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Abstract— Concentrating Solar Power Systems (CSP) is a 

promising future technology using solar renewable resources in 

medium and high power generation plants. The thermal storage 

technology provides a competitive source of electricity generation 

with renewable energy rather than established fossil fuels. This is 

so even when the contribution to auxiliary services from fossil 

resources is taken into account. In this work, different 

mathematical models are shown, as well as different ways of 

management of the thermal energy obtained from the solar field 

are compared. Some parameters such as dimensions, location 

and total production of electricity are configured in optimization 

models in order to compare the different technologies from an 

economical point of view.  

 
Index Terms— Concentrating solar power, Energy storage, 

Implementation cost, Optimization. 

 

I. INTRODUCTION 

ONCENTRATING Solar Power Systems (CSP) have 

been the most promising renewable energy resources for 

the last ten years, after other technologies have been 

established.  

European directives such as 2001/77/EC (promotion of 

electricity generated from renewable energy in inner 

electricity market) [1] have outlined for the last years research 

work of technicians and departments related with renewable 

energies, and more specifically with solar thermal energy and 

electricity production. So, solar reception technology has 

developed new models and architectures able to best obtain 

the necessary amount of solar energy in smaller surfaces. 

Nowadays, the generation of electricity by renewable 

resources from solar energy and its integration in the electrical 

market depend on solar availability. The development of 

thermal storage systems lets the projection of solar thermal 

systems increase in order to generate electricity, and also 

locate them as renewable energy systems able to meet the 

requirements of electricity consumption.  

The selection of parameters and specific variables such as 

storage capacity, reception surface or generation systems lead 

us to propose some specific optimization enouncements and to 

obtain high efficiency proposals for optimal operation. Benefit 

and cost have been considered here to obtain the best solution 

and operation availability. 

 

II. SOLAR THERMAL PLANTS AND THERMAL ENERGY 

MANAGEMENT 

Solar reception in CSP is mainly performed in infrared 

spectrum. The thermal exploitation by active transmission 

fluid in medium temperature (from 200ºC to 600ºC), and 

concentration by CTS (Concentrating Thermo Solar Systems) 

include a large array of technological families, which can be 

categorized according to the way they focus the sun rays as 

well as the technology used to receive solar energy [2]. 

One of these technologies, parabolic troughs (line focus, 

mobile receiver), consists of parallel rows of mirrors 

(reflectors) curved in one dimension to focus sunrays. The 

mirror arrays can be more than 100m long with the curved 

surface 5m to 6m across. Stainless steel pipes (absorber tubes 

as heat collectors) have a selective coating that is designed to 

allow pipes to absorb high levels of solar radiation while 

emitting very little infra-red radiation. The pipes are isolated 

by an evacuated glass envelope. The reflectors and the 

absorber tubes move both following the sun with one degree 

of freedom (North-South axes). This is the most usual solution 

for medium investment cost. That is the reason why this is the 

main technology used in our model to optimize the production 

of electricity with thermal storage. 

Three possible configurations are found in these power 

systems depending on the management of the thermal energy 

obtained from the solar field before it is used by the power 

block [3]. 

The first one is to consider direct generation without either 

thermal storage or buffer solution. In this case all the thermal 

energy obtained from the solar field is directly driven to the 

power block and then used to generate electricity. When the 

solar resource produces overheating in the solar field, the only 

solution is the partial fadeout of collectors that defocuses them 

and so reduces the solar collection. This option is more 

frequent when the solar resource along the yearly period is 

enough to produce electricity during fifteen or more hours per 

day in average. 

The second one is to consider the use of a molten salt 

double-tank as thermal storage systems into CSP plants, as 

shown in figure 1. The Double Tank Direct System (thermal 

exchange between two tanks HT/LT with the same thermal 

transmission fluid) lets to divert excess heat to a thermal 

storage material during the day. When production is required 

after sunset, the stored heat is released into the steam cycle 

Optimal Models for Concentrating Solar Power 

Plants by Storage and Overflow Systems 

D. Bullejos1, J.M. Llamas1, F. Carmona2, (1) Universidad de Córdoba, (2) Acciona Energía 

C



MIXGENERA 2011 – November 17, 2011 – Leganés, Madrid, Spain - http://electrica.uc3m.es/mixgenera/ 2

and the plant continues producing electricity. Sodium and 

potassium molten salt is currently one of the most efficient 

thermal storage materials in medium temperature 

concentration solar thermal plants. Molten salt mechanical and 

chemical stability reduces storage cost above 65% and it also 

increases thermal reversibility related to other thermal storage 

systems [4]. The high efficiency of the heat exchange with 

water allows the use of these salts to transport solar heat to 

produce water steam. The expansion of the steam in 

conventional turbines makes the electricity production 

available. The solidification point of these salts makes them 

less useful in solar fields and pipes, making the synthetic oil 

the most common resource. 

