EUR/WhAC 0.18 [23] 

Replacement EUR/WhAC/Nrep 0.12 [23] 

Other-CSP 

Balance of Plant EUR/kWe 244 [20] 

Contingency %direct costs 7 [20] 

EPC %direct costs 13 [20] 

Fixed O&M – cap EUR/kW-yr 34 [20] 

Variable O&M – gen EUR/MWh-yr 3 [20] 

Other-PV 

Contingency %direct costs 5 [24] 

EPC %direct costs 10 [24] 

Fixed O&M – cap EUR/kW-yr 11 [24] 

Variable O&M – gen BESS EUR/MWhAC 1.8 [23] 
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Fixed O&M – cap BESS EUR/kWAC 5.8 [23] 

Land 
Land EUR/m2 2.1 [20] 

Site Improvement EUR/m2 8.4 [20] 
* based on a real quotation 

 

In this section, the adopted financial cost model is presented. The overall investment cost of a hybrid 
CSP-PV plant under investigation is estimated as the sum of the CAPEX of the CSP and PV plant, 
as shown in equation (106). Similarly, the operating expenditure (OPEX) is calculated as shown in 
equation (107). Each of these parameters can be estimated using the cost functions for the single 
components as functions of the sizes or can be provided directly from the user. 

 

 𝐶𝐴𝑃𝐸𝑋 = 𝐶𝐴𝑃𝐸𝑋<4= + 𝐶𝐴𝑃𝐸𝑋=N + 𝐶𝐴𝑃𝐸𝑋>C44 (106) 

 𝑂𝑃𝐸𝑋 = 𝑂𝑃𝐸𝑋<4= + 𝑂𝑃𝐸𝑋=N + 𝑂𝑃𝐸𝑋>C44 (107) 

 

3.2.1. CSP Plant 

The capital expenditure of the CSP plant (including an eventual electric heater) can be estimated as 
the sum of the direct and indirect costs of the plant: 

 𝐶𝐴𝑃𝐸𝑋<4= = 𝐶&,<4= + 𝐶".&,<4= (108) 

 

3.2.1.1. Direct Costs 

The direct costs of the plant include all the subsystems costs that have been identified in the system 
layout, as shown in equation (109). These include the solar field (SF), the site improvement (site), 
the tower (tower), the receiver (rec), the particle lift (lift), the thermal energy storage (TES), the 
balance of plant (BOP), the electric heater (EH), the power block (PB), and the contingencies 
(𝑓'*$1,8!:). 

 
𝐶&,<4= = �𝐶45 + 𝐶%"/$ + 𝐶/-0$3 + 𝐶3$2 + 𝐶#"!/ + 𝐶@C4 + 𝐶>J= + 𝐶C: + 𝐶=>�∙ �1 + 𝑓2-./,<4=� (109) 

These contributions to the total direct costs of the plant are evaluated in equations (110) - (124). The 
contingency costs are estimated just as a fraction of the other direct costs. The specific or reference 
costs are dependent on the media adopted in the CSP field. For each layout under investigation, 
these values are pre-set based on the literature and can be customized by the user. 

 𝐶45 = 𝑐45 ∙ 𝐴45 (110) 

 𝐶%"/$ =	𝑐%"/$ ∙ 𝐴45 (111) 

 𝐶/-0$3 = 𝐶/-0$3,3$! ∙ 𝑒/-0$3,$7+∙:_/-0$3 (112) 

 𝐶3$2 = 𝑐3$2 ∙ 𝐴3$2 (113) 

 𝐶#"!/ = 𝑐#"!/ ∙ 𝑚!#-0#4.%!2+030/
∙ 𝐻/-0$3 (114) 

 𝑐*".-1% 	= 	 𝑐*"./#02 ∙ (1 + 0.3 ∙ ��𝑇1-//0%>6:[°𝐶]� − 600� /400)) (115) 

 𝑐*".21+3 	= 	 𝑐*"./#02 ∙ (1 + 0.3 ∙ ��𝑇2-#&/0%>6:[°𝐶]� − 600� /400)) (116) 

 𝐶+(3/"2#$ =	𝑐+(3/"2#$ ∙ (1 + 𝑁𝑆) ∙ 𝑚+(3/"2#$ (117) 
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 𝐶+(3/"2#$+1// =	𝑓#-%%#4.%!2+0 ∙ 𝑡#"!$ ∙ 𝑐+(3/"2#$ ∙ 𝑚!#-0#4.%!2+030/
∙ 0.6 ∙ 8760 ∙ 3600 (118) 

 𝐶@C4 = 𝑐*".-1% ∙ 𝐴%63!>6: + 𝑐*".21+3 ∙ 𝐴%63!>6: + 𝐶+(3/"2#$ + 𝐶+(3/"2#$+1// (119) 

 𝐶>J= = 𝑐>J= ∙ 𝑃'3-%% (120) 

 𝑓@,C: = 2.68 ∙ log�𝑇)(7,C:[°C]� − 16								𝑖𝑓	𝑇)(7,C: > 550	°C (121) 

 𝑓@,C: = 1								𝑖𝑓	𝑇)(7,C: ≤ 550	°C (122) 

 𝐶C: = (𝑐C:,!"7$& + 𝑐C:,9(3 ∙ 𝑓@,C:) ∙ 𝑃C:,&$% (123) 

 𝐶=> = 𝐶$R6"+)$./,=> + 𝐶+"+".' (124) 

The power block cost is estimated considering the cost of all the pieces of equipment involved as 
presented in (125). Equations (126) - (135) show the implemented cost functions for the sCO2 power 
block components. 

 
𝐶$R6"+)$./,=> =	𝐶L<K + 𝐶L<B + 𝐶H< + 𝐶:=@ + 𝐶S=@ + 𝐶L: + 𝐶H: + 𝐶:@H + 𝐶S@H+ 𝐶2--#$3 + 𝐶"./$32--#$3 + 𝐶'$.$3(/-3 + 𝐶'$(3*-7 

(125) 

 𝐶L<K, 𝐶L<B, 𝐶H< = 𝐶2-)+,3$! ∙ 𝑊2-)+,&$%
D.TUUB  (126) 

 𝐶:=@ , 𝐶S=@ = 𝑓@,/63* ∙ 𝐶/63*,3$! ∙ 𝑊/63*,&$%
D.FFMK  (127) 

 𝑓@,/63* = 1 + (1.106 ∙ 10IV ∙ (𝑇𝐼𝑇	[°𝐶] − 550)B) (128) 

 𝐶L: , 𝐶H: = 𝐶1$(/$3,3$! ∙ 𝑈𝐴1$(/$3,&$%D.WXXW  (129) 

 𝐶:@H , 𝐶S@H = 𝑓@,3$26+ ∙ 𝐶3$26+,3$! ∙ 𝑈𝐴3$26+,&$%D.XFVV  (130) 

 𝑓@,3$26+ = 1	 + 	0.02141 ∙ (𝑇)(7	[°𝐶] − 550) (131) 

 𝐶2--#$3 , 𝐶"./$32--#$3 = 𝐶2--#$3,3$! ∙ 𝑈𝐴2--#$3,&$%D.XF  (132) 

 𝐶'$.$3(/-3 = 𝐶'$.,3$! ∙ 𝑊'$.,&$%
D.FVMT  (133) 

 𝐶'$(3*-7 = 𝐶'$(3*-7,3$! ∙ 𝑊/63*/2-)+,&$%
D.BVTV  (134) 

 𝐶+"+".' = 𝑓+"+".' ∙ 𝐶$R6"+)$./,=> (135) 

 

3.2.1.2. Indirect Costs 

The indirect costs of the plant include the engineering, procurement, and construction (EPC) costs, 
and the land cost (land,CSP) as shown in equation (136). The EPC costs are estimated as a fraction 
of the direct costs. 

