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Abstract 
Solar Tower Power Plants with thermal energy storage are a promising technology for dispatchable 
renewable energy in the near future. Storage integration makes possible to shift the electricity production 
to more profitable peak hours. Usually two tanks are used to store cold and hot fluids, but this means 
both higher related investment costs and difficulties during the operation of the variable volume tanks. 
Another solution can be a single tank thermocline storage in a multi-layered configuration. In such tank 
both latent and sensible fillers are employed to decrease the related cost by up to 30% and maintain high 
efficiencies.  

The Master thesis hereby presented describes the modelling and implementation of a thermocline-like 
multi-layered single tank storage in a STPP. The research work presents a comprehensive methodology to 
determine under which market structures such devices can outperform the more conventional two tank 
storage systems. As a first step the single tank is modelled by means of differential energy conservation 
equations. Secondly the tank geometrical design parameters and materials are taken accordingly with the 
applications taken into consideration. Both the steady state and dynamic models have been implemented 
in an existing techno-economic tool developed in KTH, in the CSP division (DYESOPT).   

The results show that under current cost estimates and technical limitations the multi-layered solid PCM 
storage concept is a better solution when peaking operating strategies are desired, as it is the case for the 
two-tier South African tariff scheme. In this case the IRR of an optimal designed power plant can be 
decreased by 2.1%. However, if a continuous operation is considered, the technology is not always 
preferred over the two tank solution, yet is a cheaper alternative with optimized power plants. As a result 
the obtained LCOE can be decreased by 2.4%. 
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NOMENCLATURE  

Abbreviations 

Abbreviation Significate 
AC Alternate Current 
ACC Air cooled condenser 
CAP Capacity 
CAPEX Capital Expenditure 
CFD Computational Fluid Dynamic 
CRS Central Receiver Systems 
CSP Concentrated Solar Power 
CT Cold Tank 
DC Direct Current 
DLR Deutsches Zentrum für Luft und Raumfahrt 
DNI Direct Normal Irradiation 
DSG Direct Steam Generation 
DYESOPT Dynamic Energy System Optimizer 
ECO Economizer 
EDGESIM Electricity Distribution and Generator Simulator 
EG Expanded graphite 
EOH Equivalent Operating Hours 
EPCM Encapsulated Phase Change Material 
EVA Evaporator 
FM Filler material 
FVM Finite Volume Method 
GHG Greenhouse Gases 
HDPE high density polyethylene  
HP Heat Pipes 
HPST High Pressure Steam Turbine 
HRSG Heat Recovery Steam Generator 
HT  Hot Tank 
HTF Heat Transfer Fluid 
HX Heat Exchanger 
IEA International Energy Agency 
IRR Internal Rate of Return  
ISCC Integtrated Solar Combined Cycle 
KTH Kungliga Tekniska Höskolan 
LCOE Levelized Cost of Electricity 
LP Low Pressure 
LPST Low Pressure Steam Turbine 
LTES Latent Thermal Energy Storage 
MLSPCM Multi-layered Solid PCM 
MS Molten Salt 
NOCT Nominal Operating Cell Temperature 
NOH Normal Operating Hours 
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NREL National Renewable Energy Laboratory 
OPEX Operational Expenditure 
ORC Organic Rankine Cycle 
PB Power Block 
PCM Phase Change Material 
PDS Pre-defined Dispatch Strategy 
PTC Parabolic Trough Collector 
PV Photovoltaic 
REV Revenue 
RH Re-heater 
RMSD Root Mean Square Deviation error 
SAM System Advisor Model 
SF Solar Field 
SH Super-heater 
SM Solar Mulitiple 
SOC State of charge 

SOLGATE 
Solar hybrid gas turbine electric power system (EU-
Project) 

SS Stainless steel 
STC Standard Test Conditions 
STES Sensible Thermal Energy Storage 
STPP Solar Tower Power Plant 
TC Thermocline 
TES Thermal Energy Storage 
THD Total operating Hours per Day 
TIT Turbine inlet temperature 
TRNSYS Transient System Simulation Tool 
USD United States Dollar 
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Symbols 

Latin symbols Unit Significate 
A [ ] Area 
c [J/kgK] specific heat  
C [USD] Cost 
f [-] Solid fraction 

 [%] Capacity factor 

g [ ] Gravity constant 

h [kJ/kg] enthalpy 
H [m] height 
k [W/mK] Conductivity  
L [kJ/kg] Latent heat 
L [m] Characteristic lenght 
m [kg/s] mass flow 
Nu [-] Nusselt number 
Pr [-] Prandtl number 
Q [W] Heat Power 
r [m] Radius 
Ra [-] Rayleigh number 
Re [-] Reynolds number 
T [°C] [K] temperature 
U [W/ K] Heat transfer coefficient 
V [ ] volume 
V [m/s] Velocity 
W [W] Power 
w  [m] Thickness of the protective layer 
x [m] Position in Cartesian coordinates 

 

Greek symbols Unit Significate 

η [-] Efficiency 
 [ / ] Density 
Θ [-] Adimensional temperature 
Δ [-] Difference 

 [1/K] Thermal expansion coefficient 
 [Pa s] Viscosity 
 [ / ] Diffusivity coefficient 
 [-] Porosity 
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Subscripts 

Subscripts Description 
Amb  Ambient  
BOP Balance of Plant 
c Cold 
CAP Capacity 
Cond Conduction 
cont Contingency 
Conv Convection 
CT Cold Tank 
dec Decomission 
E East boundary 
e Electric  
ECO Economizer 
eff Effective 
el Electricity 
EPC Engineering, procurement and construction 
EVA Evaporator 
Ext External 
f Fluid 
fm Filler Material 
g Generator 
h Hot 
HT Hot Tank 
i Fluid section 
In Inlet 
ins Insurance 
Int Internal 
j Filler section 
l liquid 
lab Labour 
land Land purchase 
m medium 
mech Mechanical 
misc Miscellaneous 
MS Molten Salt 
n Number of capsules 
nom Nominal 
op Operation 
Out Outlet 
p Constant pressure 
P Current analyzed point of the section 
PB Power block 
PCM Phase change material 
R Resistance 



