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Abstract 

Solar tower power plants with integrated thermal energy storage units represent one of the most promising technologies for 
enhancing the economic viability of concentrating solar power in the short term. Tower systems allow higher concentration ratios 
to be achieved, which in turn means higher fluid operating temperatures and thus higher power cycle efficiencies. Moreover, the 
integration of storage allows power production to be shifted from times where there is low demand to periods where electricity 
prices are higher, potentially enhancing the profitability of the plant despite representing an additional upfront cost. The variable 
nature of the solar resource and the myriad potential roles that storage can assume, together with the complexity of enhancing the 
synergies between the three blocks: the solar field, the storage block and power block, make the design of these power plants a 
challenging process. This paper introduces a comprehensive methodology for designing solar tower power plants based on a 
thermoeconomic approach that allows the true optimum trade-off curves between cost, profitability and investment to be 
identified while simultaneously considering several operating strategies as well as varying critical design parameters in each of 
the aforementioned blocks. The methodology is presented by means of analyzing the design of a power plant for the region of 
Seville. For this location, results show that similar profits, measured in terms of the internal rate of return, can be achieved from 
different power plant configurations in terms of sizing and operating strategy, each associated to different investments. In 
particular, optimum configurations found corresponded to larger power blocks with medium-to-large solar field and storage 
blocks that allow the plants to operate continuously throughout the day and be shut down during midnight. Moreover, it is shown 
that for a fixed power block size it can also be economically interesting to consider smaller storage units and adopt instead a 
peaking strategy, as this can still be profitable whilst representing a lower investment, thus lower risk. 
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1. Introduction 

Despite continued efforts from academia, industry and policy makers, the development of new concentrating 
solar power (CSP) plants is threatened by the relatively high costs of this technology, which is not yet competitive 
with other means of power generation, including other renewables such as solar photovoltaics and wind [1]. The 
ability to integrate thermal energy storage (TES) has been acknowledged as one of the key means to enhance the 
economic viability of CSP plants either by increasing the capacity factor or by allowing the solar input to be 
decoupled from the electrical output energy and thereby generate electricity during peak hours when revenues are 
highest [2][3]. However, the integration of TES units also increases the capital expenditures (CAPEX) of the power 
plant, increasing the risk associated to the project. As such, the choice of TES size and operating strategy becomes a 
critical design parameter from the early stages of the design process, and this choice will be strongly influenced not 
only by the level of profitability that can be achieved but also by the CAPEX that investors are willing to finance. 
Previous work by the authors has shown that for a specific operating strategy, whether peaking or continuous-
dispatch, it is possible to identify optimum TES sizes yielding the lowest levelized cost of electricity (LCOE), along 
with the required solar field (SF) investment for each TES size [4][5]. However, such studies have been based on 
fixed power block (PB) designs, whereas in reality turbine specifications and steam cycle thermodynamics can 
influence on the final choice of TES size. Selection of the economically optimal PB design will also depend on the 
operating strategy, as both cycle size and specifications have a great impact on both CAPEX and operational 
expenditures (OPEX) of the power plant. As such, the objective of the present work is to introduce a comprehensive 
methodology for identifying the true optimum trade-off curves between cost, profitability and investment for solar 
tower power plants (STPPs) by simultaneously considering TES integration strategies together with SF and PB 
design. By identifying such curves, a wide range of optimum designs can be presented to investment decision 
makers, who can then choose a configuration that best satisfies their needs in terms of investment and profits. 

Nomenclature 

  Capital return factor 
BOP  Balance of Plant 
C   Costs 
CAPEX  Capital Expenditures 
CSP  Concentrating Solar Power 
Enet   Electricity Produced 
EPC  Engineering, Procurement and Construction 
EOH   Equivalent Operating Hours 
HTF  Heat Transfer Fluid 
i  Real interest rate 
IRR   Internal Rate of Return 
kins   Insurance rate 
LCOE   Levelized Cost of Electricity 
OM  Operating Mode 
OPEX  Operational Expenditures 
PB   Power Block 
rec  Receiver 
SF  Solar Field 
SM   Solar Multiple 
STPP   Solar Tower Power Plant 
TES   Thermal Energy Storage 
TTD  Terminal Temperature Difference 
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2. Solar tower power plants 

The typical layout of a STPP with integrated TES is shown in Fig. 1, where two thermodynamic cycles can be 
distinguished: the heat transfer fluid (HTF) cycle (depicted in thick black lines) and the steam cycle. At nominal 
conditions, the cold molten salts are initially stored in a tank (CT) and are pumped-up to the receiver (R) mounted in 
the top of the solar tower, where energy is provided by the surrounding heliostat mirrors that compose the SF. Once 
heated, the molten salts are stored in the hot tank (HT) which is discharged at a specified flow rate to enter the steam 
generation train, comprised of the economizer, the evaporator, the superheater and the reheater, respectively denoted 
as EC, EV, SH and RH in Fig. 1. Lastly, the figure shows that the steam PB corresponds to a typical reheat Rankine 
cycle with extractions for feedwater preheating. In this steam PB, the high pressure and low pressure turbines, the 
deaerator and the air cooled condenser are denoted as HP-ST, LP-ST, D and ACC respectively. 