 𝐶".&,<4= = 𝐶&,<4= ∙ 𝑓C=<,<4= + 𝐶#(.&,<4= (136) 

where 𝐶#(.&,<4= is estimated as a function of the total land occupied by the CSP field: 

 𝐶#(.&,<4= = 𝑐#(.& ∙ 𝐴/-/,<4= (137) 

3.2.1.3. Operating Costs 

The operating costs account for the operation and maintenance of the plant distinguishing 
production-dependent (𝑐JL,+3-&,<4=) and capacity-dependent (𝑐JL,!"7,<4=) yearly costs. Then, the 

OPEX can be calculated as shown in Equation (138) as a function of the installed capacity (𝑃$&1) and 
of the annual energy yield (𝐴𝐸𝑌8!:). 
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 𝑂𝑃𝐸𝑋<4= = 𝑐JL,!"7,<4= ∙ 𝑃.$/ + 𝑐JL,+3-&,<4= ∙ 𝐴𝐸𝑌<4= (138) 

3.2.2. PV Plant 

The capital expenditure of the PV plant (including the inverter) can be estimated as the sum of the 
direct and indirect costs: 

 𝐶𝐴𝑃𝐸𝑋=N = 𝐶&,=N + 𝐶".&,=N (139) 

 

3.2.2.1. Direct Costs 

The direct costs of the PV plant include all the subsystems costs that have been identified in the 
system layout, as shown in equation (140). These include the PV modules (modules,PV), the 
balance of the system (BoS,PV), the site improvement cost (site,PV), the inverters (inverter,PV), and 

the contingencies (𝑓2-./,=N). 

 𝐶&,=N = �𝐶)-&6#$%,=N + 𝐶>-4,=N + 𝐶%"/$,=N + 𝐶".9$3/$3,=N� ∙ (1 + 𝑓2-./,=N) (140) 

These contributions to the total direct costs of the plant are evaluated in equations (141) – (206). 
The contingency costs are estimated just as a fraction of the other direct costs. The specific or 
reference costs are dependent on the type of PV modules adopted in the plant, and on the tracking 
system. For each layout under investigation, these values are pre-set based on the literature and 
can be customized by the user. 

 𝐶)-&6#$%,=N = 𝑐)-&6#$% ∙ 𝑃G<,=N (141) 

 𝐶>-4,=N = 𝑐>-4 ∙ 𝑃G<,=N (142) 

 𝐶%"/$,=N = 𝑐%"/$ ∙ 𝐴=N,!"$#& (143) 

 𝐶".9$3/$3,=N = 𝑐".9$3/$3 ∙ 𝑃O<,=N (144) 

 

3.2.2.2. Indirect Costs 

The indirect costs of the plant include the engineering, procurement, and construction (EPC,PV) 
costs, and the land cost (land,PV) as shown in equation (145). The EPC costs are estimated as a 
fraction of the direct costs. 

 𝐶".&,=N = 𝐶&,=N ∙ 𝑓C=<,=N + 𝐶#(.&,=N (145) 

where 𝐶#(.&,=N is estimated as a function of the total land occupied by the PV field: 

 𝐶#(.&,=N = 𝑐#(.& ∙ 𝐴=N,!"$#& (146) 

 

3.2.2.3. Operating Costs 

The operating costs account for the operation and maintenance of the plant considering only  
capacity-dependent (𝑐JL,!"7,=N) yearly costs. The OPEX can be calculated as shown in equation 

(147) as a function of the installed capacity (𝑃O<,=N). 

 𝑂𝑃𝐸𝑋=N = 𝑐JL,!"7,=N ∙ 𝑃O<,=N (147) 
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3.2.3. BESS 

The capital expenditure of the BESS plant (including the inverter) can be estimated as the sum of 
the direct and indirect costs: 

 𝐶𝐴𝑃𝐸𝑋>C44 = 𝐶&,>C44 + 𝐶".&,>C44 (148) 

 

3.2.3.1. Direct Costs 

The direct costs of the BESS plant include all the subsystems costs that have been identified in the 
system layout, as shown in equation (149). These include the energy storage (ES,BESS), power 
conversion system (PCS,BESS), the balance of the system (BoS,BESS), the replacement cost 

(replacement,BESS), and the contingencies (𝑓2-./,=N). 

 𝐶&,>C44 = �𝐶>-4B6:: +	𝐶=<4B6:: +	𝐶C4B6:: +	𝐶3$+#(2$)$./B6:: 	� ∙ (1 + 𝑓2-./,>C44) (149) 

These contributions to the total direct costs of the plant are evaluated in equations (150) – (153). 
The contingency costs are estimated just as a fraction of the other direct costs. For each layout 
under investigation, these values are pre-set based on the literature and can be customized by the 
user. 

 𝐶C4,>C44 = 𝑐C4,>C44 ∙ 𝐸>C44 (150) 

 𝐶>-4,>C44 = 𝑐>-4,>C44 ∙ 𝑃O<B6::30/  (151) 

 𝐶=<4,>C44 = 𝑐=<4,>C44 ∙ 𝑃O<B6::30/  (152) 

 𝐶3$+#(2$)$./,>C44 = 𝑐3$+#(2$)$./,>C44 ∙ 𝐸>C44 ∙ 𝑁3$+#(2$)$./ (153) 

 

3.2.3.2. Indirect Costs 

The indirect costs of the plant include the engineering, procurement, and construction (EPC, BESS) 
costs, as shown in equation (154). The EPC costs are estimated as a fraction of the direct costs. 

 𝐶".&,>C44 = 𝐶&,>C44 ∙ 𝑓C=<,>C44 (154) 

 

3.2.3.3. Operating Costs 

The operating costs account for the operation and maintenance of the plant distinguishing 
production-dependent (𝑐JL,+3-&,>C44) and capacity-dependent (𝑐JL,!"7,>C44) yearly costs. Then, the 

OPEX can be calculated as shown in Equation (155) as a function of the BESS installed capacity 

(𝑃O<B6::30/) and of the annual energy yield (𝐴𝐸𝑌;<!!). 

 𝑂𝑃𝐸𝑋>C44 = 𝑐JL,!"7,>C44 ∙ 𝑃O<B6::30/ + 𝑐JL,+3-&,>C44 ∙ 𝐴𝐸𝑌>C44 (155) 
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4. Key Performance Indicators 

The list of the selected KPIs is provided in Table 29. For each KPI, a brief description is included 
too. For all of the defined KPIs, a more detailed definition and the corresponding equation is 
presented in the following section. 