ix 

rec Receiver 
RH Re-Heater 
s solid 
ser Services 
Set Set parameter 
SF Solar Field 
SH Super-heater 
site Site adaption 
SM Solar Multiple 
t Transversal 
tax Taxation 
TES Thermal Energy Storage 
Th Thermal 
tower Tower 
uti Utilities 
w Wall 
W West boundary 
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Abstract. Solar Tower Power Plants with thermal energy storage are a promising technology for dispatchable 
renewable energy in the near future. Storage integration makes possible to shift the electricity production to more 
profitable peak hours. Usually two tanks are used to store cold and hot fluids, but this means both higher investment 
costs and difficulties during the operation of the variable volume tanks. Instead, another solution can be a single tank 
thermocline storage in a multi-layered configuration. In such tank both latent and sensible fillers are employed to 
decrease the related cost up to 30% and maintain high efficiencies. This paper analyses a multi-layered solid PCM 
storage tank concept for solar tower applications, and describes a comprehensive methodology to determine under 
which market structures such devices can outperform the more conventional two tank storage systems. A detail 
model of the tank has been developed and introduced in an existing techno-economic tool developed by the authors 
(DYESOPT). The results show that under current cost estimates and technical limitations the multi-layered solid 
PCM storage concept is a better solution when peaking operating strategies are desired, as it is the case for the two-
tier South African tariff scheme.    

INTRODUCTION 

Concentrating solar power (CSP) plants are expected to increase their share in future electricity markets 
mainly due to their ability to integrate cost effective thermal energy storage (TES). Previous research by the 
authors have highlighted that such ability enhances 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 [1]. However, TES integration is linked to a 
higher investment and thus techno-economic optimal plant configurations are to be identified. Nowadays, the 
most used TES technology is a two-tank configuration in which hot and cold molten salts are stored individually. 
The use of molten salts as both heat transfer fluid (HTF) and TES media in solar tower power plants (STPP) has 
led to cost reductions by avoiding the need of additional heat exchangers and related piping mechanisms. 
However, it has been suggested that the introduction of a single tank thermocline TES can further reduce TES 
costs by a third when compared to the costs of conventional two-tanks, whilst still offering the advantages of 
having molten salts as HTF and TES media [2]. In a thermocline TES both cold and hot fluids are stored in a 
tank simultaneously and are separated by a steep gradient of temperature, which prevents mixing [3]. 
Nonetheless, large tank diameters can cause a degradation of the gradient, for which a promising solution is to 
combine both sensible and latent fillers in different layers to create a porous medium. Such design has been 
suggested in previous research for parabolic trough applications [3]. Specifically, the design consists of two 
small layers of latent fillers (at the top and at the bottom of the tank), with sensible fillers in between (Multi-
Layered Solid PCM (MLSPCM)). The design (presented in Fig.2 in the Tank Design section) has been shown to 
be a viable solution to keep a high efficiency of the tank and decrease the amount of PCMs needed [3]. The work 
hereby presented aims at studying the applicability of such design for STPPs applications in which the 
temperatures reached by the HTF are higher. The methodology to carry the work involved first a modelling of 
the tank, then its integration in a dynamic simulation tool and finally a techno-economic analysis of the STPP. 
The study also compares the results with previous analyses performed by the authors based on STPPs with two-
tank TES [1], stressing under which tariff structures the proposed TES is more attractive both economically and 
technically. 

The hereby presented paper has been submitted to the SolarPaces2015 International Conference 
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STORAGE MODEL 

An essential step in order to introduce the MLSPCM tank model in the STPP layout is to simulate its thermal 
behavior and hence outlet temperature trend during charging and discharging processes. To do so, the energy 
conservation differential equations are modelled for the particular case and simplified as follows [3]. 

1. One dimensional fluid flow and temperature distribution
2. Conduction effect on the fluid considered negligible
3. One dimensional heat transfer in filler particles (conduction and convection for the PCM)
4. Spherical shape for the fillers
5. Heat conduction between particles and contact melting are considered negligible
6. Negligible heat losses through the tank and radiation losses

The differential equations are solved by means of Finite Volume Method (FVM). The tank is discretized 
axially and divided in  transversal cylindrical section of height Δ  in which the temperature is considered 
uniform. In each section, a single filler is analyzed as all are affected by the same temperature of the fluid. The 
filler particles are discretized radially in  control volumes [2, 4]. Main discretized equations used are shown 
below in (1) and (2), followed by (3)-(7) which are the additional equations required to solve the energy balance 
of the latent fillers (2), based on enthalpy-temperature correlations. The method suggested by Regin et al.[5] is 
adopted in order to avoid the specific tracking of the solidification front and to simplify the solution. 

	  (1) 

(2) 

h h   (3)

h h   (4)

h h   (5)

h h 	   (6)

(7)

In this case f represents the mass liquid fraction and ranges between 0 (pure solid) to 1 (pure liquid). By 
following this method only one value of enthalpy exists for each value of temperature and the energy balance 
can be expressed as solely function of T. In order to model the heat exchange between the particles and the fluid, 
the fluid-to-bed Nusselt number correlation by Wakao et al. [6] has been used to calculate the non-dimensional 
coefficient. 

2.0 1.1	 . Pr 	    (8) 

The convection coefficient calculated from Nusselt is then used to calculate the convective resistance 
between the filler and the fluid. A discretization method was followed. For (1) a fully implicit method was 
adapted together with an upwind scheme for the advection term. In this way each section is influenced by the 
temperature of the fluid coming from the upstream direction calculated at the previous time step and less 
iterations are needed. For (2) a fully implicit method was used together with a central discretization scheme. The 
resulting tri-diagonal matrix of the discretization coefficients of the linear system is solved through a TDMA 
algorithm under an iteration pattern.  

Model Validation 

The model has been cross-validated by comparing the results against the experimental campaigns available in 
literature. In order to validate the tank response, the model has been compared with the experimental work by 
Pacheco et al. [2]. In the work the authors studied the temperature profiles of a thermocline tank filled with 
quartzite sand and silica sand sensible fillers. Secondly the results of the PCM behavior were validated against 
the results of the experimental campaign of Nallussamy and Velraj [7] who studied the thermal response of 
paraffin wax filled capsules in a small water storage. Both works have been frequently used by different authors 
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to validate their models for latent filled thermocline storage [8-9]. Figure 1 shows the results for the validation 
in both cases. 