 

 
Fig. 1. Layout of the STPP with TES 

The layout of the STPP with TES grants great flexibility concerning the operation of the plant. In this regard, and 
as mentioned in §1, depending on the targeted market roles TES system can be designed in different ways. If 
continuous power production is desired, for example to provide baseload power, a large TES unit can be combined 
with a large SF and a relatively smaller PB. In this way, all the daytime heat input from the Sun can be collected and 
stored. With a turbine size smaller than the nominal solar heat input during peak hours, TES allows the collected 
energy to be spread over the whole 24 hours of the day, for continuous power production. Another option is to store 
heat and shift load to peak demand hours, so that instead of attempting to produce electricity continuously, TES 
allows to shift power production to times when it is needed more and thus sell it for higher prices. An example 
would be to store energy in the morning and use it to extend power production into the evening when production 
from other sources such as photovoltaic decreases. Furthermore, in markets where the prices are known to be higher 
in the evenings or with a pronounced peak demand time, TES allows shifting production to such hours so as to 
assure achieving maximum revenues. Regardless the operating strategy: continuous-dispatch or peaking, Table 1 
shows the different plant operating modes (OMs) that can be identified in a STPP with TES. 

Table 1: Operating Modes of the STPP with TES 

OMs Description 

OM1 The STPP is online. The TES hot tank is being charged by heat from the SF whilst simultaneously being discharged at a 
flow rate that meets nominal power output.  

OM2 There is no heat input from the SF but there is enough energy stored in the TES hot tank to allow the STPP operate at its 
nameplate capacity (e.g. either to extend production or for use during specified peaking hours). 

OM3 The TES hot tank is being charged with heat input from the SF but the STPP is offline (e.g. energy is stored for peak hours) 

OM4 The STTP is offline as there is neither enough energy from the SF nor stored in the TES hot tank. 
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3. Thermo-economic modeling approach 

The analysis of the STPP with TES was performed using DYESOPT (standing for Dynamic Energy Systems 
Optimizer), a thermoeconomic modeling tool developed by the authors, which requires location-specific inputs 
(such as economic indicators, hourly meteorological conditions and electricity pool prices) as well as power plant 
design specifications and cost functions at the component level. These inputs allow the design of the power plant at 
nominal conditions, afterwards used for annual performance simulation using TRNSYS which results are finally 
used for thermoeconomic performance evaluation. Fig. 2 schematizes a simplified version of the flow of information 
and calculations in the tool, where the required input data is differentiated by colors depending on the nature of the 
data: design configuration related (dark grey), location-related (grey) and cost functions (white). The following sub-
sections aim at briefly providing an insight to each of the blocks shown: the required input data, each of the 
processes and calculations performed, and the outputs obtained from the tool. 

 

 
Fig. 2. Simplified schematics of information flow in DYESOPT 

3.1. Input data: variable design parameters and location-related information 

As described in §2, three main blocks can be identified in the typical STPP layout: the SF, the TES-HTF cycle 
and the steam PB. Within each of these blocks there exist critical design parameters that can strongly impact the 
overall performance of the power plant. Table 2 displays the most relevant parameters that must be input for 
designing the SF and TES-HTF blocks in order to estimate the STPP performance. Similarly, Table 3 shows the 
critical inputs corresponding to the steam PB. In both tables, the critical parameters are shown together with the 
limit values within which they can vary. From these values, the optimizer can evaluate all possible combinations and 
thus find the optimal designs as it is explained in §3.5. All other design parameters, that were chosen not to be 
shown here, were assumed to have fixed values with data corresponding to conventional STPPs [6]. 