Table 29. List of selected Key Performance Indicators 

KPI 
number 

Key Performance Indicator (KPI) definition 

Technical 

1  

Annual average Solar-to-Electricity efficiency (𝜼𝒔𝒕𝒆) [%] 

The Solar-to-electric conversion efficiency measures the ability of the power plant to 

transform the primary solar resource into electricity.   

2  

Annual average Receiver efficiency (𝜼𝒓𝒆𝒄) [%] 

The receiver efficiency measures the ability of the receiver to convert the solar 

resource concentrated on the receiver into output thermal power. 

3  

Power Block design efficiency (𝜼𝑷𝑩) [%] 

The power block efficiency measures the ability of the power block to convert thermal 

power into electric power at the design condition. 

4  

Power Block Off-design efficiency (𝜼𝑷𝑩,𝒐𝒇𝒇) [%] 

The power block off-design efficiency measures the ability of the power block to 

convert thermal power into electric power during off-design conditions. This KPI is 

provided as three efficiency values calculated for operating powers equal to 25%, 

50%, and 75% of the design power. 

5  

Storage efficiency (𝜼𝑻𝑬𝑺) 
The Thermal Energy Storage (TES) efficiency measures the ability of the storage to 

store the thermal energy over a specified period. 

6  

Capacity Factor (𝑪𝑭) [%] 

The Capacity Factor is a measure of how much energy is produced by a plant 

compared to its maximum output based on the installed capacity. 

7  

Hybrid Capacity Factor (𝑯𝑪𝑭) [%] 

The Capacity Factor is a measure of how much energy is produced by a plant 

compared to its maximum output based on the load to fulfill. 

8  

Availability Factor (𝑨𝑭) [%] 

The availability factor is a measure of the availability of a power plant indicating the 

fraction of time that it can produce electricity over a certain period. 

9  Capacity Value (𝑪𝑽) [MW] 
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The Capacity Value measures the contribution of a power plant to reliably meeting 

demand. The capacity value is the contribution that a plant makes toward the planning 

reserve margin and it is expressed in terms of physical capacity (MW). 

10  

HTF Maximum Temperature (𝑻𝒎𝒂𝒙,𝑯𝑻𝑭) [ºC] 

The Heat Transfer Fluid (HTF) maximum temperature is the maximum temperature 

of the working fluid flowing into the receiver. It’s a measure of the highest quality 

thermal power available in the plant and it can be used to compare different layouts 

of the CSP plant. 

11  

HTF Temperature Difference (𝚫𝑻𝑯𝑻𝑭) [ºC] 

The Heat Transfer Fluid (HTF) temperature difference coupled with the 𝑇)(7,:@5 

characterizes the receiver temperature design conditions and it is a measure of how 

compact the receiver can be. 

12  

Storage Utilization Factor (𝑼𝑭𝑻𝑬𝑺) [%] 

The storage utilization factor is an indicator that identifies whether the storage size 

used for a particular configuration is too big or too small in terms of capacity. 

13  

Annual Energy Yield (𝑨𝑬𝒀) [GWh] 

The annual energy yield provides the total annual electricity generation of the power 

plant. 

14  

PV-direct-share of Electricity Produced per Year (𝒇𝑷𝑽,𝑨𝑬𝒀)  [%] 

The PV-share of AEY is a KPI that quantifies how much the PV-field impacts on the 

total electricity production of a hybrid PV+CSP plant. 

15  

Power Block Ramping Capability (𝑹𝑪𝑷𝑩)  [MW/hour] 

The ramping capability provides an estimate of how well the power block can adjust 

its power output to changing load requirements or market conditions. Upward and 

downward ramping are assessed separately. 

16  

Power Block Start-up Duration  (𝑺𝑼𝑫𝑷𝑩)  [hours] 

The start-up duration is a measure of the period needed by the power block to reach 

the desired power output from off mode. 

17  

Power Block Shut-down Duration (𝑺𝑫𝑫𝑷𝑩)  [hours] 

The shut-down duration is a measure of the period needed by the power block to 

reach the off mode from the operating power output condition. 

18  

Flexibility Factor (𝑭𝑭)  [-] 

The flexibility factor indicates the ability to shift energy production from low to high 

price periods. 

Economic 

19  Capital Expenditure (𝑪𝑨𝑷𝑬𝑿)  [MEUR] 
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This KPI indicates the total investment required for the CSP plant or hybrid 

configuration CSP-PV-BESS for the different layouts under investigation, including 

direct and indirect costs. 

20  

PV-share of CAPEX (𝒇𝑷𝑽,𝑪𝑨𝑷𝑬𝑿) [%] 

The PV-share of CAPEX is a KPI that quantifies how much the PV-field impacts on 

the total investment cost of a hybrid PV+CSP plant. 

21  

Operational Expenditure (𝑶𝑷𝑬𝑿)  [MEUR/year] 

The OPEX relates to the operational and maintenance costs incurred during the 

operation of the power plant. These include fixed costs and production-dependent 

costs. 

22  

Specific CAPEX (𝑺𝑪𝑨𝑷𝑬𝑿) [EUR/MW] 

The specific CAPEX is the investment cost per unit of installed capacity. This KPI can 

be used to compare large-scale and small-scale configurations based on their 

investment cost. 

23  

Specific Cost of Thermal Energy Storage (𝑺𝑪𝑻𝑬𝑺) [EUR/MWhth] 

The specific cost of the Thermal Energy Storage (TES) system quantifies the cost of 

storing a unit of thermal energy. 

24  

Specific cost of the HTF system (𝑺𝑪𝑯𝑻𝑭) [EUR/kWth] 

The specific cost of the Heat Transfer Fluid (HTF) system quantifies the cost of a unit 

of thermal energy converted from solar irradiation in the receiver, exchanged in 

intermediate heat exchangers (if any), and to be stored. 

25  

Share of cost of conventional components (𝒇𝒄𝒐𝒏,𝑪𝑨𝑷𝑬𝑿) [%] 

The share of the cost of the conventional components quantifies the impact of 

conventional components on the total investment cost of a solar-based renewable 

energy plant. This KPI is also a measure of what drives the CAPEX the most: 

conventional or innovative components. 

26  

Specific Cost of Power Block (𝑺𝑪𝑷𝑩) [EUR/kW] 

The specific cost of the power block quantifies the cost of a unit of installed electric 

power capacity. 

Environmental 

27  

Specific Water Consumption (𝑺𝑾𝑪) [m3/GWh] 

The Specific Water Consumption (SWC) is calculated as the ratio between the total 

water demand and the electricity produced per year. The total water demand of the 

CSP or hybrid CSP+PV plant is estimated as the sum of the water required by the 

cooling system, by the mirrors cleaning system, plus a miscellaneous term 

considering power block make-up water, service water, sanitary/sewage water etc. 

28  Annual saving of CO2,eq emissions (𝚫𝑪𝑶𝟐𝒆𝒒) [Mt/year] 
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The annual saving of CO2-equivalent emissions quantifies the reduction of GHG 

emissions obtained by installing a solar-based renewable energy power plant such 

as CSP or hybrid CSP+PV instead of a conventional fossil-fuel-based plant. 

29  

Specific Land Use (𝑺𝑳𝑼) [m2/MWhe] 

The specific land use is another important environmental KPI that quantifies the land 

required per annual electricity produced by the CSP or the hybrid CSP+PV plants. 