(a) (b)

FIGURE 1. a) Thermocline profile validation [2] - b) PCM and HTF temperature evolution validation [7] 

Figure 1a shows the temperature profiles along the height of the tank. The thermal gradient is well 
reproduced and follows a trend similar to the experimental values. The discrepancies that can be observed from 
the graph can be linked to the following reasons: simplification of the mathematical model, uncertainty on the 
experimental measurements and unavailability of all the parameters from the work of Pacheco et al. Figure 1b 
illustrates the temperature evolution of both HTF (water) and PCM capsules (paraffin wax) at the axial position 
of x/L=0.5 and radial position of r/R=0.8 (the position of the sensor was not specified and the position 
considered was the radial position at which the volume is split in half [3]).The temperature evolution for both 
HTF and PCM follows a similar trend as the experimental values. The overall discrepancies are linked to 
simplification of the model and uncertainty on the actual position of the sensor inside the capsules. The 
temperature discrepancies for the PCM in the first 50 minutes can be linked to difference with the real properties 
of the paraffin as well as not accounting for contact melting. Paraffins have been observed to have high 
temperature range for melting process and thus the phase change starts at lower temperatures than assumed. 
However, if salts are considered as PCM, the phase change is not characterized by high melting ranges and the 
model is considered viable for such applications. 

Lastly the model was validated in a multi layered configuration by comparing against the results from the 
model developed by Galione et al.[3]. This was done both by matching the design parameters such as mass of the 
HTF and PCM and the dynamic performance such as discharging time. The results are presented in Table 1. The 
case study was performed for two layers of PCM of 7% of the total height of the tank. The tank stops to operate 
when the outlet temperature reaches a cut-off limit temperature and therefore not all the energy in the tank can be 
used [3]. Overall the model showed good agreement with results in [3] with a maximum error of 1.18% for the 
mass of PCMs. 

TABLE 1. Validation of the MLSPCM model against the numerical model by Galione et al [3] 
Size = 3.42 h    Energy = 3.02 MWh 

Reference case Model results Percentual difference 
Mass of PCM (ton) 17.0 16.8 1.18% 

Mass of solid filler (ton) 42.7 43.0 0.70% 
Operation Time (h) 2.86 2.86 0.00% 

Energy ratio (%) 76.9 76.4 0.65% 

Tank design and cost estimation 

In the case of the design of MLSPCM tank an iterative process is required for sizing the volume of storage. 
In a thermocline storage the outlet temperature decreases with time as the thermal gradient region starts to be 
withdrawn [8]. This can cause the depletion of the thermocline region and therefore an outlet temperature limit 
must be set. In this sense, firstly the tank is designed for certain requirements (such as size and energy) and 
secondly tested according to its dynamic performance. The MLSPCM tank cannot release all the energy that 
stores and therefore an oversize is necessary. Consequently as this depends on the dynamic performance of the 
tank an iteration algorithm is required [8]. Furthermore the geometrical parameters such as porosity and width of 
the different fillers must be optimized. This can be done by employing a genetic algorithm to maximize the 
energetic effectiveness of the tank (defined as the energy released over the total energy stored). Table 2 
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summarizes the geometrical parameters varied during the optimization process and their optimal values in a 
particular case, while Fig. 2 illustrates the final configuration for the tank. It is interesting to notice the different 
values of porosities between the latent and sensible filler layers. This is because the system tends to store more 
HTF in sensible part and less in the latent side which, by storing more energy and having an isothermal energy 
transfer, can better stabilize the temperature of the incoming fluid from the lower part of the tank. The latent 
materials for the two layers of fillers have to be chosen mainly according to their melting temperature. Indeed as 
already suggested by Galione et al.[3], the phase change temperature of the encapsulated PCM (E-PCM) needs 
to lie between the hot temperature and the cut-off temperature for the top layer, to achieve higher efficiencies. 
The same reasoning can be applied for the bottom layer. 

TABLE 2. Optimization details for the MLSPCM design 
Optimization details 

Decision Variables: Limits Results Unit 

Porosity 1st layer ( ) 10:50 22 % 

Porosity 2nd layer ( ) 10:50 37 % 

Porosity 3rd layer  10:50 22 % 

Width 1st layer 5:10 7 % 

Width 3rd layer 5:10 7 % 

Diameter of the fillers  5:20 9.1 mm 

FIGURE 2: MLSPCM tank configuration 

The methodology to calculate the costs of the TES is similar to the one suggested by Nithyanandam et al [9]. 
The capital expenditure (CAPEX) of the TES can be expressed as the sum of TES material, container and 
overhead costs. This last term accounts for the miscellaneous costs such as electrical, piping, instrumental, 
valves and it is assumed as the 10% of the TES material. Moreover when considering the costs, first the masses 
of PCM, sensible fillers and HTF are calculated and then multiplied by the specific costs. Lastly, tank costs are 
calculated by considering the costs for the steel, the insulation and foundation. The CAPEX accounts for the 
costs listed below. 

PCM cost = 	 1 1 	 	 (9) 

HTF cost =  (10) 
Sensible filler cost = 1  (11) 

Tank material costs = 2  (12) 

For the specific cost of the EPCM, the cost reference values are extracted from [10] in which a detailed 
breakdown of all the costs for the PCM, encapsulation materials and process are given. Table 3 presents the 
details of the cost for the main storage materials used in a STPP application. Table 4 presents then a cost 
comparison with a two tank application. The tank design parameters are taken from previous work of the authors 
[1]. Two different configuration of MLSPCM tank have been tested depending on the width of the PCM layers. 
It can be seen that both thermocline configurations were able to deliver the same TES capacity (9 hours) for less 
volume, and that such volume was found to decrease as a function of the width of the PCM layers. This was 
expected as PCMs are characterized by having a larger storage capacity than molten salts. This variation resulted 
from the specific TES cost estimation for the thermocline TES system, calculated to be 16.7$/MWhth, 30.1% less 
than the specific costs of the two-tank TES system (23.9$/MWhth). Lastly, it is shown that an optimum width of 
PCM layer can be determined as despite PCM integration decreases the volume, it increases the specific cost of 
the TES system. 
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TABLE 3. Cost breakdown for storage materials [10] TABLE 4.  Cost comparison between MLSPCM tanks and two tank TES 