The double-tank direct system increases the complexity of 

installation and therefore its implementation costs. The whole 

efficiency of this double-thermal exchange system (synthetic 

oil in the solar field, molten salt in storage and steam in the 

power block) is lower than the single-thermal exchange 

system (synthetic oil in the solar field and steam in the power 

block). Nevertheless, the double-tank system is a frequent 

solution either when the solar resource is not enough to obtain 

the average production of fifteen hours per day in one yearly 

period, or when the production of electricity needs adaptation 

to the free market electricity prices (without prices regulation 

or pool distribution). 

The last option is to consider the possibility of increasing 

the capacity of the overload tanks placed within the thermal 

fluid transport circuit. These overload tanks are designed to 

control the volume and pressure of this thermal fluid. With 

this solution, thermal exchange is used for only two materials 

such as synthetic oil for solar field, and steam for power 

block.  

The schema in figure 2 shows the intermediate solution 

with lower implementation costs than the standard double-

tank direct system, which is more adapted to market 

requirements and independent from the solar resource [5]. 
 

 

Fig. 1. Solar Thermal Plant with double tank storage system and oil-salt-steam 

thermal exchange. 

 

Fig. 2. Solar Thermal Plant with oversized oil overflow tank and oil-steam 

thermal exchange. 

 

III. IMPLEMENTATION COSTS AND MANAGEMENT ANALYSIS 

This comparative study uses one standard solar thermal 

plant with 50MW net output. 76 loops of solar collectors plus 

12 modules in each loop are necessary for such plant. The 

average surface needed for this plant is 450.000m2, 

considering high efficiency solar collectors and 200% solar 

multiple to obtain more production in low radiance periods. 

Real solar radiation values are going to be used to obtain 

numerical results, considering one general location with 37º 

latitude as it is usual for this kind of plant. 

For the power block we consider 37% average conversion 

efficiency, 391ºC inlet temperature, 293ºC outlet temperature, 

100bar boiler operating pressure and 20% of thermal power 

fraction for standby or startup.  

The double-tank direct system (for seven hours of 

equivalent full load thermal energy) is performed with 

20000m3 storage volume, 36m diameter, 20m tank height and 

391ºC fluid temperature [6], [7]. 

With these conditions the evaluation of the implementation 

costs has the numerical results shown in Table I. 

 
TABLE 1. NUMERICAL RESUME FOR THREE STORAGE OPERATIONS IN SOLAR 

THERMAL PLANT: DOUBLE-TANK DIRECT SYSTEM WITH SEVEN HOURS OF 

EQUIVALENT FULL LOAD THERMAL ENERGY, DIRECT PRODUCTION OF 

ELECTRICITY WITHOUT STORAGE AND OVERSIZE IN TWO HOURS OF 

EQUIVALENT FULL LOAD THERMAL ENERGY OF OVERLOAD FLUID TANKS. 

Cost Concept 7h TES 0h TES 2h equiv. TES 

Site 6,004,789€ 6,004,789€ 6,004,789€

Solar Field  105,084,000€ 105,084.000€ 105,084,000€ 

Power Plant  35,420,000€ 35,420,000€ 35,420,000€ 

HTF System  15,011,990€ 15,011,990€ 15,011,990€ 

Thermal Storage  49,986,720€ 0€ 14,281,960€ 

Fossil Backup 16,250€ 25,700€ 19,250€ 

Contingency 21,150,920€ 16,152,220€ 17,580,430€ 

Indirect Cost 57,467,060€ 43,885,660€ 47,766,040€ 

O & M 33,573,540€  32,970,840€ 33,465,530€ 

Ins. and Prop. 15,932,630€ 12,167,190€ 13,243,020€ 

Whole 339,647,899€ 266,722,389€ 287,887,009€ 
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IV. MATHEMATICAL MODELS AND OPTIMIZATION. 

We will optimize the concentrating solar generation system 

with thermal storage by a short term planning to less use non-

linear functions and temporal variables. We will have a daily 

horizon of variation with discrete time variables.  

Direct normal irradiation, which affects parabolic trough 

collectors, is related to the power supplied to the storage 

system and the power block, given by the following 

expression:  

     
pleSolarMulti

F
SolarField

Aj
DNI

Pj
Solar

P   ! )()(       (1) 

  

Equation (2) gives the generation balance and costs of the 

solar plant operation, considering the efficiency and price 

factors in each step of the process. )( jPfadeout is the power 

reduction through defocus of collectors. Due to oversize of the 

solar field, sometimes it is not possible to evacuate the thermal 

energy obtained. WarmP  is the thermal power needed for the 

normal operation for the plant, and StartUpP is the thermal 

power necessary to run up the plant.  In this equation the 

limits of thermal energy stored are shown in specific time 

units related to the amount of energy collected from the solar 

panels. The storage process is made up of the amount of 

thermal energy stored in tanks plus the amount of energy 

extracted from them. The subsequent efficiency factors are 

applied [8], [9]: 

