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Northern European countries. To do so, the project will analyse the drivers and barriers to CSP 
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achieve these objectives, MUSTEC will build on the experience and knowledge generated around 

the cooperation mechanisms and CSP industry developments building on concrete CSP case studies. 

Thereby we will consider the present and future European energy market design and policies as well 

as the value of CSP at electricity markets and related economic and environmental benefits. In this 

respect, MUSTEC combines a dedicated, comprehensive and multi-disciplinary analysis of past, 

present and future CSP cooperation opportunities with a constant engagement and consultation 

with policy makers and market participants. This will be achieved through an intense and 

continuous stakeholder dialogue and by establishing a tailor-made knowledge sharing network.  
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EXECUTIVE SUMMARY 

This report presents the results of an in-depth case study analysis of prospects for different 

Concentrated Solar Power (CSP) technology (and operation) concepts. By use of one central element 

of our overall modelling system ς i.e. the Balmorel model, a detailed power system optimization 

model ς we undertake a model-based assessment, geographically constraint to Spain, serving as a 

suitable model case for CSP use in Europe. 

The analysis is split into two parts: Two case studies serve to shed light on (future) prospects of CSP 

as either system contributor (case study 1) or to act as generator in accordance with profiling needs 

(case study 2).  

More precisely, in case study 1, we analyze a 200 MWel CSP plant with an 11 hours storage system 

in Spain. The full Spanish electricity system of the year 2018 is modelled in order to assess how the 

CSP plant operates under the current market condition in the focal country of Spain. In case study 

1, all generating capacities are exogenous input parameters and only the hourly dispatch is 

optimized in the model. Within this analysis, several sensitivity analyses are conducted in order to 

assess the impact of various external influencing factors on the operation of the CSP plant. In sum, 

13 configurations are analyzed in case study 1: We assess different variations in storage size, solar 

multiple, natural gas and CO2 price, and shares of wind and solar PV in the electricity generation. 

Main findings of case study 1 ς CSP as system contributor 

 

Figure 1: Summary of the results of case study 1 ς CSP plant as system contributor in Spain 
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¶ In the current market setting, an increased thermal storage capacity does not increase the 

market value of CSP because the electricity prices during the day are the highest. However, 

in combination with an increased solar multiple, the produced electricity and revenues are 

increased. 

¶ The relative market value (compared to the average electricity price) for the CSP plant is 

above 100 % in all sensitivity analyses and the highest in the case of a very high PV share in 

the electricity system (144%). 

¶ High shares of non-dispatchable generation by PV and wind increase the relative market 

value of CSP the most. At the same time, average electricity prices and revenues are the 

lowest in these sensitivity analyses. 

¶ The average electricity price is mainly dependent on two factors: In the case of increasing 

CO2 prices, we can observe increasing electricity prices and in the case of increasing shares 

of non-dispatchable renewable energies (wind and PV), we can see decreasing electricity 

prices.  

In a market environment with increased shares of non-dispatchable renewable generation (PV and 

wind) and CO2 and natural gas prices, the relative market value of CSP is increased to 111%. At the 

same time, we can observe high electricity prices and revenues in this setting. This sensitivity 

analysis was designed in order to represent a possible future electricity system where CSP can play 

out its main operational advantages ς dispatchable, renewable, and CO2-free electricity generation. 

The second part of the analysis deals with configurations of CSP which have to cover a specific off-

ǘŀƪŜǊΩǎ ǇǊƻŦƛƭŜΦ ¢ƘŜǊŜŦƻǊŜΣ ŎŀǎŜ ǎǘǳŘȅ н ƛǎ ƳƻŘŜƭƭŜŘ ƛƴ ŀ Řƻǿƴ-scaled closed electricity system 

covering 0.2% of the Spanish electricity demand. The model optimizes investments and dispatch to 

cover the off-ǘŀƪŜǊΩǎ ŘŜƳŀƴŘ ƛƴ ŜǾŜǊȅ ƘƻǳǊ ƻŦ ǘƘŜ ȅŜŀǊΦ ¢Ƙƛǎ ƻǇǘƛƳƛȊŀǘƛƻƴ ƛǎ ƭƛƳƛǘŜŘ ōȅ ŘƛŦŦŜǊŜƴǘ 

constraints which are varied in order to assess their impact on the CSP investment and dispatch.    

The sensitivity analyses in the second case study are covering the configuration of the CSP plant, 

possible combinations of hybrid technologies (PV and natural gas), grade of firmness of supply, and 

variations of the off-ǘŀƪŜǊΩǎ demand profile. Finally, the role of thermal storages in comparison to 

utility scale battery systems is assessed. 

Main findings of case study 2 ς Fulfilling an off-ǘŀƪŜǊΩǎ ŘŜƳŀƴŘ ǇǊƻŦƛƭŜ 

¶ The cost-optimized solution under current cost assumptions to fulfil the off-ǘŀƪŜǊΩǎ ŘŜƳŀƴŘ 

profile is a combination of natural gas and PV. System costs are the lowest in this case (124 

mio. EUR/a). 

¶ Fulfilling the same off-ǘŀƪŜǊΩǎ ǇǊƻŦƛƭŜ ƻƴƭȅ ǿƛǘƘ /{t ŀƴŘ t± ƭŜŀŘǎ ǘƻ ƘǳƎŜ ƻǾŜǊ ŎŀǇŀŎƛǘƛŜǎ 

during summer since the low radiation during the winter defines the unit sizes. 
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¶ The cost of a hybrid system with CSP can be significantly reduced (-33%) when a 

backpressure gas turbine recovering the exhaust heat in the thermal storage is used instead 

of a condensing gas turbine.  

¶ There is no big difference in system cost between fulfillment of a classical demand profile 

(with typical midday and evening peaks) or a baseload profile. Still, the share of CSP 

generation is slightly higher in the case of a baseload profile (45%) compared to the Spanish 

load profile (41%). 

¶ The allowed share of natural gas is fully exploited in all analyses which shows the cost 

competitiveness of this technology under the current economic setting (incl. carbon pricing). 

¶ The adaptation of the off-ǘŀƪŜǊΩǎ ŘŜƳŀƴŘ ǇǊƻŦile to seasonal conditions (higher production 

of CSP during the summer) can reduce the system cost by 9% compared to the same 

baseload profile over the whole year. 

¶ In the configuration including CSP, the renewable part of the electricity generation stems 

almost evenly shared from PV and CSP. This shows how these technologies are suited for 

complementary use in order to achieve a continuous, emission-free supply of electricity. 

¶ It is more cost-effectively to invest in thermal storage systems in combination with electric 

boilers to store excess renewable generation than in utility scale battery systems.  

¶ The high electricity prices in case study 2 show can be partly explained by the fact that a 

small, closed system is simulated which leads to over-capacities. On the other hand, the high 

system cost ς and the high electricity prices correlated to it ς partly indicate the high 

investment cost of the technologies modelled. 

 

Figure 2: Comparison of the analyses of case study 2 ς fulfilling an off-ǘŀƪŜǊΩǎ ŘŜƳŀƴŘ ǇǊƻŦƛƭŜ 
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The results show that CSP plants can operate most beneficial in electricity systems which show peak 

price levels outside of the times when conventional solar PV can generate electricity. As long as 

price levels are highest during the day, CSP has low incentives to shift its generation. That means 

that CSP plants can mostly outplay their advantages compared to conventional PV plants in (future) 

electricity systems with high shares of non-dispatchable renewable energies like wind and PV. The 

emphasis on a deep decarburization as exemplified via high carbon prices would then help CSP to 

outplay its fossil competitors like gas-fired power plants in the mid- to long-future. 
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1 INTRODUCTION 

This report presents the results of a case study analysis of prospects for different Concentrated Solar 

Power (CSP) technology concepts in Europe. We, therefore, look into the Spanish context as a focal 

country where CSP could be used, assessing the techno-economic performance of different CSP 

technology concepts including complementary technologies by means of case studies. This serves 

as a sensitivity analysis related to the evaluation of the pros and cons of different alternatives for 

CSP projects done within WP5 (Task 5.3) and is performed in advance to the actual integrated 

assessment by means of pathways, planned for the second half of the MUSTEC project (Task 8.3 and 

8.4). As part of this case study assessment we also analyse how changing framework conditions have 

an impact on the operation and economics of CSP power plants.  

Structure of this deliverable 

Within this report, we present the conceptualisation of the case study specifics including the 

underlying assumptions and framework conditions that have been aligned amongst the cooperating 

project partners and work packages. First, we describe the method including a model description of 

Balmorel as implemented for this task and the input and output parameters in the context of the 

Spanish electricity system. Then, the case studies are presented. Finally, the conclusions summarize 

the main outcomes of the analysis.  

This case study analysis as part of comprehensive modelling works of the CSP integrated 

assessment (WP8) 

Task 8.1 has been dealing with a profound model and data preparation which forms the basis for 

the detailed model-based assessments in WP8. A focus is laid here to incorporate into the modelling 

system all specifics of assessed CSP technology concepts in an adequate manner, including the 

techno-economic parameters of the CSP technology power system concepts and the 

complementary storage facilities. Here, a close linkage to WP5 assures that all features of the 

different technology concepts are well represented and incorporated in the models and in their 

databases. This has required research and extensive data preparation as well as additional model 

modifications for the CSP sector.  