Material Cost 

Sensible 
solid filler 

Quarzite and 
Silica sand 

72 $/ton 

PCM 1 
Li2CO3/Na2CO3 

/ K2CO3 
8.51 $/kg 

PCM 2 NaNO3 7.27 $/kg 

HTF Molten Salt 0.75 $/kg 

TES Configuration SM 
Power
[MW] 

TES 
size [h] 

TES 
Volume 

[m3] 

TES Cost 
[$/kWhth] 

2-Tank 2 110 9 24330 23.9 

1-Tank (2x7% PCM) 2 110 9 15200 16.7 

1-Tank (2x15%  PCM) 2 110 9 14400 25.9 

TES model Dynamic Response and Integration in STPP model 

During charging and discharging the hot zone increases or decreases respectively while the thermocline 
region travels throughout the height of the tank. When discharging, the hot salts are firstly displaced and 
subsequently the lower regions. Therefore the outlet temperature is not constant but starts to drop after a certain 
time. The same reasoning can be applied to a charging cycle, with a cut-off limit for the cold outlet temperature. 
In addition the tank cannot be discharged completely in order not to compromise its functionality. Hence to cope 
with these problems the MLSPCM tank stops to operate when the outlet temperature drops to a certain threshold 
defined as cut-off temperature [13-15]. Figure 3 illustrates a discharge cycle of a MLSPCM tank for a size of 9 
hours. 

(a) (b)

FIGURE 3. MLSPCM dynamic response – a): Temperature profile evolution – b): Outlet temperature evolution 

Figure 3a illustrates the thermal gradient evolution until the cut-off temperature is reached. In Figure 3b the 
outlet temperature is shown. In this case there is a first drop of temperature to the melting point of the top layer 
of PCM. The temperature of the PCM is therefore stabilized and when the latent heat of the PCMs cannot be 
exploited anymore the outlet temperature starts to drop up to reaching the cut-off temperature. This profile of 
outlet temperature is different from a two tank solution in which the HTF is always provided at the nominal 
temperature. 

The model developed in Matlab of the MLSPCM is highly demanding from a computational time 
perspective. The time steps required to solve it with proper accuracy are in the order of seconds while when 
simulating a power plant performance for the whole year higher time steps are used. To keep a proper accuracy, 
while at the same time allowing higher time steps in the tool, the solution chosen was an interpolant function 
with correlations according to the varying working conditions of the thermocline tank (i.e. inlet mass flows 
temperatures). This method proved to be efficient from a dynamic perspective as the RMSD error with the 
simulations was ranging between 0.5% and 1.5% depending on the different working conditions. The approach 
followed was to simulate one cycle in Matlab and create interpolant functions to be input in TRNSYS, thus 
requiring only one accurate simulation for the storage. Secondly, after having developed the component a pre-
defined dispatch strategy (PDS) was developed for a typical STPP operation [1]. The PDS sets the operation of 
the STPP according to the price of electricity for a peak strategy while it allows the STPP to always operate for a 
baseload operation. When the STPP is set to run (PDS=1) the incoming power from the solar field is compared 
with the nominal value (SM=1), which is the one required by the power block (PB). If this is higher, the 
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exceeding power can be used to charge the storage if this is not full (state of charge (SOC) lower than 1). In case 
of a fully charged storage a buffer is filled with the incoming molten salt (this in opposite with a two tank system 
in which the volume of the tanks is variable and therefore no buffers are required). In case the solar energy is not 
high enough the TES discharges unless empty in order to compensate the difference between the nominal power 
and the incoming one. If in a particular case the TES is empty the power plant is shut down. In optimal 
configurations the TES size is enough to accommodate the energy requirement during the dispatching operation. 
The operational implementation of a thermocline tank is a parallel scheme to the receiver and the Steam 
Generation Train, oppositely to a two tank system where the hot and cold tanks are placed in series. Figure 4 
illustrates a diagram of a STPP integrating a thermocline (TC) tank. 

FIGURE 5: STPP Layout integrating a thermocline multi-layered tank (TC-MLSPCM) 

POWER PLANT TECHNO-ECONOMIC OPTIMIZATION 

The analysis of the STPP was performed using DYESOPT [1]. The performance of STPPs and of the 
MLSPCM integrated in such systems can be evaluated with different performance indicators [1]. However when 
optimizing for different design objectives, these can be conflicting and therefore optimal trade-offs can be 
identified. For instance when minimizing the Levelized Cost of Electricity (LCOE) of a power plant, higher 
investments (CAPEX) are typically required (e.g. due to larger power blocks). However, especially in case of 
new technologies a high CAPEX can represent a high risk desired to be minimized. The same reasoning can be 
applied when it is intended to maximize the plant profits in terms of Internal Rate of Return (IRR). In order to 
examine the trade-offs, a multi-objective optimization was carried out in DYESOPT. In particular the study was 
carried by optimizing the design of a STPPs located in South Africa [1], showing the trade-offs between IRR vs. 
CAPEX and LCOE vs. CAPEX while varying all critical design parameters summarized below in Table 5. 

TABLE 5. Main decision variables for STPP design optimization 

Decision Variables Limits Unit 

Solar Multiple 1:3 [-] 

Electrical Power 50:130 MWe 

TES size (hours) 3:20 h 

Tank cut off 538:550 °C 

Power blocks design specifications 

The price scheme taken into account was the same as the one previously presented by the authors [1], with a 
two-tier price with 270% peak price during 5 hours of peak demand. The results of the optimization identified 
two different optimum approaches for the integration of the tank, one for each of the two design objectives 
considered. In the case of the IRR, for which the hourly electricity price is relevant, the optimizer converged to 
configurations with small solar fields (SM equal to 1 in most of the simulated points) and 5h of TES, just enough 
to shift production to peaking hours, even in presence of bad-radiation days. Oppositely, for minimum LCOE the 
optimizer converged to large solar fields and TES units in order to sell as much electricity as possible without 
considering the hourly price. This means that an optimal TES size can be found according to the desired design 
objective. 
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COMPARISON WITH TWO TANK APPLICATION 

In the optimizations presented in the previous section, the MLSPCM proved to be a valid solution in order to 
replace the typical two tank solution. However the outlet temperature of the MLSPCM is not constant in 
opposition with the two tank solution. This means that, when the tank is almost fully discharged, a drop in the 
power production is observed as the turbine inlet temperature (TIT) decreases. In order to check the viability of 
the MLSPCM tank in comparison with the two tank solution, two similar power plant configurations obtained 
from the optimization study (110 MWe) and integrated with the two different TES technologies were analyzed. 
A sensitivity analysis is presented in terms of different SM and TES size. The power plants were compared in 
terms of techno-economic indicators (LEC and IRR) for the South African market with results presented in Fig. 
5a and Fig. 5b respectively. 