Mixed 

30  

Levelized Cost of Electricity (𝑳𝑪𝑶𝑬)  [EUR/MWh] 

The levelized cost of energy (LCOE) is a measure of cost per unit of electricity 

produced over the course of the lifetime of the plant. 

31  

Net Present Value (𝑵𝑷𝑽) [MEUR] 

The NPV is the sum of the discounted cash flows over the lifetime of the project. This 

KPI is defined to compare different CSP layouts or hybrid CSP+PV configurations 

with the state-of-the-art tower CSP plant and investigate their profitability. 

32  

Discounted Pay-Back period (𝑫𝑷𝑩) [years] 

The discounted payback period (DPB) is the number of years necessary to recover 

the project cost of an investment while accounting for the time value of money. 

4.1. Technical 

4.1.1. Annual average Solar-to-electricity efficiency (𝜼𝒔𝒕𝒆) 

The solar-to-electric efficiency measures the ability of the power plant to transform the primary solar 
resource into electricity. This KPI can be calculated as the ratio between the total electric power 

produced in a year and the sum of the product of the irradiance (𝐷𝑁𝐼") and the heliostat field area 

(𝐴45) as shown in Equation (156). 

	 𝜂%/$ = ∑ 𝑊.$/!
WXMD
"sK [𝑊]∑ 𝐷𝑁𝐼" ¬𝑊𝑚B­ ∙ 𝐴45[𝑚B]WXMD

"sK

∙ 100	[%] (156) 

where 𝑊.$/!
 is the power block net electric output at each time step. 

4.1.2. Annual average Receiver efficiency (𝜼𝒓𝒆𝒄) 

The receiver efficiency measures the ability of the receiver to convert the solar resource 
concentrated on the receiver into output thermal power. This KPI can be calculated as the ratio 

between the total output receiver power (𝑄3$2) and the sum of the total input receiver power as shown 
in Equation (157). 

	 𝜂%/$ = ∑ 𝑄3$2!WXMD
"sK [𝑊]∑ 𝐷𝑁𝐼" ¬𝑊𝑚B­ ∙ 𝐴45[𝑚B] ∙ 𝜂-+/,45! 	[−]WXMD

"sK

∙ 100	[%] 
(157) 

where 𝐷𝑁𝐼" is the irradiance at the design point, 𝐴45 	is the heliostat field area, and 𝜂-+/,45! is the 

optical efficiency of the solar field. 

4.1.3. Power Block design efficiency (𝜼𝑷𝑩) 
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The power block efficiency measures the ability of the power block to convert thermal power into 
electric power. This KPI can be calculated at the design point as the ratio between the gross output 
electric power (𝑃'3-%%,&$%) and the input thermal power as shown in Equation (158).  

	 𝜂=> = 𝑃'3-%%	[𝑀𝑊]𝑄1$(/$3[𝑀𝑊] ∙ 100	[%] (158) 

4.1.4. Power Block Off-design efficiency (𝜼𝑷𝑩,𝒐𝒇𝒇) 

The power block off-design efficiency measures the ability of the power block to convert thermal 
power into electric power during off-design conditions. This KPI is provided as three efficiency values 
calculated for operating powers equal to 25%, 50%, and 75% of the design power. The calculations 
for these three efficiency values are provided in Equation (159), (160), and (161). 

	 𝜂=>(E% = 𝑃'3-%%BF%	[𝑀𝑊]𝑄1$(/$3(E%[𝑀𝑊] ∙ 100	[%] (159) 

	 𝜂=>E&%	 = 𝑃'3-%%E&% 	[𝑀𝑊]𝑄1$(/$3E&%[𝑀𝑊] ∙ 100	[%] (160) 

	 𝜂=>GE% = 𝑃'3-%%XF%	[𝑀𝑊]𝑄1$(/$3GE%[𝑀𝑊] ∙ 100	[%] (161) 

4.1.5. Storage efficiency (𝜼𝑻𝑬𝑺) 

The Thermal Energy Storage (TES) efficiency measures the ability of the storage to store the thermal 
energy over a specified period. It is defined as the ratio of energy available to energy charged in the 
storage. The energy available is estimated as the sum over a year of the thermal power sent to the 
power block (𝑄".,=>). On the other side, the energy charged in the storage is estimated as the sum 

of the thermal power coming from the receiver or an indirect heat exchanger to the storage (𝑄".,@C4). 
Equation (162) shows the calculation of this KPI.  

	 𝜂@C4 = ∑ 𝑄".,=>!WXMD
"sK∑ 𝑄".,@C4!WXMD
"sK

∙ 100	[%] 
(162) 

4.1.6. Capacity Factor (𝑪𝑭) 

The Capacity Factor is a measure of how much energy is produced by a plant compared to its 
maximum output based on the installed capacity. It is calculated by dividing the total energy 
produced in a year by the amount of energy it would have produced if it ran at full output over that 
year. In formula: 

	 𝐶𝐹 = ∑ 𝑊.$/!
WXMD
"sK𝑃.()$ ∙ 8760 ∙ 100	[%] (163) 

where 𝑊.$/!
 is the net electric output produce at each time step by the plant and 𝑃.()$ is the nominal 

installed capacity (power block, PV, and BESS). 

4.1.7. Hybrid Capacity Factor (𝑯𝑪𝑭) 

The Hybrid Capacity Factor is a measure of how much energy is produced by a plant compared to 
its maximum output based on the load to fulfill. It is calculated by dividing the maximum energy could 
be injected to the grid over that year. In formula: 
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	 𝐻𝐶𝐹 = ∑ 𝑊.$/!
WXMD
"sK∑ 𝑊#-(&!
WXMD
"sK

∙ 100	[%] 
(164) 

where 𝑊.$/!
 is the net electric output produce at each time step by the plant and 𝑊#-(&!

 is the 

maximum power that can be injected to the grid at each time step. 

4.1.8. Availability Factor (𝑨𝑭) 

The availability factor is a measure of the availability of a power plant indicating the fraction of time 
that it can produce electricity over a certain period. To analyse plant availability performance, 
generation unit outages should be scrutinized to identify the causes of unplanned or forced energy 
losses and to reduce the planned energy losses. Reducing outages increases the number of 
operating hours, therefore increases the plant availability factor [25]. The Availability Factor of the 
power plant can be calculated using Equation (165). 	 𝐴𝐹 = ∑ 𝑖	𝑤ℎ𝑒𝑛	𝑊.$/!

> 0WXMD
"sK 8760 ∙ 100	[%] (165) 

where 𝑊.$/!
 is the power block net electric output at each time step. 

4.1.9. Capacity Value (𝑪𝑽) 

The Capacity Value measures the contribution of a power plant to reliably meeting demand [26]. The 
capacity value is the contribution that a plant makes toward the planning reserve margin and it is 
expressed in terms of physical capacity (MW). Thus a plant with a nameplate capacity of 150 MW 
could have a capacity value of 75 MW. It is defined using the weighted Loss-of-Load-Probability 
(LOLP) approximation method. This method is based on the capacity factor of the CSP plant during 
the highest-load hours. The capacity factors are weighted, however, based on the hourly LOLPs. 
This weighting is done since the capacity provided by the CSP is especially needed during hours 

with higher LOLPs. The weights (𝑤") are obtained using Equation (166). 