The whole of WP8 is closely linked to WP5 and WP7 since these two work packages deliver 

important input data for the modelling exercises done in WP8. 

D8.1 is especially linked to WP5. In WP5, a collection of representative CSP projects has been 

gathered and described in a bottom-up assessment. Information of these case studies is now used 

in order to model the characteristics of CSP technology concepts in WP8. This serves at the same 

time as a sensitivity analysis related to the evaluation of the pros and cons of different alternatives 

for CSP projects done within WP5 (Task 5.3). The results derived and findings gained are also fed 

back to WP5.  
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Further, WP8 will be closely linked to WP7 in the follow-up modelling exercises since the case study 

analysis is performed in advance to the actual integrated modelling assessment in WP8 by means 

of pathways in order to identify promising technology configurations and critical elements of CSP 

plants. This is necessary for the in-depth modelling in WP8 in order to provide answers to the 

question of how CSP can be taken up at the electricity system level. Therefore, we have to 

incorporate the set of general assumptions necessary for the execution of scenarios as elaborated 

within WP7 (Task 7.1).  

In the further course of WP8, we will build on the definition of the pathway and scenario scope done 

within Task 7.1 where common normative aims of the scenarios, boundaries, exogenous 

developments shared by all scenarios are defined. This includes assumptions concerning general 

framework conditions (incl. GDP, population, energy price and demand developments) as well as 

related to other competing renewable (and fossil-based) low carbon technology options. The 

incorporation of the conceptualization of distinct policy pathways done in WP7 and the findings on 

the impact of different CSP configurations building on WP5 and described in this deliverable form 

the base for the overarching model-based integrated assessment in WP8. The closely coordinated 

interplay of the three energy models Green-X, Balmorel, and Enertile in WP8 finally lays the 

foundation for the subsequent policy evaluation and derivation of action plans planned for WP9 and 

WP10. 

2 METHOD 

2.1 The optimisation model: Balmorel 

Balmorel (the BALtic Model for Regional Electricity Liberalisation) is a partial equilibrium model, 

analysing the electricity and district heat sector on an international level. International trade as well 

as different price zones within a country can be modelled. Balmorel uses linear programming to 

minimize the annualized cost of the energy system (electricity and district heat). 

Balmorel is a deterministic bottom-up energy system model that is able to co-optimize energy 

dispatch and investments. Investments are thereby optional and can be used additionally to the 

dispatch model. Further, policy restrictions in terms of fuel constraints (e.g. coal phase-out) can be 

considered (The Balmorel Open Source Project 2019). 

Table 1 and Table 2 give an overview of required input parameters and expected output parameters 

in the dispatch and investment optimization in Balmorel. 
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Table 1: Input and output parameters for dispatch optimization in Balmorel 

Dispatch optimization 

Input Output 

¶ Electricity and district heat demand and 
hourly profiles 

¶ Fuel prices 

¶ Generating capacities and their 
characteristics 

¶ Resource characteristics for wind, hydro 
and solar resources 

¶ Transmission capacities and 
transmission and distribution losses 

¶ Electricity and district heat generation 
per generation unit 

¶ Electricity distribution and transmission 

¶ System cost 

¶ System emissions 

 

Table 2: Input and output parameters for investment optimization in Balmorel 

Investment optimization 

Input Output 

¶ Investment cost for different 
technology types 

¶ Investment cost for transmission 
capacity 

¶ Interest rate 

¶ Economic life time of technologies 

¶ Endogenously installed generation 
capacity per technology type 

¶ Endogenously installed transmission 
capacity between regions 

 

There are three geographic levels in Balmorel: countries, regions, and areas. Electricity demand and 

generation are balanced within regions whereas district heat demand and generation is balanced 

within areas. Heat transfer is not possible between areas in the default mode, but electricity 

transmission is allowed between regions and countries. Table 3 shows the model characteristics of 

Balmorel. The objective function minimizes investment costs, operation and maintenance costs 

(fixed and variable costs), and fuel costs. For this, equations on electricity and district heat balance, 

capacity and energy constraints, production of dispatchable and non-dispatchable units, operational 

constraints, storage operation, transmission constraints, emission caps, and several more are 

considered. As a result, the model delivers energy conversion characteristics, fuel consumption, 

electricity exports and imports, emissions, investments in plants and transmission lines, prices on 

traded energy, and total costs. All optimization is done by perfect foresight over the year.  
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Table 3: Balmorel model characteristics (adapted from Münster (2019)) 

Balmorel model characteristics 

System aggregation Flexible at three levels (geographical levels of countries, regions, 
and areas) 

Optimization 
type 

Linear programming 

Optimization focus Minimizing annualized costs of the energy system 

Optimization object Dispatch and investment 

Output Energy production by unit, fuel consumption, emissions, 
electricity import/export, investments in plants and 

transmission, as well as electricity price 

Model run-time Depending on the size of the problem, varying from minutes to 
days 

Access Complex interface, open source (demands GAMS license and 
linear programming software), direct access to code and data 

 

Figure 3 shows the core structure of the Balmorel model. Within the system boundaries of the 

model, the energy flows of electricity and district heating are simulated. District heat demand and 

electricity demand are given exogenously. Storages ς electric as well as thermal ς can be simulated 

as well. The additional demand caused by the storage facilities is added endogenously. In the 

Balmorel model, an electricity price is calculated for each region and each time segment of the year. 

¢Ƙƛǎ ǇǊƛŎŜ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŜƭŜŎǘǊƛŎƛǘȅ ǇǊƻŘǳŎŜǊǎΩ ƳŀǊƎƛƴŀƭ Ŏƻǎǘ ƻŦ ƎŜƴŜǊŀǘƛƻƴ όƛƴŎƭǳŘƛƴƎ ŦǳŜƭ ŎƻǎǘǎΣ ŦǳŜƭ 

and emission taxes, operation and maintenance costs, and investment costs). 
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Figure 3: Balmorel core structure (Wiese et al. (2018)) 

2.2 The Spanish electricity system 

Spain is today (as of 2018) the fifth largest electricity consumer in the Euorpean Union (EU28), with 

a total consumption of around 255 TWh and a power generation fleet that offers a cumulative 

installed capacity of 105 GW (ENTSOE 2019). Key sources for electricity supply are hydropower, 

nuclear, (onshore) wind and (fossil) natural gas. The Spanish high voltage grid is well interconnected 

with its peninsula neighbor Portugal but the interconnection to the heart of Europe via France is 

comparatively weak, offering at total capacity of 5.5 GW.  Below, we provide a brief recap of the 

generation stock in Spain as well as of the high-voltage interconnection to its neighbors.  
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2.2.1 Installed generation capacities 

We model the public grid in Spain including all generation technologies. 

Table 4: Installed capacities per production type for Spain in 2018 (ENTSOE (2019)) 

Installed capacities in Spain 2018 [MW] 

Nuclear 7117 

Fossil hard coal 9535 

Wind onshore 22834 

Hydro run-of-river 1156 

Hydro water reservoir 13480 

Hydro pumped storage 5645 

Other renewable 262 

Solar 6722 

Waste 544 

Fossil gas 30683 

Fossil oil 715 

Other 117 

Biomass 520 

 

In the current Spanish electricity system, there are already CSP capacities installed. However, for 

the purpose of the case studies, it was assumed that all existing solar generation capacities besides 

the case studies in Spain follow the generation profile of photovoltaics (PV). 

The generation profile for the non-dispatchable generation technologies wind, PV, and run-of-river 

hydro power is simulated using weather data from the year 2008. All cost parameters and fuel prices 

for the generation technologies can be found in the appendix (section 6.1 and 6.2). 

2.2.2 Transmission capacities 

The electricity and district heat dispatch in the neighbouring countries Portugal and France are also 

modelled in hourly resolution. The derived export and import flows also have an effect on the 

Spanish electricity system and the derived electricity price.   
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As maximum transmission capacity, the maximum value of the 2018 cross-border physical flow 

between the countries was taken into account. The numbers are stated in Table 5. 

Table 5: Transmission capacity from one country (row) to another one (column) (ENTSOE (2019)) 

Available 
transmission capacity 

[MW] 
TO:     

FROM: 

 
 

FR 

 
 

ES 

 
 

PT 

FR  5567  

ES 3074  2708 

PT  3978  

 

For France and Portugal, also the installed capacities of 2018 from ENTSOE (2019) were taken into 

account.1 Exports from France to other countries which are not in the scope of this analysis were 

deducted from the French electricity generation. In 2018, 47910.5 GWh of electricity was exported 

from France to other countries than Spain. The nuclear generation capacity for France was therefore 

reduced by 6.844 GW. Between the countries, there is a transmission fee of 10 EUR/MWh assumed. 

2.3 Modelling of CSP 

CSP plants consist of three independent but closely interrelated components with different 

characteristics: the solar field producing solar thermal energy, the thermal storage system, and the 

electricity producing unit/power block. All of these components can be sized differently and require 

different assumption regarding their techno-economic parameters. This additional information 

which was needed for the modelling was elaborated in cooperation with ESTELA (2019) and is 

specified in the following. 