(a) (b)

FIGURE 5. Sensitivity analysis between a two tank and a single tank MLSPCM  – a) LEC comparison – b) IRR comparison 

The main difference between the two power plants is the operation strategy as, when minimizing the LEC, a 
baseload strategy is preferred. In opposition to this, when maximizing the IRR, the actual price tariff scheme is 
taken into consideration, hence switching towards a peaking strategy [1]. With the current cost estimates, as 
shown in Fig.5, there is not a single better option but one technology is preferable over the other depending on 
the design and operation strategy of the power plant. In fact in the case of the LEC minimization a baseload 
operation is preferred, therefore the thermocline tank is almost fully discharged daily. This means that if the SM 
is not high enough to allow the SOC to be brought back at high values the two tank storage is a more economical 
solution. This can be explained by referring to Fig. 3b. If the SOC is constantly kept below 30%, the outlet 
temperature of the tank would always be lower than the hot temperature of the HTF cycle, affecting the overall 
electricity production. This concept explains why for a SM of 1.5 only small tanks (3 hours size) can have a 
comparable performance with the two tank systems. However when increasing the SM, the tank can be brought 
back to higher state of charge more consistently improving the performance. Therefore for a SM equal to 2.5 the 
MLSPCM tank is more economical viable decreasing the LEC by 2.4%, while for a SM of 2.0 the single tank is 
a better solution only for sizes up to 6 hours. However, when considering a peaking strategy to maximize profits 
under the South African tariff scheme, different trends are observed. In fact, in these cases even for lower SMs 
the storage can be fully charged during low prices hours and discharged during peak hours without reaching 
minimum tank levels, thus keeping higher outlet temperatures and therefore not affecting significantly the PB. 
Fig. 5b summarizes this last concept, highlighting that, within a peaking strategy, the single tank is a more 
economically viable solution, increasing the IRR by 2.1% and that a clear optimum size of 5 h is found able to 
accommodate the 5 h peak price hours of the South African market.  

CONCLUSIONS 

A detailed methodology has been presented to show the thermodynamic and economic performance of single 
tank MLSPCM storage systems when integrated into molten salt STPPs. For such, a thermodynamic model has 
been developed and validated and then integrated in an existing optimization tool for techno-economic 
performance evaluation of STPPs (DYESOPT). It was shown that a storage system based on a MLSPCM tank 
can provide the required energy to the PB at the expense of a decrease in production output due to a drop in 
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temperature at the outlet of the tank during discharge. Amidst this drop, when compared to the more acquainted 
two-tank alternative, the study shows that the MLSCPM is able to improve the economic performance of a STPP 
especially during peaking strategies, increasing the resulting IRR by up to 2.1%. If a baseload operation is 
considered, the MLSPCM tank improves the techno-economic performance only under particular design 
conditions especially with high solar multiple decreasing the LCOE by up to 2.4%. However, it is acknowledged 
that a second analysis including the impact of cycling and degradation is needed in order to enhance the 
comparative analysis among storage concepts.   
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1 Introduction 
Climate change, resource depletion. These are the main topics when thinking about energy related issues 
and these are the main concerns scientists have to face when designing and analysing new energy systems. 
In this context the European Union set the ambitious key goal to develop a sustainable low-carbon 
economy [1]. This target underlines a necessity to act in order to cut greenhouse gases (GHG) for an 80% 
by 2050 compared to 1990 levels. This not only means investing in technological research and deployment 
of new technologies, but also means re-thinking on how the entire energetic system can work with the 
integration of renewable energy sources.  

In this context Concentrated Solar Power (CSP), can play an important role.The current roadmap by IEA 
plans an 11% of electricity share deriving from CSP technology by 2050, thus being responsible for a CO2 
emissions reduction up to 9% compared to a 6Ds Scenario. In spite of this, CSP deployment is facing 
many challenges at the moment. With the moratorium in Spain regarding feed-in tariffs and of Loan 
Guarantees in the USA, the industry has to face a difficult economic environment. Secondly competition 
from decreasing price of Natural Gas and other renewable energy technologies (i.e. PV and Wind) is 
shadowing the future of CSP development. On the other hand CSP industry is usually supported by 
different factors such as dispatchability, emerging markets and technological advancements which can 
reduce the Levelized Cost of Electricity (LCOE) [4]. 

In the context of dispatchability the integration of Thermal Energy Storage (TES) plays an important role. 
Currently up to 54% of CSP installed capacity is integrated with TES and of the new plants under 
development, the 57% of the capacity is boasted by TES systems. The presence of TES is not something 
new; in 1995 the Solar Two plant in California incorporated a 3 h storage capacity to improve the 
electricity production [5]. The capacity of the storage saw continuous improvements up to the 15h storage 
of the Gemasolar power plant in 2011 [6].  

However, TES integration is linked to a higher investment and thus techno-economic optimal plant 
configurations are to be identified. Nowadays, the most used TES technology is a two-tank configuration 
in which hot and cold molten salts are stored individually. The use of molten salts as both heat transfer 
fluid (HTF) and TES media in solar tower power plants (STPP) has led to cost reductions by avoiding the 
need of additional heat exchangers and related piping mechanisms. However, it has been suggested that 
the introduction of a single tank thermocline TES can further reduce TES costs by a third when 
compared to the costs of conventional two-tanks, whilst still offering the advantages of having molten 
salts as HTF and TES media [7].  