 

JjjPjPjP

jPjP
jP

jPP

WarmStartUpfadeout

AstoA

Gas

Gas
solarT

"#$$$

$%%! $%

)()()(

)()(
)(

)( &
&            (2) 

 

The relationship between the energy stored in the synthetic 

oil tank (or molten salt tanks) and the power flow from 

collectors or towards the generation turbine can be expressed 

as (3): 
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The benefit of gross power production for each hour is 

given in (4) where the corresponding expressions of 

transmission loses and self-consume costs have been 

considered for the final benefit, valued according to the 

current market energy prices. 
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The enouncement of the problem (Thermal Group Hourly 

Programming, TGHP) will be done by benefits optimization 

according to market power prices. Different operation regimes 

and thermal plant storage have been considered as mentioned 

in section IV. We will consider one-hour time intervals for  j 

to construct the target function shown in (5) [10], [16], [17]. 

Target Function: 
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"
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Structural and operational restrictions: 
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Equation (6) shows the limitation of thermal storage with 

Plant Nominal Power. Equation (7) shows the limitation of 

Auxiliary Gas generation given by market conditions. 

Coefficient k can be 12% for Regulated Market or 15% for 

Free Market [11]-[13]. A fraction of this auxiliary energy 

source sometimes is required to start the power block, 

estimated in 36.5 MWht for a 50MW solar thermal plant [15].  

Other variables and expressions can be obtained by 

deduction from these variables and equations.  

V. RESULTS AND REMARKS 

After programming these models, analyze their structuring 

and economical parameters we can observe (Table II) the 

energy production and cash-flow due to the use of different 

storage systems. We consider 30 years as the operation useful 

life for the plant [6].  

TABLE II. NUMERICAL RESULTS FOR TREE OPTIONS OF THERMAL 

MANAGEMENT: DOUBLE DIRECT TANK, DIRECT PRODUCTION OF ELECTRICITY 

WITHOUT STORAGE AND INCREASED OVERFLOW TANK. 

CSP plant with 7h TES 

Energy (kWh)    3,668,325,059.10    

Energy Value    1,014,611,132.93€  

After Tax Cash-flow      610,828,986.80€  

 

CSP plant without thermal Storage 

Energy (kWh)   2,884,336,332.30    

Energy Value    797,770,019.50€  

After Tax Cash-flow   462,665,940.56€  

 

CSP plant with greater overflow tanks 

Energy (kWh)   3,527,827,138.20    

Energy Value    975,751,230.21€  

After Tax Cash-flow   573,611,437.39€  

 

To conclude, the models described in this work are not 

mutually exclusive; rather they can be applied in different 

economical situations and varied locations. The management 

of thermal storage is not necessary in power markets with 

regulated prices and enough solar resources [11], [14]. In this 

case, it is better to generate power according to the thermal 
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resource available. For plants with lower solar resources and 

free market operation the use of double-tank storage systems 

is necessary. This allows adaptation of production to higher 

price periods. In double direct storage systems the energy 

production is not enough to justify the solutions in which 

higher storage than 7 equivalent hours is needed. 

Finally, for higher solar resource plants and average 

production over 15 hours/per day intermediate storage 

systems are more profitable with lower investment costs, thus 

producing power with a higher efficiency and less capacity.  

 

VI. APPENDIX: LIST OF SYMBOLS 

)( j
DNI

P  Direct Normal Radiation as solar resource 

(MWt/m2) 

SolarField
A  Real Collection surface for 50MW solar thermal 

plant 

pleSolarMulti
F  Oversize of solar collection surface (%) 

)( jPSolar
 Power (MWt) received from the solar concentrators 

in the hour j as known value 

TdesignP  Nominal Power in Steam turbine (MW)  

)( jPT
 Electrical power generated in period j (MW) 

)( jPfadeout
 Reduction of radiation by fade out of solar 

collectors when production peaks occur (MWt)

WarmP  Thermal power needed for the normal operation for 

the plant (MWt) 

StartUpP  
Thermal power necessary to run up the plant 

(MWt) 

)( jPA

% , )( jPA

$  Thermal energy interchanges in period j (MWt).

AMaxN  Maximum stored energy in thermal tanks 

(equivalent hours of full load production) 

)( jPGas
 Electricity generated by external gas combustion in 

period j (MWt) 

sto&  
Storage efficiency (%) 

Gas&  
Efficiency of thermal generation by auxiliary gas 

source (%) 

GasTotalE  Legal maximum energy generated by gas (MWh) 

)( jDM*  Real time sold energy price in period j (€/MWh) 

'* Premium (€/MWh) 

GC  Cost of gas considering free market prices 

(€/MWh) 
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