Table 2: Critical input design parameters for SF and TES-HTF Cycle 

Solar Field Thermal Energy Storage – HTF Cycle 

Solar Multiple 0.5 : 3 [-] TES Capacity 1 : 18 [h] 

Tower Height 80 : 250 [m] TES tank height 10 : 20 [m] 

Heliostat Mirror Area 60 : 140 [m2] TES dispatch strategy peaking or continuous-dispatch 

Receiver Diameter 10 : 30 [m] Control variable 1 5 : 15 [%] 

Receiver Height 10 : 30 [m] Control variable 2 70 : 90 [%] 

Heliostat reflectivity 94 [%] Dry loss Coefficient 0.01 [W/m2] 

Nominal Receiver Efficiency 88 [%] Wet loss Coefficient 0.01 [W/m2] 

Maximum Receiver Temperature 565 [C] Salt Pumps Efficiency 85 [%] 
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Table 3: Critical input design parameters for PB – Steam Cycle 

Power Block – Steam Cycle 

Net Power Output 15 : 180 [MWe] Superheater Pinch 10 : 14 [C] 

Nominal Condensing Split  16 : 26 [C] Economizer Pinch 8 : 12 [C] 

Inlet HP-ST pressure 75 : 170 [bar] Reheater TTD 10 : 16 [C] 

Inlet LP-ST pressure 10 : 75 [bar] Feedwater Preheaters TTD 2 : 4 [C] 

Number of HP-ST extractions 0 : 3 [-] Pump Efficiencies 85 [%] 

Number of LP-ST extractions 0 : 3 [-] Generator Efficiency 95 [%] 

 
In this study, the Spanish electricity market is considered, as it is the only market to date with an operational 

molten salt STPP with TES [6]. In particular, for a chosen location near Seville, Spain, a whole year’s worth of price 
and meteorological data were gathered. The meteorological data used corresponds to typical weather data for the 
location at coordinates 37°34’N, 2°39’E with a time span of ten minutes as extracted from the HelioClim-3 dataset 
[7] (with an average DNI of 2100 kWh/m2/yr), whereas the Spanish hourly price data was obtained from the market 
operator for the year 2012 [8] (with mean and maximum prices of 80 and 180 USD/MWh respectively). 

3.2. Steady-state design and dynamic modeling of the STPP 

The first process in DYESOPT corresponds to the design of the power plant at nominal conditions (steady state), 
based on the input data described in §3.1. For such purpose, individual steady state models for each of the 
components existing in the power plant were implemented. The equations governing these models were extracted 
from [9] (as gathered from [10][11][12]) for the SF, from [13] for the HTF cycle and from [14][15] for the PB. The 
nominal design allows for sizing each of the components in the power plant, information needed for the dynamic 
modeling. In this regard, each of the blocks in the STPP: the SF, the TES-HTF cycle and the PB, has been modeled 
in detail in the TRNSYS simulation studio [16]. Within TRNSYS, the solar collector field was modeled using STEC 
Types 394 and 395 for the heliostat field and central receiver respectively [17]. TRNSYS Type 394 uses an 
externally supplied efficiency matrix which maps the solar position to a value of overall heliostat field efficiency. 
This matrix is determined using an in-house model, described in a previous work [9]. The TRNSYS Type 39 
variable volume tank [16] was used to model both the hot and cold tanks of the two-tank direct TES system, with 
additional HTF fluid properties data obtained from [13]. Concerning the PB, the transient model calculates the steam 
mass flow input to the turbine based on the conditions of the hot molten salts at the inlet to the steam-generator heat 
exchanger train, using components from the TRNSYS STEC and Heat Exchangers libraries, as described in 
[16][17]. All of these components have been validated in previous studies for the transient modeling of Rankine 
cycles for CSP plants [18]. Off-design performance of the power block takes into account variations in efficiency 
and mass flows as a function of the turbine inlet conditions using the Stodola ellipse law [19]. 

In order to best emulate the dynamic behavior of the STPPs, logical control variables are set in TRNSYS. Fig. 3 
describes the reasoning behind the control strategies for both: continuous-dispatch and peaking operating strategies. 

 

 
Fig. 3 TES dispatch control strategy in STPP 



1282   R. Guédez et al.  /  Energy Procedia   69  ( 2015 )  1277 – 1286 

It can be seen that in case a continuous-dispatch strategy is desired (dashed lines) the model is set to run at 
nominal capacity whenever the level of the hot tank exceeds a user- 1. Alternatively, in 
case of a peaking strategy, a prior subroutine defines which hours of the day are to be considered peaking hours 
depending on the input TES capacity, the expected radiation and the price curves. Then for every hour, the model 
checks if it is in presence of a peaking hour. In case of a peaking hour, the hot tank is dispatched at nominal capacity 
whenever 1. If instead the hour is not a peaking hour, but there is still energy from the SF 
and the hot tank level is higher than a user- 2, 
the plant operates at its nameplate capacity as well. Under any other circumstances, the plant is set to be offline. 