2.3.1 Solar field 

Depending on the technology concept, the amount of thermal energy output is determined by the 

size of the solar field and the amount of solar irradiance ς relevant in the case of CSP is the amount 

of Direct Normal Irradiance (DNI). Varying the size of the solar field has an impact on the capacity 

factor of the electricity generating unit. This is, however, a complex interplay of solar field size, 

storage capacity, and electricity generation capacity. The size of the solar field can either be 

expressed in terms of actual covered land or by using the concept of a solar multiple. The solar 

multiple is the ratio of the thermal energy collected by the receiver at the reference point to the 

                                                      
1 For nuclear power plants, an availability factor of 85% was assumed. 
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amount of thermal energy required to generate the rated turbine gross power (Kariuki, Machinda, 

and Chowdhury 2012). 

The solar radiation data (DNI) for the modelling is commercial data from Mines 

ParisTech/ARMINES/TRANSVALOR S.A. (2012). The data provides information for parabolic trough 

systems in north-south alignment. The radiation data is like all weather data input for the modelling 

for the weather year 2008 and is an average value per country. The solar capacity factor for the solar 

field is 25% which corresponds to 2190 full-load hours (DLR 2005). As a solar multiple of the solar 

field, we assume a factor of 1.5. Since there are different defitions of the reference conditions, the 

solar multiple here is defined as the ratio of the maximum heat production of the solar receiver and 

the heat input necessary to generate the maximum power output of the steam turbine. 

2.3.2 Power output 

Power units of at least 100 ς 200 MWel of output are seen as a potential capacity size for CSP plants 

(ESTELA 2019). The efficiency of the steam turbine is set to 42%. 

2.3.3 Thermal energy storage  

According to ESTELA (2019), storage sizes of at least 8 hours are considered as realistic for the future. 

For the modelling, a standard storage size of 11 hours is used for the assessment in the described 

case studies.  

The efficiency of the thermal energy storage is assumed to be 99.25% (ESTELA 2019). 

2.3.4 Emissions 

The only emissions which are taxed in the modelling context are CO2 emissions. An emissions 

allowances price of 19 ϵκǘ /h2 from the year 2018 (SANDBAG 2019) is taken into account. 

2.3.5 Economics 

In the modelling, the three components solar receiver, thermal energy storage, and power 

generation unit (steam turbine) have to be modelled separately but cost have been given for the 

whole system (see Table 6). The cost are also results of D5.1 and given inputs from Souza (2018)2.  

Table 6: Cost components of the CSP system 

Cost of the CSP system 

Investment cost 5.43 aϵκa² 

Annual O&M cost 62 ƪϵκa² 

Variable O&M cost 0.15 EUR/MWh 

                                                      
2 The part of the variable OPEX was derived from (IRENA 2012; Schröder et al. 2013; De Vita et al. 2018). 
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Since most of the operating expenses are fixed (e.g. O&M contract with a third party, certain amount 

of spare parts and, depending in each specific case, other associated costs such as insurances, land 

cost/rent, water, etc.), it is assumed that the variable O&M cost are not significant.  

The investment cost for CSP plants differ a lot due to different local conditions, requirements, and 

many more varying external factors. In order to get a reference value for the investment cost, we 

looked at more recent projects and took the average CAPEX of Noor III in Morocco όсΦлнн aϵκa²ύ 

and DEWA-IV in Dubai όпΦупс aϵκa²ύΦ For the modelling, the cost were further split between the 

three components of CSP in the following way according to the method presented by Fedato (2018) 

and Mehos et al. (2008): receiver 61 %, ST 22%, and TES 17%. 

An interest rate of 5% is taken into account. For all parts of the CSP plant, an economic life time of 

25 years is assumed (CSP Guru 2019; Lilliestam et al. 2017). 

3 ANALYSIS OF THE CASE STUDIES 

In this chapter, we describe the context, the configurations, and the outcomes of the modelled case 

studies.  

3.1 Context of the case studies 

In cooperation with ESTELA (2019) and the insights from WP5, we designed the case studies to be 

analysed in order to cover all relevant aspects of the configuration. 

Link to WP5 

In WP5, there was conducted a sound analysis of different CSP concepts and operational profiles. 

Table 7 shows an overview of the cases as presented in D5.1. The cases differ in terms of capacity 

(power plant as well as storage), technology, and operational profile. The main differences between 

the various CSP operational profiles lie in the need which they have to fulfil. Table 8 gives an 

overview of these needs. The case studies which are the focus of this deliverable have been designed 

in a way that they show the impacts of the different types presented here.  
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Table 7: Summary of cases (Souza 2018) 

Summary of cases 

 

 
Appropriateness to match an off- 

ǘŀƪŜǊΩǎ ƴŜŜŘǎ 
Configuration variable 

Plant/Project Operational profile 
Related 

need 

Size/ 
Power 
output 

Technology 
Storage 
capacity 
[hours] 

Location 

1A ά[ŀ !ŦǊƛŎŀƴŀέ Standalone A 50 MW 

Parabo
lic 

troug
h 

7.5 
Córdoba, 

Spain 

1B Noor III Standalone A 150 MW 
Central tower 

receiver 
      7.5 

Ouarzazate, 
Morocco 

2 Xina Solar One Peaker (time-of-day tariff)     C 100 MW 
Parabolic 

trough 
5.5 

Pofadder, 
South Africa 

3 Gemasolar Baseload (standalone)     B 20 MW 
Parabolic 
trough 

15 Sevilla, Spain 

4 DEWA Project Complementary to PV D 

100 MW 
(tower) plus 
3x 200 MW 
(PT) units 

Central 
tower 

receiver & 
Parabolic 
trough 

15 (for 
tower unit) 
& 11 (for 
PT units) 

Mohammed 
bin Rashid 

al-Maktoum 
Solar Park, 
Dubai, UAE 

6A 

Cerro 
Dominador 
(Atacama-1) 

Project 

ά/ƻƳƳŜǊŎƛŀƭέ ƘȅōǊƛŘǎ ƻǊ 
co-located plants (CSP+PV 

units) 
    E 

110 MW STE 
(plus 100 
MW PV) 

Central tower 
receiver plus 

PV 
17.5 

Atacama 
Desert, Chile 

6B Noor Midelt* 

ά/ƻƳƳŜǊŎƛŀƭέ ƘȅōǊƛŘǎ ƻǊ 
co-located plants 
(CSP+PV units) 

E 

2 units of 
150-190 

MW 

Paraboli
c trough 

or tower* 
plus PV 

Minimum 
5 hours* 

Midelt, 
Morocco 

7 
HySol concept 

Decoupled 
solar/gas hybrid) 

Full firmness (hybrid 
configuration) 

    F N/A 

Parabolic 
trough & gas 

turbine 
hybridised 

through TES 

N/A Spain 

*Specifications yet to be confirmed by the developer 

 

The main differences between the various CSP operational profiles lie in the need which they have 

to fulfil. Table 8 gives an overview of these needs. The case studies which are the focus of this 

deliverable have been designed in a way that they show the impacts of the different types presented 

here. 
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Table 8: Summary of identified needs (Souza 2018) 

Summary of identified needs 

Type                                                                     Description 

 

A 

Fulfilling national RES targets in the energy mix (disregarding other conditions or 

constraints, such as cost), established by the recipient country in its annual NREAP 

(National Renewable Energy Action Plan) submitted to the EU Commission to comply 

with the level of cross-border exchanges between countries established by the new 2030 

Renewables Directive (REDII). 

B Having a baseload operation as many hours as possible on sunny days to offset the 

planned shutdown/decommissioning of conventional power plants. 

C Increasing the contribution of renewables to the electrical system in the hours of highest 

consumption, to compensate for the lack of flexibility of the variable renewable sources 

(Var RES) of their system. 

 

D 

Reducing the back-up required in the hours in which PV, after sunset, would not be able 

to generate electricity, to achieve a greater contribution of solar energy and without 

exceeding the thresholds of PV power that could lead to curtailments (i.e. having off-

takers with a specific interest in covering the night demand peaks with RES at a 

reasonable cost, thus recognizing the value of STE). 

 

E 

Importing manageable (solar) renewable energy at the lowest possible cost, which 

means considering hybrid PV-{¢9 ǇƻǿŜǊ Ǉƭŀƴǘǎ όάŎƻƳƳŜǊŎƛŀƭ ƘȅōǊƛŘǎέ ƻǊ άŎƻ-ƭƻŎŀǘŜŘέύΣ 

integrating the manageability that the storage capability of the solar-thermal power 

station provides and the reduction of the global price that PV system can yield. 

 

F 
Ensuring the contribution of STE plants to power supply with absolute firmness in a 

certain number of hours per year, by hybridizing the solar-thermal power plant with 

natural gas (but demanding a majoritarian percentage of the solar contribution 

throughout the year). 