	 𝑤" = 𝐿𝑂𝐿𝑃"∑ 𝐿𝑂𝐿𝑃vWXMD
vsK

	[−] (166) 

where 𝐿𝑂𝐿𝑃" is the loss-of-load-probability calculated at each time step as the probability of available 

generating capacity (𝐺") being less than the demand (𝐿"). This can be expressed as: 	 𝐿𝑂𝐿𝑃" = 𝑃(𝐺" < 𝐿" 	)	[−] (167) 

These weights are then used to calculate the weighted average capacity factor of the CSP plant in 
the highest-load hours as: 

	 𝐶𝑉 = ¯ 𝑤" ∙ 𝐶𝐹"WXMD

"sK

∙ 𝑃'3-%%	[𝑀𝑊] (168) 

where 𝐶𝐹" is the capacity factor of the CSP plant during the i-th hour. 

4.1.10. Heat Transfer Fluid (HTF) Maximum Temperature (𝑻𝒎𝒂𝒙,𝑯𝑻𝑭) 

The Heat Transfer Fluid (HTF) maximum temperature is the maximum temperature of the working 
fluid flowing into the receiver. It’s a measure of the highest quality thermal power available in the 
plant and it can be used to compare different layouts of the CSP plant. Higher the maximum HTF 
temperature, the higher the potential solar-to-electric efficiency. Equation (169) shows its 
formulation. 	 𝑇)(7,:@5 = max(𝑇:@5)	[°C] (169) 

4.1.11. Heat Transfer Fluid (HTF) Temperature Difference (𝜟𝑻𝑯𝑻𝑭) 
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The Heat Transfer Fluid (HTF) temperature difference coupled with the 𝑇)(7,:@5 characterizes the 

receiver temperature design conditions and it is a measure of how compact the receiver can be. For 
a fixed solar field size, the maximum allowable flux that the receiver material can withstand is a 
function of the HTF characteristics, receiver material, receiver area and operating temperature. For 
example, by increasing the receiver temperatures, the receiver dimensions need to increase as well 
to preserve the maximum allowable flux. Equation (170) shows its formulation. 	 𝛥𝑇:@5 = 𝑇)(7,:@5 −	𝑇)".,:@5 	[°C] (170) 

4.1.12. Storage Utilisation Factor (𝑼𝑭𝑻𝑬𝑺) 

The storage utilisation factor (𝑈𝐹@C4) is an indicator that identifies whether the storage size used for 
a particular configuration is too big or too small in terms of capacity [27]. It can be defined as the 
ratio between total thermal energy stored and the maximum energy that could have been stored if 
the storage was completely emptied and filled every day. 
The storage utilisation factor is calculated with Equation (171). 

	 𝑈𝐹@C4 = ∑ 𝑄".,@C4!WXMD
"sK𝐸@C4	[𝑀𝑊ℎ] ∙ 365 ∙ 100	[%] (171) 

where 𝑄".,@C4! is the thermal power coming from the receiver or an indirect heat exchanger and 

injected into the storage at every time step, and 𝐸@C4 is the storage capacity. Under this definition, a 
utilization factor of 100% means that the storage is filled every day, possibly limiting electricity 
production. In that case, larger storage should be investigated. Conversely, lower utilisation values 
indicate the storage might be oversized when compared to the rest of the system. 

4.1.13. Annual Energy Yield (𝑨𝑬𝒀) 

The annual energy yield provides the total annual electricity generation of the power plant. 

Considering a hybrid CSP+PV system, the 𝐸𝑃𝑌 is calculated as the sum of the net electrical power 
generated by the power block (𝑊.$/=:;!

) and the net power injected into the grid by the PV field 𝑊.$/;A!
 over one year as shown in Equation (172). 

	 𝐴𝐸𝑌 =¯ 𝑊.$/=:;!

WXMD

"sK
+𝑊.$/;A!

+𝑊.$/>C44!
[𝑀𝑊ℎ] 

(172) 

4.1.14. PV-direct-share of Electricity Produced per Year (𝒇𝑷𝑽,𝑨𝑬𝒀) 

The PV-share of AEY is a KPI that quantifies how much the PV-field impacts on the total electricity 
production of a hybrid PV+CSP plant. It is defined as the share between the sum of the PV net power 
injected into the grid 𝑊.$/;A!

 over the AEY as defined in Equation (173). 

	 𝑓=N,OCw = ∑ 𝑊.$/;A!

WXMD
"sK𝐴𝐸𝑌 ∙ 100	[%] (173) 

4.1.15. Power Block Ramping Capability (𝑹𝑪𝑷𝑩)   

The ramping capability provides an estimate of how well the power block can adjust its power output 
to changing load requirements or market conditions [28]. Upward and downward ramping should be 
assessed separately. The ramp rate is established to prevent undesirable effects due to rapid 
changes in loading or discharge. The Ramping Capability is defined as the rate of change in 
instantaneous output from the power block. This KPI can be estimated by calculating the maximum 
change in power output between any 2 hours over the observation period (e.g. one year) [29]. The 
hours immediately before start-up and shut down are eliminated from the analysis. The Ramping 

Capability (Upwards) (𝑅𝐶x=) can be calculated using Equation (174). 	 𝑅𝐶x= = 𝑚𝑎𝑥"sB:.(𝑃" − 𝑃"IK) ³𝑀𝑊ℎ ´ (174) 
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where 𝑃" is the power output [MW] at the i-th time step, while 𝑃"IK is the power output at the previous 

time step. Similarly, the Ramping Capability (Downwards) (𝑅𝐶x=)  can be calculated using Equation 
(175). 	 𝑅𝐶Gz = 𝑚𝑎𝑥"sB:.(𝑃"IK − 𝑃") ³𝑀𝑊ℎ ´ (175) 

4.1.16. Power Block Block Start-up Duration (𝑺𝑼𝑫𝑷𝑩)   

The start-up duration is a measure of the period needed by the power block to reach the desired 
power output from off mode. The start-up time depends strongly on the type of the power plant. 
Three start-up conditions can be identified: hot, warm and cold start-ups. The start-up duration 
depends on the stand-still time which is less than 12 h for hot start-up from 12 to 48 h for warm and 

more than 48 h for cold start-up [28]. The start-up duration (𝑆𝑈𝐷=>) can be calculated accordingly to 
Equation (176). 	 𝑆𝑈𝐷=> = |𝑡K − 𝑡B|[ℎ𝑜𝑢𝑟𝑠] (176) 

where 𝑡K is the time when the decision was made that the generator should reach the desired power 
output, and 𝑡B is the time when the desired power output has been reached. 

4.1.17. Power Block Block Shut-down Duration (𝑺𝑫𝑫𝑷𝑩)   

The shut-down duration is a measure of the period needed by the power block to reach the off mode 

from the operating power output condition. The shut-down duration (𝑆𝐷𝐷=>) can be calculated 
accordingly to Equation (177). 	 𝑆𝐷𝐷=> = |𝑡K − 𝑡B|[ℎ𝑜𝑢𝑟𝑠] (177) 

where 𝑡K is the time when the decision was made that the generator should be switched-off, and 𝑡B 
is the time when the desired power output has been reached. 