3.3. Cost functions and economic performance indicators 

In order to measure the economic performance of the STPP, two main performance indicators were considered, 
namely the LCOE and the internal rate of return (IRR), both of them function of CAPEX and the annual OPEX. 
CAPEX was calculated by use of Eq. 1, as the sum of all direct and indirect investment costs. Direct costs consider 
all equipment related costs from purchasing, to installation on site, whereas indirect costs relate to costs undertaken 
during the commissioning process such as land purchase, taxes and labor (both engineering and management). 
These costs were estimated based on the models described in [20][21]. These models use reliability functions for 
cost scaling-up based on cost values from reference plants and respective material and labor cost multipliers for 
ensuring that results are sensitive to specific locations. In this study, reference cost values for Spain were extracted 
from [22]. A typical reliability function for cost scaling-up is shown in Eq. 2, where the cost of equipment ‘m’, can 
be calculated based on n1 reference cost values Cref, which are sensitive to n2 critical design parameters ‘X’, each in 
different degrees of relevance expressed by n2 size scaling exponents ‘y’. 
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Annual OPEX was calculated by means of Eq. 3, as a function of the annual burdened labor costs, costs for 
contracted services, utility bills and other variable miscellaneous costs related to material requirements and 
equipment maintenance. Similarly to CAPEX, annual OPEX costs were estimated based on the model described in 
[20] and using reference cost values from [22]. 

ousmiscellaneutilitiesservicescontractlabor CCCCOPEX _   (3) 

The LCOE was calculated using Eq. 4, as a function of the CAPEX, the annual OPEX and the total electricity 
produced throughout the year Enet. The capital return fa Eq. 5, where i stands for the real 
interest rate, n for the plant lifetime and kins for the insurance rate, with values extracted from [23], as used in [4]. 
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Lastly, the IRR is calculated by means of Eq. 6 as the discount rate that makes the net present value (NPV) of all 
cash flows equal to zero at the end of the lifetime of the SSTCC. In addition to the aforementioned parameters used 
to calculate the LCOE, Eq. 6 is also a function of the years of plant construction ncon, the years of plant operation 
nop, the annual revenue from electricity sells el, the years of plant decommissioning ndec and the decommissioning 
costs Cdec, based on cost models [20][21] and hourly price data [8], together with commissioning values from [9]. 
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3.4. Multi-objective optimization analysis in DYESOPT 

As described in §3.3, the performance of the STPP can be measured by means of several performance indicators. 
In this way, multiple design objectives can be identified and these, for instance, are often conflicting between them, 
such as maximizing the IRR (or minimizing LCOE) whilst simultaneously minimizing CAPEX or OPEX. As such, 
no single optimum can be found meeting all objectives, but instead it is possible to find the maximum IRR for a 
specific CAPEX, thus yielding a trade-off of multiple optimal designs best comprising investment and profitability 
of the projects. The analysis of these trade-off curves enables to have a range of solutions that can be presented to 
investment decision makers, who can then choose the desired compromise between the objectives. In order to 
examine the trade-offs, DYESOPT incorporates a modified version of QMOO, a multi-objective optimizer set to 
estimate Pareto-optimal fronts from a population-based evolutionary algorithm developed at the Industrial Energy 
Systems Laboratory in Lausanne [24]. Fig. 4 shows the scheme of the information flow in DYESOPT when running 
an optimization study. Unlike Fig. 2, in this case, the first requirement from the users perspective is to set the 
conflicting objectives and then specify a range of values within which the design parameters described in §3.1 can 
vary. Next, by varying such inputs the optimizer performs as many simulations as needed until clear Pareto fronts 
can be distinguished, in which case the convergence is reached and results are both stored and displayed graphically.  
 

 
Fig. 4 Schematics of information flow in DYESOPT for Multi-Objective Optimization Analysis 

4. Results from thermoeconomic modeling of the STPP 

The results from evaluating the design of a STPP for a location in Seville are shown in Fig. 5. The trade-offs 
shown are yielded when the methodology described in §3 is followed and all critical parameters can vary within the 
respective limits specified in Table 2 and Table 3. In this way, for all the plots, each point represents a specific plant 
configuration resulting from the particular combination of inputs chosen by the optimizer. In all four plots displayed, 
the same trade-off between maximizing IRR and minimizing the CAPEX is shown. In general, it can be seen that a 
higher profitability margin can be reached when the upfront investment is higher. However, it is shown that above a 
certain CAPEX (approx. 800 million USD) an increase in the IRR of approximately 0.5% (absolute) will imply 
investing 1.5 times more money, thus representing a higher risk project and potentially less interesting for investors.  