In a thermocline TES both cold and hot fluids are stored in a tank simultaneously and are separated by a 
steep gradient of temperature, which prevents mixing [8]. Nonetheless, large tank diameters can cause a 
degradation of the gradient, for which a promising solution is to combine both sensible and latent fillers in 
different layers to create a porous medium. Such design has been suggested in previous research for 
parabolic trough applications [8]. Specifically, the design consists of two small layers of latent fillers (at the 
top and at the bottom of the tank), with sensible fillers in between (Multi-Layered Solid PCM 
(MLSPCM)). The design has been shown to be a viable solution to keep a high efficiency of the tank and 
decrease the amount of PCMs needed [8].  

The work hereby presented aims at studying the applicability of such design for STPPs applications in 
which the temperatures reached by the HTF are higher. The methodology to carry the work involved first 
a modelling of the thermocline tank, then its integration in a dynamic simulation tool and finally a techno-
economic analysis of the STPP. The study also compares the results with previous analyses based on 
STPPs with two-tank TES [9], highlighting under which circumstances the proposed TES solution is more 
attractive both economically and technically. 
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1.1 Previous work on the topic 
Single tank thermocline-like TES have been the objective of the study of many researchers in order to 
suggest a solution not only cheaper, but that would also simplify the operation and maintenance of such 
component. This section presents the most relevant previous research in the topic of thermocline storage. 

In the work presented in [10] [11], the authors developed the concept of a multi-layered configuration for 
single tank applications, specifically for Parabolic Trough applications. The studies focused mainly on the 
modelling and design of the tank by means of accurate simulations. The studies did not involve the 
integration of the tank in a detailed STPP model and its performance from a techno-economic standpoint. 

The experimental investigation presented in [12] aimed at studying the feasibility of a single tank 
thermocline storage with quartzite and silica sand as only filler. The work proved the concept of using 
fillers to increase the energy density of the tank while at the same time stabilizing the gradient of 
temperature inside the vessel. The research focus was the parabolic trough applications. The experimental 
results presented in the paper have been the staple basis for many modelling validations for such systems. 

Another experimental campaign is presented in [13], to prove the applicability of PCMs as fillers for 
thermocline tanks. The authors tested the performance of paraffin waxes in a water filled tank. The results 
of the experimental campaign were used by different authors to validate the modelling of PCM filled 
thermocline tanks. 

In the work presented by [14], different concepts (namely heat-pipes and PCM fillers) were modelled for a 
final integration in a simplified version of a power plant model. In this case the authors suggested a 
cascaded configuration in which three layers of different melting point PCM are placed inside the tank. 

1.2 Objectives 
The objective of the following Master Thesis is to develop a suitable model of a single tank thermocline-
like storage system for application in CSP power plants (in particular STPPs). The second scope of the 
Thesis is to present a techno-economic analysis of such technology integrated in an already existing model 
of STPPs and compare its performance with the more common two tank solution. 

The specific objectives are as follows: 

1. To develop a flexible model of a single tank storage system 
2. To implement such model in a dynamic simulation tool  
3. To investigate the techno-economic performance of such system 

Deliverables: The expected deliverables consist on model which allows design choices by the end user. 
The expected outcome is to find a configuration that at the present or in the near future can decrease the 
cost of the TES component. 
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1.3 Methodology 
The methodology carried to develop the work of the hereby presented Master Thesis consists of: 

1. Literature review of the topics presented in the work, namely CSP, TES technologies and 
modelling of thermocline-like storage tank and STPP. This is presented in §2. A description of 
the different single tank technologies, improvements and implementation strategies are presented 
in §4 together with a justification of the selected typology. 

2. Acquaintance with the current modelling tool developed in KTH (DYESOPT) and understanding 
of the main requirements for the storage tank modelling. A description of the modelling approach 
is provided in §3. 

3. Model development and implementation. This part of the work aims at creating a suitable model 
for both steady state design (Matlab) and dynamic simulation (TRNSYS). The modelling and 
integration are presented respectively in §6-7 and §8 respectively. 

4. Techno-economic evaluation of the performance of the single tank in a STPP layout under 
different market circumstances. This will involve a multi-objective optimization to define the 
optimal design parameters for the tank together with a performance comparison with the more 
acquainted two-tank solution. The results of this analysis are presented in §8 
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2 Theoretical framework 

2.1 Introduction to Concentrated Solar Power technology 
The CSP technology saw its first development between 1984 and 1995 in concomitance with the oil shock 
of the ´80s [15], but then no further commercial deployment was seen until 2005. The real birth as 
industry happened with the commissioning of the Solar Electric Generating System, which was based in 
California and accounted for 354 MWe. In the second phase of its development, Spain became the main 
center of growth. In future perspective CSP can become a competitive source of power during peak time 
by 2020 and of baseload by 2025-2030 in the sunniest regions, according to available technology 
roadmaps [2] [3] [16]. 

Moving from the historical background to the technology, the CSP concept consist on using 
combinations of mirrors or lenses to concentrate direct beam solar radiation to produce useful heat at 
high temperature. This energy can be later used as process heat, for desalination purposes or to produce 
electricity by various downstream technologies. Unlike PV technology, CSP systems are not able to use 
diffused radiation, making them best suited to areas with high percentage of clear sky and with high Direct 
Normal Irradiation (DNI). Therefore this kind of technology requires at least 1700	 / /annum, 
which highlights then the interests in some regions such as Chile and North Africa where the requirement 
is largely exceeded [4]. 

Concerning the production of electricity the CSP plants can be divided in two or three blocks that must 
interact with each other. The solar field (SF) is responsible for concentration of the energy from the Sun, 
the thermal energy storage (which can be absent) collects excess of heat to be used when later needed and 
the power block (PB) is responsible of the conversion of the heat energy to electricity [16]. Figure 1 
illustrates a particular 3-blocks scheme typical for a CSP plant. 