4.1.18. Flexibility Factor (𝑭𝑭)   

The flexibility factor indicates the ability to shift energy production from low to high price periods. If 
the energy production is similar in low and high price periods, the factor is 0. If electricity is produced 
only in high price periods, the factor is 1. This KPI can be defined as: 

	 𝐹𝐹 = ∫ 𝑊.$/𝑑𝑡#(1"'1I+3"2$)

D
− ∫ 𝑊.$/𝑑𝑡#(#-0I+3"2$)

D∫ 𝑊.$/𝑑𝑡#(1"'1I+3"2$)

D
+ ∫ 𝑊.$/𝑑𝑡#(#-0I+3"2$)

D

[−] (178) 

The flexibility factor varies between −1 and 1 whereas −1 correlates to a highly inflexible controlled 
system and 1 indicates the highest desired flexibility. One of the limitations of this factor is that other 
grid signals or climatic conditions will lead to different values of flexibility factor [30], [31]. 

4.2. Economic 

4.2.1. Capital Expenditure (𝑪𝑨𝑷𝑬𝑿) 

The investment costs or capital expenditure (𝐶𝐴𝑃𝐸𝑋) accounts for all the investment incurred along 
with the development of the project, including direct and indirect costs. Direct costs refer mainly to 
all costs in connection to the purchase and installation of the equipment (e.g. receiver, power block 
components, thermal energy storage etc.), whereas indirect costs refer to all remaining costs 
incurred, for instance in connection to engineering, procurement and contingency during project 
development [32]. The CAPEX definition is available in Section 3.2 for CSP, PV, and BESS. 

4.2.2. PV-share of CAPEX (𝒇𝑷𝑽,𝑪𝑨𝑷𝑬𝑿 ) 

The PV-share of CAPEX is a KPI that quantifies how much the PV-field impacts on the total 
investment cost of a hybrid PV+CSP plant. It is defined as the share between the PV direct costs 
over the system direct costs as defined in Equation (179). 
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	 𝑓=N,<O=CA = 𝐶&"3$2/,=N𝐶𝐴𝑃𝐸𝑋&"3$2/ ∙ 100	[%] (179) 

4.2.3. Operational Expenditure (𝑶𝑷𝑬𝑿) 

The OPEX relates to the operational and maintenance costs incurred during the operation of the 
power plant. These include fixed cost and production-dependent cost as shown in Equation (180). 
The annual fixed cost (𝐶8$(3) and the specific operating and maintenance costs factor (𝑂𝑀+3-&62/"-.) 

are assumed based on the specific layout under investigation. Then, the production-dependent costs 
are obtained as the product between 𝑂𝑀+3-&62/"-. and the electricity produced per year (𝐸𝑃𝑌). 

	 𝑂𝑃𝐸𝑋 = 𝐶8$(3 ³𝐸𝑈𝑅𝑦𝑒𝑎𝑟´ + 𝑂𝑀+3-&62/"-. ³ 𝐸𝑈𝑅𝑀𝑊ℎ´ ∙ 𝐸𝑃𝑌 ³𝑀𝑊ℎ𝑦𝑒𝑎𝑟 ´	³𝐸𝑈𝑅𝑦𝑒𝑎𝑟´ (180) 

For specific layouts involving fossil-fuel burner or integration with the grid, the corresponding costs 
will be added to the definition provided above.  

4.2.4. Specific CAPEX (𝑺𝑪𝑨𝑷𝑬𝑿) 

The specific CAPEX is the investment cost per unit of installed capacity and it can be defined as the 

ratio between the CAPEX and the nameplate capacity (𝑃.()$) as shown in Equation (181). 

	 𝑆<O=CA = 𝐶𝐴𝑃𝐸𝑋𝑃.()$ 	³𝐸𝑈𝑅𝑀𝑊´ (181) 

This KPI can be used to compare large-scale and small-scale configurations based on their 
investment cost. Considering the same layout, varying the scale, this KPI can reveal how the scale 
influences economic profitability. 

4.2.5. Specific Cost of Thermal Energy Storage (𝑺𝑪𝑻𝑬𝑺) 

The specific cost of the thermal energy storage quantifies the cost required to store a unit of thermal 
energy at the desired temperature and with the specific storage media selected. It is calculated as 

the ratio between the cost of the storage (𝐶@C4) divided by the storage capacity (𝐸@C4), as shown in 
Equation (182). 

	 𝑆𝐶@C4 = 𝐶@C4𝐸@C4 	 ³ 𝐸𝑈𝑅𝑀𝑊ℎ´ (182) 

This KPI can be used to compare and benchmark different storage options for the CSP-only or hybrid 
configurations under investigation. 

4.2.6. Specific cost of the Heat Transfer Fluid (HTF) system (𝑺𝑪𝑯𝑻𝑭) 

The specific cost of the Heat Transfer Fluid (HTF) system quantifies the cost of a unit of thermal 
energy converted from solar irradiation in the receiver, exchanged in intermediate heat exchangers 
(if any), and to be stored. The total cost of the HTF system is estimated as the sum of the cost of the 
receiver (𝐶3$2), the cost of the circulators (𝐶+6)+%), and the cost of the heat exchangers (𝐶:A) 

included if an indirect storage system is adopted. Then, the specific cost of the HTF system is 
calculated by dividing the total cost by the receiver design power (𝑄3$2,&$%) as shown in 

Equation (183). 

	 𝑆𝐶:@5 = 𝐶3$2 + 𝐶+6)+% + 𝐶:A𝑄3$2,&$% 	³𝐸𝑈𝑅𝑘𝑊 ´ (183) 

This KPI can be used to compare and benchmark different HTF options, direct versus indirect 
storage options for the CSP-only plant. If a hybrid configuration is under investigation, the electric 
heater and the corresponding circulators will become part of the costs. 

4.2.7. Share of the cost of the conventional components (𝒇𝒔𝒐𝒂,𝑪𝑨𝑷𝑬𝑿) 
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The share of the cost of the conventional components quantifies the impact of conventional 
components on the total investment cost of a solar-based renewable energy plant. This KPI is also 
a measure of what drives the CAPEX the most. Thus, low 𝑓%-(,<O=CA values mean that the CAPEX 

is mainly driven up by innovative components. Equation (184) shows the definition of this KPI as the 
share between the conventional components over the system direct costs. 

	 𝑓%-(,<O=CA = 𝐶2-.9$./"-.(#𝐶𝐴𝑃𝐸𝑋&"3$2/ ∙ 100	[%] (184) 

where 𝐶2-.9$./"-.(# is the sum of the costs of conventional components installed in the layout under 
investigation. The components are identified based on the specific study case. 

4.2.8. Specific Cost of Power Block (𝑺𝑪𝑷𝑩) 

The specific cost of the power block quantifies the cost of a unit of installed electric power capacity. 

It is calculated as the ratio between the cost of the power block (𝐶=>) divided by the installed capacity 
(𝑃'3-%%), as shown in Equation (185). 

	 𝑆𝐶=> = 𝐶=>𝑃'3-%% 	³𝐸𝑈𝑅𝑘𝑊 ´ (185) 

This KPI can be used to compare and benchmark different power block configurations for the layout 
under investigation. 