 

The following typologies have been considered as the most useful to build in the modelling exercise 

for the present D8.1. This is mainly due to the slightly clearer market potential of those cases 

compared to the other typologies described in Table 7. 
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Table 9: Case studies for the model-based analysis 

Operational profile Examples 

Standalone. Noor III 

Full firmness (hybrid configuration, e.g. a 
decoupled solar/gas hybrid). Still, the aim 
remains to produce as much as possible 
with solar and use gas only when profitable 
or necessary to fulfil demand. 

! Ǉƭŀƴǘ ƻǇŜǊŀǘƛƴƎ ƭƛƪŜ ǘƘŜ άIȅǎƻƭ ŎƻƴŎŜǇǘέ 
proposed by Cobra 

Complementary to PV (STE plants charging 
storage during the day and operating from 
sunset till early morning next day, 
competing in many settings with gas). 

DEWA-IV phase CSP 

ά/ƻƳƳŜǊŎƛŀƭέ ƘȅōǊƛŘǎ ƻǊ Ŏƻ-located plants 
(CSP+PV units). Similar to above but the 
plant manages the best mix to provide the 
promised output. 

Cerro Dominador (Atacama-1) Project, Noor 
Midelt  

 

Structure of the analysis 

The analysis is split into two parts: in the first part, the context of the full electricity system for Spain 

is modelled. In this setting, we implement the case of a CSP plant whose operational profile is 

standalone due to Table 9 (case 1). However, since we are modelling the operational behaviour of 

this plant in the context of the full Spanish electricity ǎȅǎǘŜƳΣ ŎŀǎŜ ǎǘǳŘȅ м ƛǎ ŎŀƭƭŜŘ άǎȅǎǘŜƳ 

ŎƻƴǘǊƛōǳǘƻǊέ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎΦ In this way, we are able to analyze market values and the operational 

behaviour of the plant in the full electricity system of Spain. A parabolic trough CSP plant with an 

installed capacity of 200 MWel and a thermal storage system of 11 hours are modelled in the Spanish 

electricity system of the year 2018. In case study 1, all generating capacities are exogenous input 

parameters and only the hourly dispatch is optimized in the model. Within this analysis, several 

sensitivity analyses are conducted in order to assess the impact of various external influencing 

factors on the operation of the CSP plant. In sum, 13 configurations are analysed in case study 1: 

We assess different variations in storage size, solar multiple, natural gas and CO2 price, and shares 

of wind and solar PV in the electricity generation. 

In case study 2, the cases are modelled in a closed system covering a given off-ǘŀƪŜǊΩǎ demand 

profile. In this way, we can compare the different hybrid configurations. Complementary or 

commercial hybrids of CSP and PV are often designed to match off-ǘŀƪŜǊǎΩ ǊŜǉǳƛǊŜƳŜƴǘǎ. Therefore, 

case study 2 is modelled in a down-scaled closed electricity system covering 0.2% of the Spanish 
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electricity demand. The model optimizes investments and dispatch to cover the off-ǘŀƪŜǊΩǎ ŘŜƳŀƴŘ 

in every hour of the year. This optimization is limited by different constraints which are varied in 

order to assess their impact on the CSP investment and dispatch. The sensitivity analyses in the 

second case study are covering the configuration of the CSP plant, possible combinations of hybrid 

technologies (PV and natural gas), grade of firmness of supply, and variations of the off-ǘŀƪŜǊΩǎ 

demand profile. Finally, the role of thermal storages in comparison to utility scale battery systems 

is assessed. 

3.2 Case study 1 ς CSP plant in Spain as system contributor 

The first assessed case study is a CSP plant in Spain, operated to contribute to power supply in the 

Spanish public grid. For that analysis, the whole Spanish electricity system (including exports and 

imports to or from Portugal and France) are considered. The CSP plant is acting on the national day 

ahead market and is optimizing its economic performance according to the occurring Spanish 

electricity prices. Case study 1 looks just at the economics of a single CSP plant in the current Spanish 

electricity system. Each plant is dispatched in the most economical way. 

3.2.1 Configurations 

Table 10 shows the configuration of the CSP plants. All other relevant parameters are described in 

chapter 2.2 and chapter 2.3. In concrete terms, we adapt the size of the thermal storage, the natural 

gas and CO2 prices, as well as the share of the non-dispatchable generation from wind and PV in the 

system in order to assess their impact on the CSP operational profile. 

Table 10: Configuration of case 1 ς CSP plant as system contributor 

CSP plant 

Generation capacity 200 MWel 

Thermal storage 11 hrs (5.2 GWhth) 

3.2.2 Results 

The electricity generation in Spain is presented in Table 11. The rest of the demand is covered by 

imports, mainly from France. 

Table 11: Annual generation by fuel type in Spain [TWh] 
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Figure 4 shows the simulated generation mix in Spain exemplary for one week in summer (week 29). 

The generation is differentiated by fuel. Hydro includes electricity generated by run-of-river as well 

as by hydro reservoirs with the vast majority of this electricity generated by reservoirs (see Table 4). 

 

Figure 4: Electricity generation in Spain (exemplary week 29 during summer) 

Operational profile in a typical summer week vs. winter week 

To exemplify the behaviour of a CSP plant in this electricity market, one week in summer and one 

week in winter are chosen. The winter operational profile is displayed by week 3 (week 1 and 2 can 

have unusual demand profiles because of the Christmas holidays) and week 29 half a year later in 

summer. 

The operational profile of the 200 MW CSP plant (including an 11 hrs storage facility) is displayed in 

Figure 5 to Figure 9Figure 8.  

During summer (week 29 in July), the CSP plant is able to run full load and charge the storage during 

the day at the same time. CSP is mainly producing during the day due to the peak price level during 

the daytime.  When prices are decreasing during the day (like on Sunday in Figure 5), the CSP plant 

rather charges the storage than producing and selling the generated electricity on the electricity 

market (like on Sunday in Figure 6). The storage level varies between full an empty in this week 29. 
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Figure 5: Operational profile of 200 MW solar PV and 200 MW CSP with 11 hours storage  in the 
Spanish electricity system in summer 

 

Figure 6: CSP generation profile [MW] and heat storage content [MWhth] in summer 
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In winter, the situation is different. The CSP plant is operating at part load and only during the day. 

Again, due to higher price levels during the day, the CSP plant has no incentive to store the thermal 

energy and shift its generation to the night. When prices are decreasing during the day, CSP stops 

operating as well (Tuesday to Thursday during noon in Figure 7 and Figure 8). 

 

Figure 7: Operational profile of 200 MW solar PV and 200 MW CSP with 11 hours storage in the 
Spanish electricity system in winter 

In week 3, the CSP plant is barely utilizing its storage (compare Figure 8). This can be explained by 

higher price levels in other weeks. However, this generation behaviour is a limitation of the 

modelling approach with perfect foresight.  

 

Figure 8: CSP generation [MW] and heat storage content [MWhth] in winter 

Besides the electricity market price level, the radiation level has an impact on the electricity output 

of the CSP plant. Figure 9 shows the heat flux of the receiver field and how it is impacting the 

generation. We can see, how reductions in radiation intensity during the day directly lead to 

decreased generation levels.  

 

0

10

20

30

40

50

60

0

50

100

150

200

250

E
U

R
/M

W
h

M
W

Monday - Sunday in week 3 (15 - 21 January)

Solar PV [MW] CSP [MW] Electricity price [EUR/MWh]

0

1000

2000

3000

4000

5000

6000

0

50

100

150

200

250

M
W

h

M
W

Monday - Sunday in week 3 (15 - 21 January)

CSP [MW] Heat storage content [MWh]



 

 

 

 
Case Studies analysis of prospects for different CSP technology concepts (D8.1) 32 

 

 

Figure 9: CSP generation [MW] and heat flux in the receiver field [W/m²] 

Market values 

In this market setting, the average electricity price is 49.24 EUR/MWh. The market value of CSP is 

50.73 EUR/MWh which corresponds to 103% of the average electricity price. A CSP plant without 

storage facility would have a relative market value of 100% (the same as PV). This means the 

additional value generated by the storage corresponds to 3% of the average electricity price. 

Table 12: Market values of a CSP plant in the Spanish electricity system in 2018 

Case Average electricity 
price [EUR/MWh] 

Market value CSP 
[EUR/MWh] 

Electricity produced 
by CSP [GWh] 

Base: 200 MWel, 11 
hrs storage 

49.243 50.73 (103%) 653.4 

200 MWel, no storage 49.23 49.45 (100%) 541.2 

 

3.2.3 Sensitivity analyses 

In order to assess the impact of different input parameters on the economic performance of CSP 

plants, a range of sensitivity analyses are conducted for the case study of a CSP plant as system 

contributor in Spain.   

                                                      
3 The real average day ahead electricity price in Spain 2018 was 57.29 EUR/MWh (ENTSOE 2019). The main 

reason for the difference is that unit commitment and must-run constraints are not considered in this 
modelling approach. 
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3.2.3.1 Storage size variation 
The storage size plays a central role when it comes to the ability of a CSP plant to shift its electricity 

production in time and, therefore, to make use of the main feature differentiating its production 

from PV generation. While we used a storage size of 11 hrs as the default value for case study 1, we 

increase it in this sensitivity analysis to 17 hrs.  