 
Figure 1: 3-Block scheme for a typical CSP power plant [17] 
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2.1.1 Solar Field Block 

As already mentioned the SF block is the responsible part for concentrating the solar radiation, thus 
producing heat at high temperature. It can be divided in three main components [16]: 

1. the collector which is the combination of lenses or mirrors which captures and concentrate the 
radiation 

2. the receiver which absorbs the radiation 
3. the Heat Transfer Fluid (HTF) which is heated up in the receiver and is the main responsible for 

the energy transport in the system 

Up to now four main configurations have been developed: parabolic trough collectors (PTC), Linear 
Fresnel, Central Towers and parabolic dishes. According to the receiver and focus type the main 
technology families can be sub-grouped as described in Table 1. 

Table 1: CSP technologies (Adapted from [2]) 

 Line Focus Point Focus 

Fixed Type Receiver Linear Fresnel Central Tower 

Mobile Type Receiver Parabolic troughs Parabolic dishes 

 

A fixed type receiver is a stationary device which remains independent of the focusing device easing the 
transport of the heat to the PB. In contrary the mobile receiver moves together with the focusing device, 
yet collecting more energy. Concerning the second criteria, the line focus devices employ collectors that 
track the sun along a single axis, thus focusing on a linear receiver and allowing an easier tracking. Lastly 
point focus devices employ two axes tracking, focusing at a single point and allowing good efficiencies at 
high temperatures [2]. The following paragraphs will describe more in depth the four technologies and 
then more attention will be put to Central Tower Plants. 

2.1.1.1 Parabolic trough collectors 

Parabolic Trough collectors are linear focus mobile collectors, with parabolic shaped concentrators with 
focus on the receiver [18]. The technology is well established and the first experience with this technology 
can be traced back to 1870s when a Swedish engineer built the first prototype to run a 375 W engine [19]. 
Later on the concept was taken in the CSP power plants starting from 1980s in USA and making the most 
used technology up to now. In parabolic trough concentrators (PTC) the HTF (usually oil) is passed 
through the receiver, which consists on a metal pipe inside a vacuum tube to minimize losses. The 
receiver is equipped with a tracking system to be always perpendicular with the direct radiation. The 
working temperatures of HTF can arrive up to 389 °C (because of oil properties), but research promises 
higher temperature up to 500 °C. In order to achieve these temperatures more collectors are connected 
and different configuration can be used to lower the pressure losses and therefor parasitic consumption. 
The heat is then used either for process heat or for producing electricity through a Rankine cycle. In some 
cases Molten Salt storage can be used to increase the dispatchability of the power plant [18]. Figure 2 
illustrates a schematic of a PTC and an application in Albuquerque. 



6 

 
(a) (b)

Figure 2: a) Parabolic Trough schematic [20] - b) SkyTrough Parabolic Solar Collector placed in Albuquerque [21] 

2.1.1.2 Linear Fresnel  

Large scale parabolic reflectors can become unwieldy, thus requiring extensive structure to withstand wind 
loading. In addition maintenance for such systems can also become a problem as taller vehicles are 
required for cleaning [22]. To avoid these problems, small reflector elements can simulate large reflector if 
distributed over a suitable area. Linear Fresnel reflectors are analogues of parabolic trough mirrors, but 
they are composed of many long row segments with focus on a linear fixed receiver. The mirrors rotate 
together to maintain fixed the focus on the receiver, giving considerable freedom of design. The main 
advantages of a low profile fixed structure are lower wind load and lower risk of oil leakage. However this 
kind of system introduces more losses and is less commercially mature making it more expensive than the 
mobile counterpart. Its characteristic makes it more suitable for relatively low-temperature applications 
because of higher thermal losses coefficient and for hybridization with PV [23]. Figure 3 shows a 
schematic concept and an application of this technology. 

 
(a) (b)

Figure 3: : a) Linear Fresnel Schematic [20] - b) Linear Fresnel plant in Sicily [23] 

2.1.1.3 Parabolic Dish 

Parabolic dish systems employ paraboidal mirrors which track the sun and focus solar energy into a point 
focus receiver where the heat is either used locally in a thermal engine or transferred to a ground based 
plant. The most common use of this technology is the adoption of Stirling engines to produce electricity. 
This technology has shown the highest efficiency (up to 30%), yet the high cost makes it not commercially 
viable. Nowadays applications up to 10 MWe are present in the market, but its high efficiency makes it an 
interesting option for future development. Figure 4 illustrates a schematic and a current application of a 
dish Stirling engine. 
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(a) (b)

Figure 4: a) Parabolic dish schematic [20] - b) DISTAL I prototype working since 1992 [24] 

2.1.1.4 Central Towers 

Central receiver systems consist of an array of tracking mirrors (heliostats), which are properly spaced to 
avoid shadowing and interference and they reflect the direct beams to a central receiver placed in an 
elevated support. The receiver is suited to effectively intercept the incoming radiation and absorb it as heat 
at high temperature (up to 1000 °C). This kind of configuration has the advantage that all the solar energy 
conversion takes place at a fixed region allowing more cost effective and efficient conversion processes. 
The main disadvantage is that the heliostats do not generally point at the Sun, thus reducing the collected 
radiation compared to a dish concentrator  [25]. Of all CSP technologies currently available Central 
Receiver Systems (CRS) might become the technology of choice. The current performance improvements, 
cost reductions associated with all the components in the near future justify the actual interest in 
developing the technology. In fact comparing with the other technologies, central towers can reach high 
temperatures (approximately 560 °C) thus higher efficiencies and can be hybridized with fossil fuel plants 
reaching capacity factors up to 0,8. Lastly, many researches have highlighted great potential to cost 
reduction up to 65% [26]. Figure 5 presents a typical schematic of a central tower plant and an active 
example of Gemasolar, a central tower power plant located in Spain. 