4.3. Environmental 

4.3.1. Specific Water Consumption (𝑺𝑾𝑪) 

Although CSP technology is a sustainable source of energy, a relatively high water consumption is 
necessary to keep the system in good operation [33]. For examples, case studies located in Egypt, 
Libya, Morocco and Tunisia showed that solar tower CSP plants with wet cooling require up to 2200 
m3/GWh of total water demand [34]. By employing a dry cooling or a hybrid cooling concept it is 
possible to reduce the overall water consumption for a CSP. The average water demand for solar 
tower CSP plants can be reduced to 340 m3/GWh [34]. 
Furthermore, in arid regions where CSP technology has typically a high potential due to favourable 
irradiation, high soiling rates can occur due to the combination of low precipitation and dusty 
conditions. The dust and sand accumulate on the mirrors, which results in the light being scattered 
and absorbed leading to a reduction in reflectance as a result [35]. For this reason, regular cleaning 
of the CSP mirror surfaces and PV module surfaces is required, which needs a considerable amount 
of water making soiling an important factor for the overall water consumption of a CSP and CSP-PV 
hybrid plant. 
The total water demand of the CSP or hybrid CSP+PV plant is estimated as the sum of the water 
required by the cooling system (𝑉2--#".'), by the mirrors + PV modules cleaning system (𝑉2#$(.".') 

plus a miscellaneous term (𝑉)"%2) considering service water, sanitary/sewage water etc. The Specific 
Water Consumption (𝑆𝑊𝐶) is calculated in Equation (186) as the ratio between the total water 

demand and the 𝐸𝑃𝑌. 

	 𝑆𝑊𝐶 = ∑ 𝑉2--#".'1 + 𝑉2#$(.".'1 + 𝑉)"%21	[𝑚T]WXMD
1 𝐸𝑃𝑌	[𝑀𝑊ℎ]/1000 	· 𝑚T𝐺𝑊ℎ¸ (186) 

4.3.2. Annual saving of CO2,eq emissions (𝜟𝑪𝑶𝟐,𝒆𝒒) 

The annual saving of CO2-equivalent emissions quantifies the reduction of GHG emissions obtained 
by installing a solar-based renewable energy power plant such as CSP or hybrid CSP+PV instead 
of a conventional fossil-fuel-based plant. 
The environmental impact of fossil fuel power plants is not limited to carbon dioxide (CO2) emissions, 
but rather extends to carbon monoxide (CO), nitrogen oxides (NOx), and sulphur oxides (SOx). The 
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contribution of all these gasses combined are expressed in terms of equivalent carbon dioxide 
emissions (𝐶𝑂B,$R). The annual saving of CO2-equivalent emissions is calculated as the difference 

between the renewable power plant emissions and the corresponding emissions of the electricity 
generation mix, as shown in Equation (187). 

	 𝛥𝐶𝑂B,$R = ¹𝐶𝑂B,$R+#(./ ³ 𝑀𝑡𝑦𝑒𝑎𝑟´ − 𝑓<J(,0I ³ 𝑘𝑔𝑘𝑊ℎ´ ∙ 𝐸𝑃𝑌 ³𝑀𝑊ℎ𝑦𝑒𝑎𝑟 ´¹	³ 𝑀𝑡𝑦𝑒𝑎𝑟´ (187) 

The emissions of the plant under investigation are almost negligible compared to conventional power 
plants except for configurations that include fossil-fuel burners or integration with the grid. According 
to [36], the mean life cycle GHG emissions for both PV and CSP central receiver systems are 
estimated to 0.085 kg/kWh. Nowadays, during the operating phase of such plants, the main source 
of GHG emissions is related to conventional trucks emissions employed to clean the mirrors and the 
PV modules. 
The corresponding emissions of the electricity generation mix are estimated as the product between 
the grid emission factor (𝑓<J(,0I) and the electricity produced per year estimated for the renewable 

energy plant. 
The grid emission factor is reported in Table 30 for different macro-areas. This indicator provides the 
average equivalent kilograms of CO2 emitted by the generation mix per unit of electricity injected in 
a specific geographic area [37].  

Table 30. Grid emission factor for different macro-areas 

Area 𝒇<J(0I 	[𝒌𝒈𝑪𝑶𝟐𝒆𝒒/𝒌𝑾𝒉] Reference 

Europe 0.339 [38] 

North and Central America 0.357 [39], [40], [41] 

South America 0.226 [40] 

Asia 0.655 [40], [42] 

Australasia 0.451 [43], [44] 

Middle East 0.565 [40], [45] 

Africa 0.961 [40] 

The countries considered for each specific area and their grid emission factors are reported in 
Appendix A.  

4.3.3. Specific Land Use (𝑺𝑳𝑼) 

The specific land use is another important environmental KPI that quantifies the land required per 
annual electricity produced by the CSP or the hybrid CSP+PV plants. This KPI allows performing 
comparisons between different layouts and can be fundamental to drive decisions on which layout 
prioritize in highly-populated areas like in Europe. It can be calculated as the ratio between the total 

area occupied by the plant (𝐴#(.&) and the sum over the year of the net electric power produced 

(𝑊.$/), as shown in Equation (188). 

	 𝑆𝐿𝑈 = 𝐴#(.&∑ 𝑊.$/!
WXMD
"sK

	· 𝑚B𝑀𝑊ℎ¸ (188) 

Solar power plants are likely to affect significantly more land than other electricity sources due to 
their low power density. The average total land-use requirements are 14.6 m2/MWh/yr for PV and 
14.2 m2/MWh/yr for CSP for several solar power plants analysed in [46]. Solar land use depends on 
specific technology choices, such as cell efficiency, tracking method, the inclusion of thermal energy 
storage, and are a function of the solar resource available at each site. 
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4.4. Mixed 

4.4.1. Levelized Cost of Electricity (𝑳𝑪𝑶𝑬) 

The levelized cost of energy (LCOE) is a measure of cost per unit of electricity produced over the 
course of the lifetime of the plant. LCOE has the advantage of compressing all the direct technology 
costs into a single metric which is easy to understand and allows to compare alternative technologies 
with different scales of operation, different investment and operating periods, [47]. The LCOE can 
be calculated as presented in Equation (189) considering the total capital expenditure (CAPEX), the 
annual operating expenditure (OPEX), and the Annual Energy Yield (AEY) [48]. 

 𝐿𝐶𝑂𝐸 = (𝐶𝐴𝑃𝐸𝑋	[𝐸𝑈𝑅] ∙ 𝐶𝑅𝐹)	³𝐸𝑈𝑅𝑦𝑒𝑎𝑟´ + 𝑂𝑃𝐸𝑋	 ³𝐸𝑈𝑅𝑦𝑒𝑎𝑟´𝐴𝐸𝑌	 ³𝑀𝑊ℎ𝑦𝑒𝑎𝑟 ´ 	³ 𝐸𝑈𝑅𝑀𝑊ℎ´ (189) 

where 𝐶𝑅𝐹 is the Capital Recovery Factor, defined in Equation (190), as a function of the real 

discount rate (𝑟) and of the lifetime of the plant (𝑁): 

	 𝐶𝑅𝐹 = 𝑟(1 + 𝑟)~(1 + 𝑟)~ − 1 (190) 

The real discount rate is calculated as presented in Equation (191) as a function of the nominal 

discount rate (𝑑) and of the interest rate (𝑖). 
	 𝑟 = (1 + 𝑟)(1 + 𝑖) − 1 (191) 

4.4.2. Net Present Value (𝑵𝑷𝑽) 

The Net Present Value is defined to compare different CSP layouts or hybrid CSP+PV configurations 
with the state-of-the-art tower CSP plant and investigate their profitability. This KPI allows for a clear 
comparison with different investment options by examining costs (cash outflows) and revenues (cash 

inflows) together [47]. The NPV is calculated with Equation (192), where 𝐹𝐶𝐹" 	represents the free 
cash flow of the project during the 𝑖-th year of operation, 𝑁 stands for the operational lifetime of the 

project, and 𝑟 refers to the real discount rate.  