Operational profile summer winter 

Solar multiple of 1.5 

In the base case, a solar multiple of 1.5 is assumed. During summer (see Figure 10), the increased 

storage extends the operation time of the CSP plant. However, production still takes place mainly 

during the day because of higher price levels. On Friday, we can observe an extended generation in 

the evening hours.  

  

Figure 10: Operational profile of 200 MW solar PV and 200 MW CSP with 17 hours storage  and a 
solar multiple of 1.5 in the Spanish electricity system during summer 

The storage content is increased during the day and decreased during the morning and evening 

hours. Over the week, we can observe a decreasing storage level. On the weekend, when prices are 

lower, the storage is filled again (compare Figure 11). 
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Figure 11: CSP and PV production, storage content, and heat flux of the receiver with 17 hours 
storage and solar multiple of 1.5 during summer 

In week 3 in winter (see Figure 12), the CSP plant mainly produces during the day because of higher 

electricity prices and only in a few hours during the night.  

 

Figure 12: Operational profile of 200 MW solar PV and 200 MW CSP with 17 hours storage and a 
solar multiple of 1.5 in the Spanish electricity system in week 3 during winter 

In week 3, the storage is rather empty and only during some hours of lower price levels, the storage 

is slightly charged. Radiation levels are also quite low and do not allow for high production and 

charging at the same time. 
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Figure 13: CSP production, heat storage content, and heat flux of the receiver with 17 hours storage 
and solar multiple of 1.5 during winter 

Solar multiple of 3 

The situation changes when - additionally to the storage capacity - also the solar multiple is 

increased to 3. Then, we can see in summer that the CSP plant is generating electricity continuously 

throughout the week (see Figure 14). 

 

Figure 14: Operational profile of 200 MW solar PV and 200 MW CSP with 17 hours storage  and a 
solar multiple of 3 in the Spanish electricity system during summer 

This combination of solar multiple, electricity generation capacity, and heat storage is quite perfect 

for operation in summer. Figure 15 shows that the storage is regularly charged during the day and 

discharged during the night to provide full load for the whole week in summer. 
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Figure 15: CSP and PV production, storage content, and heat flux of the receiver with 17 hours 
storage and solar multiple of 3 during summer 

During winter, the effect of the increase of the solar multiple is less distinct: the amount of 

generated electricity increases but this happens mainly at the times when the plant is also 

generating with a lower solar multiple (compare Figure 16). In winter, continuous production is not 

happening in the current setting of the Spanish electricity market. 

 

Figure 16: Operational profile of 200 MW solar PV and 200 MW CSP with 17 hrs storage and a solar 
multiple of 3 in the Spanish electricity system during winter 

During week 3 in this case, the storage level is rather stable and high (compare Figure 17). 
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Figure 17: CSP and PV production, storage content, and heat flux of the receiver with 17 hours 
storage and solar multiple of 3 during winter 

Market values 

What we can see from the results (Table 13) is that the increase of the storage from 11 to 17 hours 

only very slightly increases the market value. This is due to the fact that in the current system, prices 

during the day are higher than in the night and CSP will still produce during the daylight hours and 

make only very limited use of the increased storage capacities. However, in a second step, we also 

increase the solar multiple of the solar field to 2 and 3. A solar multiple of 3 means that the solar 

field is designed to provide 3 times more thermal energy to operate the steam turbine at its rated 

capacity under reference conditions. This means, more thermal energy has to be sent to the storage. 

As a result, the amount of electricity generated by the CSP plant increases in accordance with the 

solar multiple.  We see that the market value even decreases with increasing solar multiple but the 

amount of electricity produced and sold almost doubles with a solar multiple of 3. There is also the 

effect that average electricity prices are slightly decreasing. 
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Table 13: Results of sensitivity analysis of increased storage capacity 

Storage size / solar 
multiple 

Average electricity 
price [EUR/MWh] 

Market value CSP 
[EUR/MWh] 

Electricity produced 
by CSP [GWh] 

Base: 11 hrs storage, 
1.5 solar multiple 

49.24 50.73 (103%) 653.4 

17 hrs storage, solar 
multiple 1.5 

49.24 50.87 (103%) 653.3 

17 hrs storage, solar 
multiple 2 

49.23 50.53 (103%) 870.1 

17 hrs storage, solar 
multiple 3 

49.20 49.85 (101%) 1140.2 

3.2.3.2 Natural gas price 
We also evaluate the impact of a 100% increase in the natural gas price from 7.3 EUR/GJ to 14.6 

EUR/GJ. We do so in two steps: 12.95 EUR/GJ and 14.6. EUR/GJ. 

Table 14: Results of sensitivity analysis of increased natural gas price 

Natural gas price Average electricity 
price [EUR/MWh] 

Market value CSP 
[EUR/MWh] 

Electricity produced 
by CSP [GWh] 

Base: 7.3 EUR/GJ 49.24 50.73 (103%) 653.4 

12.95 EUR/GJ 53.00 56.10 (106%) 653.3 

14.6 EUR/GJ 53.31 56.63 (106%) 653.3 

 

The results show that ǘƘŜ ŀƳƻǳƴǘ ƻŦ ŜƭŜŎǘǊƛŎƛǘȅ ǇǊƻŘǳŎŜŘ ōȅ /{t ŘƻŜǎƴΩǘ ŎƘŀƴƎŜ but market values 

slightly increase from 103% to 106%. Basically, a fuel switch from natural gas to coal, pumped hydro, 

and biomass takes place (see Table 15). 

Table 15: Generation mix in Spain for different natural gas prices 
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Base: 
7.3 

EUR/GJ 
9.70 45.88 0.12 5.79 11.23 52.95 30.83 55.92 0.21 0.66 213.28 

12.95 
EUR/GJ 

9.70 58.35 0.23 5.79 0.42 52.95 30.83 55.92 4.74 0.66 219.59 
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3.2.3.3 CO2 price 
The CO2 price influences the generation from fossil fuels like natural gas and coal and increases the 

marginal generation costs for these producers. Hence, an effect on the overall electricity price can 

be seen in times when these producers are price setting. In order to assess the impact of a variation 

of the CO2 price, we increase it from originally мт ϵκǘ CO2 in two steps ǘƻ уо ϵκǘ CO2 ŀƴŘ муо ϵκǘ /h2. 

¢ƘŜ ǉǳƛǘŜ ŀƳōƛǘƛƻǳǎ ǾŀƭǳŜ ƻŦ муо ϵκǘ /h2 stems from the Directed Vision Scenario of the SET-Nav 

project which projects this price for the year 2050 (Sensfuß et al. 2019). 

In consequence of the increased CO2 price, the average electricity price increases to up to 102 

EUR/MWh. The results in Table 16 show that the amount of electricity produced by CSP does not 

change significantly. The market value is in all three cases 103% of the average electricity price. 

Table 16: Results of sensitivity analysis of increased CO2 prices 

CO2 price Average electricity 
price [EUR/MWh] 

Market value CSP 
[EUR/MWh] 

Electricity produced 
by CSP [GWh] 

Base: 19 EUR/t CO2 49.24 50.73 (103%) 653.4 

83 EUR/t CO2 71.47 73.47 (103%) 653.7 

183 EUR/t CO2 102.13 105.53 (103%) 653.8 
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Base: 
19 

EUR/t 
CO2 

9.70 45.88 0.12 5.79 11.23 52.95 30.83 55.92 0.21 0.66 213.28 

183 
EUR/t 
CO2 

9.70  0.16  53.99 52.96 30.83 55.92 6.60 0.66 210.82 

 

3.2.3.4 Share of PV and wind in the system 
The operational profile of a CSP plant is also heavily impacted by the rest of the generation mix in 

the electricity system. The dispatchability of a CSP plant can be used to level out other variable 

renewable electricity sources.  
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In 2018, there was an installed wind onshore capacity of 22834 MW and an installed solar capacity 

of 6722 in Spain (ENTSOE 2019). According to the Directed Vision scenario in the SET-Nav project, 

where a deep decarbonisation is envisaged across Europe, we could see 115 GW of PV and 47 GW 

of wind capacities installed in the year 2050 in Spain. These bold figures are taken as examples for 

high shares of variable renewables in the Spanish system. 

Table 17: Installed capacities 2050 in Spain (SET-Nav 2019) 

Installed capacities 2050 in Spain (scenario Directed Vision) 

Solar PV 115 GW 

Wind 47 GW 

 

Increase of wind capacities 

In order to assess the impact of an increased wind share in the electricity system, we increase the 

share in two steps up to 47 GW. Figure 18 shows the same week 29 with an installed wind capacity 

of 47 GW in the Spanish system. We can see that on the weekend, wind is producing the vast 

majority of the electricity. Natural gas disappears from the system in this setting and coal power 

plants increasingly have to behave like peak load power plants. 