1284   R. Guédez et al.  /  Energy Procedia   69  ( 2015 )  1277 – 1286 

 
Fig. 5 Trade-off between IRR and CAPEX when varying all critical design parameters 

Additionally, Fig. 5 shows how critical sizing parameters influence on the evaluation of the optimal trade-off. 
From (a), (c) and (d) it can be concluded that for this location larger PBs, linked to higher CAPEX, can guarantee 
higher IRR values when coupled with SFs with SM values varying between 2.2 and 2.6 and a TES system of 
approximately 8 to 11 hours. Moreover, (c) and (d) show that the optimal SF-TES size combination was found to be 
similar regardless the size of the PB. These results were expected as for this location in particular, night peak prices 
are not considerably higher than the daily average [8] partly due to the excess of installed capacity [24], which leads 
the optimizer to suggest STPP configurations able to operate continuously during the critical consumption hours 
(morning, afternoon and night) but that are shutdown during midnight. In any case, optimal IRR values were found 
to be relatively low and thus implying that projects would not represent an economically interesting enough option 
for investors, reaffirming the current trend for CSP in Spain [22]. Lastly, it can be seen from (b) that setting the 
optimizer for minimizing the LCOE values instead of maximizing the IRR, would have yielded a similar optimal 
front, with the trend of being able to reach lower LCOE values as the CAPEX is increased. 

Alternatively, Fig. 6 shows the results from the optimizer for a fixed 110 MWe (net) STTP. The optimal trade-off 
curve between IRR and CAPEX and its relation with the operating strategy is displayed in (a). Moreover, (c) shows 
the relation between SM and TES size with regards of optimal designs. From these two plots, it can be seen that 
STPP with smaller TES (5-6 hours) can also yield ‘high’ IRR values (4%) at a lower risk if these are operated as 
‘peaker’ plants; (c) also shows that, for each case, a relation between optimal SF and TES size can be identified. 
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Fig. 6 Optimizer results for a 100 MWe (net) STPP when varying all other critical design parameters 

Fig. 6 (b) shows the relation between the annual OPEX and the IRR and relates it with the fraction of equivalent 
operating hours that occur due to start-ups (EOHs), based on the theory described in [5]. By comparing with (a), it 
can be seen that by adopting a peaking strategy, despite incurring in increasing the number of start-ups, the fraction 
of EOHs is reduced as most of these start-ups occur during typical hot start conditions. This, in general, is beneficial 
for the lifetime of the turbine and implies that most of its maintenance requirements are due to normal operating 
conditions rather than from the cycling behaviour of the STPP. Lastly, (d) shows the relation between the nominal 
live steam operating pressure and the efficiency of the PB and relates it to the IRR. From this plot, it can be seen 
that, in general, designing for achieving the highest thermal efficiencies will not always yield the most profitable 
design, as the highest IRR values were found not for the highest efficiencies but for less (42% instead of 44%).  

5. Conclusions 

A comprehensive methodology based on thermoeconomic analysis has been introduced to evaluate the design of 
CSP plants. The methodology couples technical design specifications together with meteorological and market price 
data and user-specified cost functions for estimating the economic performance of the plants, measured in terms of 
the CAPEX, the IRR and the LCOE. Moreover, it allows the user to identify trade-off curves containing optimal 
plant configurations that best comprise the profitability and investment of the projects by means of Pareto-optimality 
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analysis resulting from multi-objective optimization. In particular, the study describes the design process of a STPP 
for the region of Seville, Spain. For this case, the results show that when the power output is considered as a design 
variable, the highest IRR can be reached by plant configurations formed by large PBs (over 100 MWe), with 
medium-to-large TES systems (between 8 and 12 hours). However, it was found that not even optimised designs 
seem to be economically attractive for this location. Furthermore, for the case of a fixed PB net output of 110 MWe, 
discretized trade-offs plots as a function of the input critical design variables are shown to be useful for 
understanding the influence that each parameter has on the overall performance. In addition, it is shown how designs 
with completely different configurations and operating strategies can yield similar profit levels. Specifically, it is 
shown that although the highest profits are reached for larger PBs operating continuously, it is possible to achieve 
similar IRR at a lower risk (lower CAPEX) when developing projects with smaller SF and TES units but following a 
suitable peaking strategy. Finally, it can be generally stated that the methodology introduced in this work represents 
a useful approach for assessing the design of CSP plants and especially for assisting the decision making process at 
early stages of the design process. 
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