	 𝑁𝑃𝑉 = −𝐶𝐴𝑃𝐸𝑋 +¯ 𝐹𝐶𝐹"(1 + 𝑟)"
~

"sK

	[𝐸𝑈𝑅] (192) 

This 𝐹𝐶𝐹" is the operational profits of the plant defined as the difference between the revenues and 
the operating cost as shown in Equation (193). Revenues and operating cost can be expressed as 
presented in Equation (194) and (195) respectively. 	 𝐹𝐶𝐹" = 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠" − 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔	𝑐𝑜𝑠𝑡𝑠" 	 (193) 

	 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠" =¯ 𝜆1 ³ 𝐸𝑈𝑅𝑀𝑊ℎ´WXMD

1
∙ 𝑊.$/-

[𝑀𝑊ℎ]	 (194) 

	 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔	𝑐𝑜𝑠𝑡𝑠" = 𝑂𝑃𝐸𝑋" ³𝐸𝑈𝑅𝑦𝑒𝑎𝑟´		 (195) 

where 𝜆1 and 𝑊.$/,1 are the electricity price and electricity sold in the hour ℎ, respectively. 

4.4.3. Discounted Payback Period (𝑫𝑷𝑩) 

The discounted payback period (DPB) is the number of years necessary to recover the project cost 
of an investment while accounting for the time value of money. DPB is recommended when risk is 
an issue (i.e., significant uncertainties are present) because DPB allows for a quick assessment of 
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the duration during which an investor’s capital is at risk [47]. Equation (196) shows how to calculate 
the discounted payback period for a constant free cash flow. 	 𝐷𝑃𝐵 = ln𝐹𝐶𝐹 − ln(𝐹𝐶𝐹 − 𝑟 · 𝐶𝐴𝑃𝐸𝑋)ln(1 + 𝑟)  (196) 
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5. Conclusion 

In this work, an upscaled layout for the Powder2Power project has been defined, along with the 
techno-economic modeling approach, including thermodynamic models and bottom-up cost 
functions. The project’s key performance indicators (KPIs) panel has also been established to 
evaluate the benefits of Powder2Power in simulation activities. 
 
MoSES, the techno-economic modeling tool introduced in Task 5.3, plays a central role in supporting 
the evaluation of Powder2Power benefits. It offers capabilities for designing, optimizing, and 
benchmarking various solar plant layouts. The modeling approach developed focuses on system 
design, cost structures, and expected performance, providing a solid foundation for further analysis. 
 
The KPI panel, integrated into the tool, allows for a comprehensive assessment of technical, 
economic, environmental, and mixed performance indicators. This integration enables users to 
select specific KPIs as objective functions for system optimization, enhancing the flexibility and 
applicability of the tool. 
 
Future activities will continue in Task 5.3, focusing on further development and verification of the 
techno-economic model. This includes incorporating inputs from other partners on modeling case 
studies and layout definitions, as well as integrating feedback from industrial partners into the cost 
functions and model assumptions. 
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Appendix A. Grid emission factor for different countries 

Table 31. Grid emission factor for different countries in Europe 

Area 𝒇<J(0I 	[𝒌𝒈𝑪𝑶𝟐𝒆𝒒/𝒌𝑾𝒉] Reference 

Austria 0.142 [38] 
Belgium 0.167 [38] 
Bulgaria 0.470 [38] 
Croatia 0.417 [38] 
Cyprus 0.639 [38] 

Czech Republic 0.576 [38] 
Denmark 0.209 [38] 
Estonia 0.875 [38] 
Finland 0.143 [38] 
France 0.047 [38] 

Germany 0.469 [38] 
Greece 0.567 [38] 
Hungary 0.314 [38] 
Iceland 0.000 [38] 
Ireland 0.393 [38] 

Italy 0.327 [38] 
Latvia 0.313 [38] 

Lithuania 0.362 [38] 
Luxembourg 0.201 [38] 

Malta 0.761 [38] 
Netherlands 0.457 [38] 

Norway 0.011 [38] 
Poland 0.846 [38] 

Portugal 0.307 [38] 
Romania 0.401 [38] 

Russian Federation 0.330 [49] 
Slovakia 0.169 [38] 
Slovenia 0.335 [38] 

Spain 0.288 [38] 
Sweden 0.012 [38] 

Switzerland 0.014 [38] 
United Kingdom 0.237 [49] 

Average 0.339 [38] 

 

Table 32. Grid emission factor for different countries in North and Central America 

Area 𝒇<J(0I 	[𝒌𝒈𝑪𝑶𝟐𝒆𝒒/𝒌𝑾𝒉] Reference 

Canada 0.130 [39] 
Mexico 0.464 [40] 

United States 0.476 [41] 
Average 0.357 [39], [40], [41] 

 

Table 33. Grid emission factor for different countries in South America 

Area 𝒇<J(0I 	[𝒌𝒈𝑪𝑶𝟐𝒆𝒒/𝒌𝑾𝒉] Reference 

Argentina 0.358 [40] 
Brazil 0.093 [40] 
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Average 0.226 [40] 

 

Table 34. Grid emission factor for different countries in Asia 

Area 𝒇<J(0I 	[𝒌𝒈𝑪𝑶𝟐𝒆𝒒/𝒌𝑾𝒉] Reference 

China (PR) 0.6236 [40] 
Hong Kong (China) 0.8 [42] 

India 0.7429 [40] 
Indonesia 0.7551 [40] 

Japan 0.4916 [40] 
Korea (Republic) 0.517 [40] 

Average 0.655 [40], [42] 

 

Table 35. Grid emission factor for different countries in Australasia 

Area 𝒇<J(0I 	[𝒌𝒈𝑪𝑶𝟐𝒆𝒒/𝒌𝑾𝒉] Reference 

Australia 0.800 [43] 
New Zealand 0.101 [44] 

Average 0.451 [43], [44] 

 

Table 36. Grid emission factor for different countries in the Middle East 

Area 𝒇<J(0I 	[𝒌𝒈𝑪𝑶𝟐𝒆𝒒/𝒌𝑾𝒉] Reference 

Saudi Arabia 0.718 [40] 
Turkey 0.543 [40] 

United Arab Emirates 0.433 [45] 
Average 0.565 [40], [45] 

 

Table 37. Grid emission factor for different countries in Africa 

Area 𝒇<J(0I 	[𝒌𝒈𝑪𝑶𝟐𝒆𝒒/𝒌𝑾𝒉] Reference 

South Africa 0.961 [40] 
Average 0.961 [40] 

 