 

Figure 18: Week 29 with an installed wind capacity of 47 GW 

With increasing shares of wind in the electricity generation, we can see decreasing average 

electricity prices in the system. The market value of CSP is increasing at the same time and amounts 

to 114% of the average electricity price in the case of 47 GW installed wind capacities. CSP is not 

curtailed in both cases. 
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Table 18: Results of sensitivity analysis of increased wind generation 

Wind capacity 
installed 

Average electricity 
price [EUR/MWh] 

Market value CSP 
[EUR/MWh] 

Electricity produced 
by CSP [GWh] 

Base: 22.8 GW 49.24 50.73 (103%) 653.4 

35 GW 44.92 48.03 (107%) 653.3 

47 GW 40.79 46.38 (114%) 653.3 

 

Increase of solar PV capacities 

If the installed capacity of solar PV is increased to a level of 115 GW, week 29 looks like displayed in 

Figure 19. Other renewable sources like wind and also CSP are curtailed (compare the amount of 

electricity produced in Table 19). 

 

Figure 19: Week 29 with an installed solar PV capacity of 115 GW 

Figure 20 shows week 3 during winter. Here, solar PV generation is smaller but is also able to cover 

the whole demand during noon. 
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Figure 20: Week 3 (15 ς 21 January) with an installed solar PV capacity of 115 GW 

A result of these enormous capacities of solar PV (in the existing power system) is a very low level 

of electricity prices: the average is 31.88 EUR/MWh in the case of 115 GW solar PV installed. The 

market value of CSP is increasing at the same time and amounts to 144% of the average electricity 

price in the case of 115 GW installed solar PV capacities. 

Table 19: Results of sensitivity analysis of increased solar PV generation 

Solar PV capacity 
installed 

Average electricity 
price [EUR/MWh] 

Market value CSP 
[EUR/MWh] 

Electricity produced 
by CSP [GWh] 

Base: 6.7 GW 49.24 50.73 (103%) 653.4 

54 GW 39.04 46.56 (119%) 641.8 

115 GW 31.88 46.02 (144%) 607.4 

 

3.2.3.5 Combination of natural gas price, CO2 price, and increase of solar and wind 
capacities 

In this last sensitivity analysis, we combine an increased natural gas price (12.95 EUR/GJ), an 

increased CO2 price (83 EUR/T CO2), and an increased PV (54 GW) and wind (35 GW) installed 

capacity. Lƴ ǘƘƛǎ ǿŀȅΣ ǿŜ ǘǊȅ ǘƻ ŘǊŀǿ ŀ ǇƛŎǘǳǊŜ ƻŦ ŀ ǇƻǎǎƛōƭŜ ŦǳǘǳǊŜ ŜƭŜŎǘǊƛŎƛǘȅ ǎȅǎǘŜƳ ŀƴŘ /{tΩǎ ǊƻƭŜ 

in it. 
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Table 20: Results of sensitivity analysis of 50% increase in solar PV and wind capacities, natural gas 
price, and CO2 price 

Assumptions Average electricity 
price [EUR/MWh] 

Market value CSP 
[EUR/MWh] 

Electricity 
produced by CSP 

[GWh] 

Base:  
6.7 GW solar PV 
22.8 GW wind 

Natural gas price 7.3 EUR/GJ 
CO2 price 19 EUR/t 

49.24 50.73 (103%) 653.4 

54 GW solar PV 
35 GW wind 

Natural gas price 12.95 
EUR/GJ 

CO2 price 83 EUR/t 

93.47 104.10 (111%) 653.7 

 

The results show that the average electricity price increases from 49.24 to 93.49 EUR/MWh due to 

the high CO2 price. The increased share of non-dispatchable renewable generation increases the 

value of the storage of CSP and leads to a relative market value of 111% in this case. 
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3.2.3.6 Summary of case study 1 ς CSP as system contributor 
In Figure 21 and Table 21, the results of case 1 ς a CSP plant of 200 MWel and an 11 hours thermal 

storage - are displayed.  

 

Figure 21: Summary of the results of case study 1 ς CSP plant as system contributor in Spain 

Highlights 

¶ The average electricity price is mainly dependent on two factors: In the case of increasing 

CO2 prices, we can observe increasing electricity prices and in the case of increasing shares 

of non-dispatchable renewable energies (wind and PV), we can see decreasing electricity 

prices.  

¶ In the current market setting, an increased thermal storage capacity does not increase the 

market value of CSP because the electricity prices during the day are the highest. However, 

in combination with an increased solar multiple, the produced electricity and revenues are 

increased. 

¶ The relative market value (compared to the average electricity price) for the CSP plant is 

above 100 % in all sensitivity analyses and the highest in the case of a very high PV share in 

the electricity system (144%). 

¶ High shares of non-dispatchable generation by PV and wind increase the relative market 

value of CSP the most. At the same time, average electricity prices and revenues are the 

lowest in these sensitivity analyses. 
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¶ In a market environment with increased shares of non-dispatchable renewable generation 

(PV and wind) and CO2 and natural gas prices, the relative market value of CSP is increased 

to 111%. At the same time, we can observe high electricity prices and revenues in this 

setting. This sensitivity analysis was designed in order to represent a possible future 

electricity system where CSP can play out its main operational advantages ς dispatchable, 

renewable, and CO2-free generation of electricity. 

Table 21: Results of case study 1 ς CSP plant as system contributor in Spain 

Analysis Market value CSP Average electricity 
price 

Base case ς CSP plant in Spain 103% 49.24 

17 hrs storage, solar multiple 1.5 103% 49.24 

17 hrs storage, solar multiple 2 103% 49.24 

17 hrs storage, solar multiple 3 101% 49.20 

Natural gas price 50% increase (12.95 
EUR/GJ) 

106% 53.31 

Natural gas price 100% increase (15.60 
EUR/GJ 

106% 53.00 

CO2 price 50% increase (83 EUR/t CO2) 103% 71.47 

CO2 price 100% increase (183 EUR/t CO2) 103% 102.13 

35 GW wind 107% 44.92 

47 GW wind 114% 40.79 

54 GW solar PV 119% 39.04 

115 GW solar PV 144% 31.88 

Combination: Increase of PV, wind, natural 
gas and CO2 price 

111% 93.47 

 

3.3 Case study 2 ς Fulfilling an off-ǘŀƪŜǊΩǎ ŘŜƳŀƴŘ ǇǊƻŦƛƭŜ 

Since all of the analyses of case study 1 only look at the economics of the CSP plant in the setting of 

the Spanish electricity system, the beneficial effects which can be realized by CSP plants with 

thermal storage for the energy system are not fully displayed. This feature is a big difference to 

conventional solar PV generation which cannot be dispatched in this way. Therefore, the following 
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case studies are designed so that the CSP plants are required to fulfil a certain off-ǘŀƪŜǊǎΩ ŘŜƳŀƴŘ 

profile. In this way, we can simulate Power Purchase Agreements (PPA) which are designed so that 

the CSP plant has to fulfil a certain demand profile. 

In the following case studies, we define a certain level of demand which has to be fulfilled in every 

hour of the year. In the different configurations, CSP, PV, and natural gas, thermal and electrical 

storage facilities, and electric boilers are cooperating and/or competing in fulfilling this demand 

profile. These hybrid configurations are designed to provide dispatchable and firm energy during 

every hour of the year. The single technologies do not necessarily have to be located in the same 

place and the independent sizing and operation of the different hybrid components allow for a high 

amount of flexibility in matching the off-ǘŀƪŜǊΩǎ ƻǊ ŜƭŜŎǘǊƛŎƛǘȅ ǎȅǎǘŜƳΩǎ ƴŜŜŘǎΦ ¦ƴƭƛƪŜ ŀǎ ƛƴ ŎŀǎŜ ǎǘǳŘȅ 

1, there are no capacities externally given but the model optimizes both, the installed capacities and 

generation dispatch. The case study is analysed in a closed system, no transmission to neighbouring 

regions is simulated. This is done in order to make the different configurations comparable and 

object to the same conditions. In a real electricity system, excess electricity could be sold on the 

open electricity market in order to avoid huge overcapacities and curtailment.  

3.3.1 Cost assumptions 

Since additionally to the dispatch, also investments are optimized in case study 2, the cost 

assumptions for the different technologies are of high relevance (see Table 22). Again, the cost given 

by ESTELA (2019) was further split between the three components of CSP in the following way 

according to the method presented by Fedato (2018) and Mehos et al. (2008): receiver 61 %, ST 

22%, and TES 17%. 

Table 22: Techno-economic assumptions for case 2 ς fulfilling an off-ǘŀƪŜǊΩǎ ŘŜƳŀƴŘ ǇǊƻŦƛƭŜ 

Technology 
Investment 
cost [mio. 
EUR/MW] 

Annual 
O&M 
cost 

[EUR/kW] 

Variable 
O&M cost 

[EUR/MWh] 

Economic 
lifetime 

[a] 

Efficiency 
[%] 

Full load 
hours [h] 

Solar PV (Fedato 
2018; Mines 
ParisTech / 
ARMINES / 
TRANSVALOR S.A. 
2012; De Vita et al. 
2018) 

0.953 25.5 0.1 25 100 14014 

CSP thermal 
receiver parabolic 

3.312 37.82 0 25 100 21905 

                                                      
4 Average value for Spain from (Mines ParisTech / ARMINES / TRANSVALOR S.A. 2012). 
5 Value derived from (CSP Guru 2019) for plants without storage since it represents only the full load hours 

of the solar receiver part of the CSP. 
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trough (CSP Guru 
2019; ESTELA 
2019; Lilliestam et 
al. 2017)  

CSP steam turbine 
(ESTELA 2019; 
IRENA 2012; 
Schröder et al. 
2013; De Vita et al. 
2018) 

1.195 13.64 0.15 25 42 endogenous 

CSP thermal 
storage (ESTELA 
2019)  

0.0846 0.9587 0 25 99.25 endogenous 

Gas turbine 
condensing (De 
Vita et al. 2018) 

0.939 23.5 0.71 25 35 endogenous 

Gas turbine 
backpressure 
(Danish Energy 
Agency 2016; De 
Vita et al. 2018) 

0.800 15 3.5 25 35 endogenous 

 

3.3.2 Investment model 

In the first analysis of case 2, the model optimizes the investment in a combination of the 

technologies in Table 22 to cover 0.2% of the Spanish demand (~ 1203 GWh) following the Spanish 

load profile (see e.g. week 29 in Figure 22). 

 

Figure 22: Spanish demand profile exemplary for week 29 

                                                      
6 For the thermal energy storage: [EUR/MWhth storage volume], 11 hours storage assumed 
7 For the thermal energy storage: [EUR/MWhth storage volume], 11 hours storage assumed 
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Full availability of all technologies 

In a first model run, the investment in the technologies CSP (receiver, thermal storage, and steam 

turbine size are optimized independently), solar PV, and condensing natural gas turbine is possible. 

Table 23 shows the results of this optimization.  

Table 23: Results of an investment run without restrictions 

 
Capacity installed 

Electricity produced 
[GWh] 

Share of electricity 
generation [%] 

Solar PV 237.9 MWel 326.5 26.3 

CSP thermal receiver 
parabolic trough 

0   

CSP steam turbine 0 0 0 

CSP thermal storage 0   

Natural gas 200.7 MWel 915.9 73.7 

 

System cost [mio. 
EUR] 

CO2 emissions [ktons] 
CSP share in 

generation [%] 
Average electricity 
price [EUR/MWh] 

123.50 521.9 0 94.25 

 

Under the current techno-economic costs of all given technologies and fuels, the most economical 

way to cover this demand is the installation of 200.7 MW natural gas and 237.9 MW solar PV 

capacities. 73.7 % of the annual electricity is then generated by natural gas. During the summer, 

solar PV is able to cover the majority of the demand during the day (compare Figure 23). In this way, 

it produces 26.3% of the annual electricity. 
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Figure 23: Electricity generation in summer with investment and dispatch optimization 

Natural gas is used as back up during the nights and on days with lower radiation, mainly in winter 

(compare Figure 24). 

 

Figure 24: Electricity generation in winter with investment and dispatch optimization 

100% demand coverage by solar PV and CSP 

An operational concept of CSP plants is the so-called hybrid or co-located concept of PV and CSP 

generation. That means that PV and CSP complement each other and make a 24-hour 100% solar 

electricity generation possible.  

The concept of hybrid or co-located CSP and PV plants is for example realized in the Cerro 

Dominador (Atacama-1) Project in the Atacama Desert in Chile and in Noor Midelt in Morocco. 

Table 24 shows the results of the investment and dispatch optimization if only CSP and PV are 

allowed investment options. 
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Table 24: Results of the optimization with only PV and CSP as options 

 Capacity installed 
[MW] 

Electricity produced 
[GWh] 

Share of electricity 
generation [%] 

Solar PV 1154.7 MWel 566.7 45.6 

CSP thermal receiver 
parabolic trough 

6537.5 MWth   

CSP steam turbine 199.3 MWel 675.7 54.4 

CSP thermal storage 13455.9 MWhth   

Natural gas 0  0 0 

 

System cost [mio. 
EUR] 

CO2 emissions [ktons] 
CSP share in 

generation [%] 
Average electricity 
price [EUR/MWh] 

1092.18 0 54.4 839.87 

 

Figure 25 shows the typical generation profile during the summer. In summer, we can see no 

difference to the investment including natural gas since the demand in summer can be covered by 

CSP and PV in both cases. 

 

Figure 25: Electricity generation in summer with 100% demand coverage by PV and CSP 

In winter, the situation looks now the same as in summer. However, the price of this are immense 

system cost which are around 9 times higher than the system cost when natural gas is allowed in 

the investment optimization. 
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Figure 26: Electricity generation in winter with 100% demand coverage by PV and CSP 

In summer as well as in winter, CSP is generating electricity during the night and PV during the day. 

This is exactly the concept of complementary generation from PV and CSP plants. This concept is for 

example realized by the DEWA IV project (Mohammed bin Rashid al-Maktoum Solar Park close to 

Dubai) and is a promising approach for continuous CO2 free generation for countries in the solar 

belt. However, the results show (compare Table 24) that the requirement to fulfil the demand in 

every hour of the year leads to huge overcapacities of PV and CSP and immense costs in the Spanish 

context. One possibility would be that the generation exceeding the off-taker profile can be sold on 

the open electricity market.  

Requirement of CO2 free generation of 80% of the demand 

In order to adapt the complementary case of PV and CSP to Spain, we allow for 80% firmness, i.e. 

up to 20% of the exogenously given demand8 can be covered by natural gas. This full firmness 

concept is for example realized by the Hysol concept which is a decoupled solar and gas hybrid. This 

concept allows for natural gas in the generation mix but still, the aim remains to produce as much 

as possible with solar and use gas only when profitable or necessary to fulfil demand. 

The results in Table 25 show that the generation not covered by natural gas is almost evenly split 

between CSP and PV. The optimized storage size is 12.6 hours and the optimized solar multiple 2.1. 

Table 25: Results of the optimization with a restriction of natural gas to 20% of the demand 

 Capacity installed 
[MW] 

Electricity produced 
[GWh] 

Share of electricity 
generation [%] 

Solar PV 531.8 MWel 488.5 39.3 

                                                      
8 Without distribution losses: this corresponds to 19.4% with losses. 
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CSP thermal receiver 
parabolic trough 

912.6 MWth   

CSP steam turbine 146.2 MWel 513.4 41.3 

CSP thermal storage 4280.2 MWhth   

Natural gas 130.5 MWel 240.5 19.4 

 

System cost [mio. 
EUR] 

CO2 emissions [ktons] 
CSP share in 

generation [%] 
Average electricity 
price [EUR/MWh] 

264.64 137.1 41.3 329.44 

 

During summer, solar PV and CSP are able to cover the demand profile continuously. 

 

Figure 27: Demand coverage during summer 

In winter, the gas turbine is the main producer during the night and also covers a part of the daytime 

demand.  
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Figure 28: Demand coverage during winter 

3.3.3 Variation of the gas turbine 

Instead of using a condensing gas turbine as back up, it is also possible to let a backpressure turbine 

generate the back-up electricity from natural gas. The advantage of this configuration is that the 

heat from the backpressure turbine can additionally fuel the steam turbine of the CSP plant or 

charge the heat storage9. 

The results in Table 26 show that the overall system cost can be reduced by 33% by using a 

backpressure turbine instead of a condensing turbine. The share of steam turbine generation stays 

almost the same but at the same time the thermal storage capacity is reduced by 23%, the receiver 

by 48%, and the steam turbine capacity by 17%. 

Table 26: Results of the optimization with a restriction of natural gas to 20% of the demand and 
backpressure turbine configuration 

 Capacity installed 
[MW] 

Electricity produced 
[GWh] 

Share of electricity 
generation [%] 

Solar PV 401.6 MWel 445.5 35.9 

CSP thermal receiver 
parabolic trough 

478.6 MWth   

CSP steam turbine 121.7 MWel 537.310 43.2 

CSP thermal storage 3311.2 MWhth   

Natural gas 80.4  MWel 259.7 20.9 

                                                      
9 An electricity and heat efficiency of 0.91 is assumed. 
10 Part of the heat fuelling the steam turbine is produced by the backpressure turbine. 

0

50

100

150

200

250

T
0

0
1

T
0

0
7

T
0

1
3

T
0

1
9

T
0

2
5

T
0

3
1

T
0

3
7

T
0

4
3

T
0

4
9

T
0

5
5

T
0

6
1

T
0

6
7

T
0

7
3

T
0

7
9

T
0

8
5

T
0

9
1

T
0

9
7

T
1

0
3

T
1

0
9

T
1

1
5

T
1

2
1

T
1

2
7

T
1

3
3

T
1

3
9

T
1

4
5

T
1

5
1

T
1

5
7

T
1

6
3

M
W

Hours in week 3 (15 - 21 January)

CSP

NATGAS

SOLAR PV



 

 

 

 
Case Studies analysis of prospects for different CSP technology concepts (D8.1) 54 

 

 

System cost [mio. 
EUR] 

CO2 emissions [ktons] 
CSP share in 

generation [%] 
Average electricity 
price [EUR/MWh] 

178.22 137.1 43.2 229.51 

 

3.3.4 Variation of the profile 

In this last analysis, we assess how the demand profile impacts the CSP plant generation. 

Baseload 

Instead of the Spanish demand profile, a flat baseload profile has to be covered over the whole year. 

 Capacity installed 
[MW] 

Electricity produced 
[GWh] 

Share of electricity 
generation [%] 

Solar PV 449.0 MWel 447.6 36.0 

CSP thermal receiver 
parabolic trough 

899.4 MWth   

CSP steam turbine 141.8 MWel 554.3 44.6 

CSP thermal storage 4640.8 MWhth   

Natural gas 119.8  MWel 240.5 19.4 

 

System cost [mio. 
EUR] 

CO2 emissions [ktons] 
CSP share in 

generation [%] 
Average electricity 
price [EUR/MWh] 

255.42 137.1 44.6 308.34 

 

The results show that the generation rarely changes from the one covering the Spanish load profile.  

Summer/winter profile 

Since we saw that the main challenge for CSP is the coverage of demand during winter, the load 

profile to be covered is adapted in a way that baseload profile is twice as high during the six summer 

months than during the six winter months (see Figure 29).  
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Figure 29: Baseload profile adapted to summer / winter dynamics 

The annual amount of electricity produced stays the same but two third of it has to be generated 

during the summer. The results (see Table 27) show that there is almost no difference to case before 

where the continuous base load has to be covered over the whole year. However, the installed 

capacities of solar PV and the thermal receiver field decrease, but the steam turbine capacity and 

thermal storage capacity increase. The overall system cost are 9% lower than in the case of a 

continuous base load over the whole year. 

Table 27: Results of the optimization with a restriction of natural gas to 20% of the demand and a 
demand profile adapted to winter / summer dynamics 

 Capacity installed 
[MW] 

Electricity produced 
[GWh] 

Share of electricity 
generation [%] 

Solar PV 375.0 MWel 428.0 34.4 

CSP thermal receiver 
parabolic trough 

705.0 MWth   

CSP steam turbine 174.9 MWel 573.9 46.2 

CSP thermal storage 5135.6 MWhth   

Natural gas 103.9  MWel 240.5 19.4 

 

System cost [mio. 
EUR] 

CO2 emissions [ktons] 
CSP share in 

generation [%] 
Average electricity 
price [EUR/MWh] 

231.50 137.1 46.2 225.80 
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Figure 30 shows week 29 in summer. The load to be covered is constant and doubled compared to 

the load in winter (compare Figure 31). Natural gas is only producing during a very low number of 

hours, mainly in the early morning. 

 

Figure 30: Demand coverage during summer 

During winter, gas covers the majority of the demand outside of the times when PV is producing 

electricity.  

 

Figure 31: Demand coverage during winter 

3.4 Investment decisions in batteries vs. thermal storage and 
CSP 

Utility scale batteries deserve key attention in the policy debate how to best adapt our electricity 

system to better cope with high share of renewables and other forthcoming challenges. In order to 

gain some insights about this issue, we conducted an additional sensitivity analysis including 

batteries. Thus, on top of the known technologies and their respective capacities, we allow for 

investments in batteries in this analysis. The restriction of natural gas to max. 20% of the electricity 
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generation is unchanged. Our cost assumptions concerning batteries, taken from Fleer et al. (2016), 

are displayed in Table 28.  

Table 28: Techno-economic parameters of utility scale batteries 

Technology 
Investment 
cost [mio. 

EUR/MWh] 

Annual 
O&M cost 
[EUR/kWh] 

Variable 
O&M cost 

[EUR/MWh] 

Economic 
lifetime 

[a] 

Efficiency 
[%] 

Full load 
hours [h] 

C-
rate 
[h] 

Utility scale 
battery (Fleer 
et al. 2016) 

0.662 13.24 0 15 75 endogenous 4 

 

The results of this investment optimization (see Table 29) show that the model chooses to invest in 

CSP, solar PV, batteries, and natural gas. In this way, the system cost can be reduced by 9% 

compared to the PV and CSP system. Batteries are in this case a competitor of CSP. 

Table 29: Results of the optimization with a restriction of natural gas to 20% of the demand and 
additional investment option battery 

 Capacity installed 
[MW] 

Electricity produced 
[GWh] 

Share of electricity 
generation [%] 

Solar PV 847.63 MWel 
945.7 

 
70.3 

CSP thermal receiver 
parabolic trough 

221.6 MWth   

CSP steam turbine 49.4 MWel 
159.6 

 
11.9 

CSP thermal storage 1496. 9 MWhth   

Natural gas 102.9 MWel 240.5 17.9 

Battery 947.5 MWhel   

 

System cost [mio. 
EUR] 

CO2 emissions [ktons] 
CSP share in 

generation [%] 
Average electricity 
price [EUR/MWh] 

239.51 137.1 11.9 250.76 

 

Figure 32 shows that during summer, PV covers demand and charges the batteries during the day. 

CSP stores its collected solar energy during the day and produces electricity during the night by using 

the thermal storage. The batteries also cover the demand during the night and natural gas only 

produces during very few hours. 
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Figure 32: Demand coverage in summer by solar PV, natural gas (condensing), and utility scale 
batteries 

In the next step, we allow the model also to invest in utility scale electric boiler which can transform 

excess electricity to heat which can be stored in the thermal energy storage. 

Table 30: Techno-economic parameters of utility scale electric boilers 

Technology 
Investment 
cost [mio. 
EUR/MW] 

Annual 
O&M cost 
[EUR/kW] 

Variable 
O&M cost 

[EUR/MWh] 

Economic 
lifetime 

[a] 

Efficiency 
[%] 

Full load 
hours [h] 

Electric 
boiler > 10 
MW (Danish 
Energy 
Agency 
2016) 

0.07 1.1 0.8 20 98 endogenous 

 

After allowing the investment not only in thermal storage and CSP but also in electric boilers, the 

model chooses to invest in thermal storage and electric boilers. It is still not economical optimal to 

invest in a CSP receiver field in this setting (see Table 31). 

Table 31: Results of the optimization with a restriction of natural gas to 20% of the demand and 
additional investment option battery and electric boilers 

 Capacity installed 
[MW] 

Electricity produced 
[GWh] 

Share of electricity 
generation [%] 
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Solar PV 1223.0 MWel 1574.4 71.6 

CSP thermal receiver 
parabolic trough 

0 MWth   

CSP steam turbine 110.6 MWel 384.2 17.511 

CSP thermal storage 3562.7 MWhth   

Natural gas 111.0  MWel 240.5 10.9 

Battery 133.3 MWhel   

Electric boiler 445.3 MWth   

 

System cost [mio. 
EUR] 

CO2 emissions [ktons] 
CSP share in 

generation [%] 
Average electricity 
price [EUR/MWh] 

218.8 137.1 0 226.26 

 

Figure 33 shows the electricity generation and consumption in week 29. The electricity demand is 

the exogenously given demand profile. Additionally to this demand, the electric boiler requires 

electricity in order to produce heat. During the day, solar PV is generating excess electricity which 

is stored partly in batteries and mainly in the thermal storage by using the electric boiler. During the 

night, the steam turbine fuelled by heat from the thermal storage covers the majority of the 

demand. Additionally, natural gas and batteries generate electricity during some hours in the night. 

 

                                                      
11 The steam turbine produces 17.5% but the input heat is generated not by the CSP solar field but by the 

electric boiler. 
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Figure 33: Electricity generation (positive) and consumption (negative) of the technologies solar PV, 
natural gas condensing turbine, steam turbine fueled by heat, battery, and electric boiler. Battery 
energy content [MWhel] and electricity demand [MW] are also displayed. 

During the day, the thermal storage is charged by the electric boiler fueled by solar PV and during 

the night, the heat is used to generate electricity using the steam turbine (see Figure 34). 
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Figure 34: Thermal storage content [MWhth] and heat generation by the electric boiler and the 
thermal storage 

The use of batteries and electric boilers increases the electricity demand to 2248 GWh which is 

amost double of the exogenously given demand. The share of PV increases to 71.6% since there is 

a cheap option of storage available. The amount of electricity produced by natural gas stays the 

same, but the increase in electricity demand leads to a decreased share of natural gas in the 

electricity generation (10.9%) (see Table 31). When there was no investment option in electric 

boilers available, the model chose to invest in 1402 MWhel storage capacity of batteries. Now, the 

model invests in only 133 MWhel batteries (c-rate 4 h) and adds 3563 MWhth thermal storage (11 h) 

instead. In this way, the system cost are reduced by 10%. 

A crucial factor in this analysis are the investment cost of all technologies included. Thermal storages 

are already now a cheaper storage option than batteries and the economic optimization chooses to 

invest in them. However, current costs for CSP receivers are too high for the optimal solution in this 

setting. Further cost reductions are necessary for CSP to exploit its full potential and complement 

PV generation in this setting. 

3.5 Summary of case study 2 - Fulfilling an off-ǘŀƪŜǊΩǎ ŘŜƳŀƴŘ 
profile 

Within case study 2, we simulated different hybrid configurations of solar PV, CSP, natural gas, 

electric boilers, and thermal and electric storage systems. Figure 35 and Table 32 compare these 

configurations in terms of their system cost, CO2 emissions, CSP share in electricity generation and 

average electricity price. 
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