 
(a) (b)

Figure 5: : a) Solar Tower schematic [20] - b) Gemasolar power plant in Spain [4] 

The displacement of the heliostats around the tower shown in Figure 5 is not the only one available, and 
many layouts are studied depending not only on the location but also on the receiver. In fact the several 
configurations are defined essentially by the type of the receiver [25]. If the receiver consists of an external 
cylinder, the absorbing surface can be seen by all the directions, therefore a surrounding field of heliostats 
is chosen. Elsewise in case of a cavity receiver, in which the heated surface is contained in an insulated 
enclosure with a large aperture, the light can only be collected within a cone normal to the surface (around 
50-60°). Consequently the heliostats will tend to be primarily on the pole side of the aperture (generally 
North in the Northern hemisphere) [25]. Many algorithms and methods are available in the literature to 
properly design a solar field, which depends as well on the location and solar irradiation [26]. The solar 
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tower panorama is mainly divided into three sub sectors, depending on the HTF employed; molten salt, 
water-steam (Direct Steam Generation (DSG)) and air [4]. In DSG plants water circulates directly through 
the receiver, thus involving change of phase in the heat exchanger. Therefore water is both the HTF and 
the working fluid acting in a direct system. Secondly the steam tower is composed of three individual 
receivers for three heat exchangers: a boiler, superheater and a reheater [27]. The main advantage of such 
systems is utilization of just one fluid, therefore eliminating intermediate heat exchanger and increasing 
the overall efficiency. However this kind of technology is not commercially mature yet, and many 
challenges, like the absence of a proper TES system, must be overcome. The air as HTF can be used 
together with a gas turbine for solar assisted operations in combined cycle. The working fluid can be 
heated up to 1000 °C with a solar share around 60%. This concept was proved in the context of the 
SOLGATE project [4]. Molten Salt solar tower are discussed in the following paragraph. 

2.1.1.5 Molten Salt Solar Towers 

Molten salt solar towers employ molten salt as both HTF and storage medium. Many of the related 
projects are based on the Solar Two power plant, a pilot test which employed a single-phase fluid (60% 
Sodium-Nitrate/40% Potassium Nitrate). The primary advantage of such plants is that the molten salt has 
a lower operating pressure and better heat transfer than water receiver. Moreover a better acquainted TES  
can allow to decouple the power cycle from the solar transients and therefore increase the operation of 
the turbine at maximum efficiency [28]. In some cases the power plant can be hybridized to meet the 
demand when the storage is not sufficient. Figure 6 illustrates a typical scheme of a molten salt tower 
power plant. 

 
Figure 6: Typical scheme for a Molten Salt Tower Power Plant [29] 

As it is possible to observe from the Figure, usually two tanks are employed during the operation; a cold at 
285°C and a hot tank at 565°C. During charging the salt is transferred from the cold storage to the higher 
temperature, and vice versa during discharge. Temperature limits are set by the salt properties. Of high 
importance is the lower temperature which must be higher than the freezing temperature of the material. 
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2.1.2 Thermal Energy Storage Block                

As defined by Gil et al. “Energy storage is the storing of some form of energy that can be drawn upon at a 
later time to perform some useful operation” [30]. In the case of TES, heat is the useful energy that 
circulates in the system. The main challenge regarding solar energy is the mismatch between demand and 
supply of energy. The advantage of CSP compared to other renewable energy technologies like PV and 
Wind is the possibility to integrate thermal storage to increase the dispatchability. Different storage 
concept can be integrated in many power plants and these aspects will be further developed in §2.2. 
However what is common to them is the charging and discharging operations and useful effect provided 
to the power plant production. 

 
(a) (b)

Figure 7: a) Interaction of a TES system between supply and demand [31]  
b) Useful effect of a TES system in a CSP plant [2] 

 Figure 7 presents how a TES system interacts between supply and demand and what its advantages can 
be in a CSP power plant. In fact during the charging period the heat flows to the storage, and can be 
released at later time during the discharging period. Therefore the result is a shift of the produced 
electricity, compared to the supplied energy from the solar field. This introduces more flexibility and 
allows to sell the electricity not only when the demand is higher, but also when this is more profitable [31]. 

2.1.3 Power Block 

The power block is the part of the system mainly responsible for the electricity production through 
conventional thermodynamic cycles. The efficiency of such conversion highly depends on the highest 
temperature of the system, therefore it is possible to understand the reason why of the current interest of 
increasing such parameter. The three mostly used thermodynamic cycles in central towers are: the Brayton 
Cycle, the Rankine Cycle and the combined cycle [26]. 

The basic concept behind the Brayton cycle consists on a volumetric air receiver atop and an adapted gas 
turbine which is usually placed next to the receiver to avoid losses. As already abovementioned in § 2.1.1.4 
the advantage of this cycle is the possibility of hybridization, therefore higher efficiencies are expected. In 
case of steam cycles, a single reheat, regenerative Rankine cycle is usually employed. In case of solar plants 
the operating pressure is limited by the maximum temperature achievable from the storage or from the 
solar field. Usually temperatures around 540 °C and 100 bar of pressure are common parameters. In case 
of low operating temperatures, Organic Rankine Cycle (ORC) can be applied. The thermodynamic cycle is 
similar to the previous one, but organic substances like R134a or Acetone are used as working fluid. In 
this case maximum temperatures, between 90 and 200 °C, are enough to produce power [32]. The 
research had shown interest also on what it is called Integrated Solar Combined Cycle systems (ISCC), in 
which steam is produced by the solar field and by an HRSG (Heat Recovery Steam Generator) connected 
to a gas fired cycle. This hybrid cycle provides more efficient energy-to-electricity conversion and avoids 
the intercurrence of turbine start-ups [33]. 
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2.2 Thermal Energy Storage 
This section of the work will provide more in depth argumentation in thermal energy storage 
technologies, the media used in the applications and how it is usually integrated CSP plant systems. A last 
section will put more focus on single tank latent storage and their applications [30]. 

2.2.1 Storage media 

There are mainly two types of TES systems, sensible and latent storages. A third case regards 
thermochemical storage, still under deep research but worth to be mentioned. 

2.2.1.1 Sensible Heat Storage 

Sensible TES consist of a storage medium which stores energy in the change of temperature of the 
substance. The most important parameters when considering this kind of storage are density and specific 
heat; however other important factors are operational temperatures, thermal conductivity and diffusivity. 
The amount of energy stored during the process of charge can be calculated as follows. 

 ( 1 )

Therefore the main focus of Sensible TES (STES) is put on the choice of proper storage materials and 
their characteristics in fulfilling desired purposes [34]. Usually STES are sub-grouped into two main 
categories, solid and liquid. Solid storage materials are mainly preferred for building applications but also 
in some particular cases of high temperature solar applications. The main advantages of such systems are 
reduced risks of leakage and viability at very high temperature. However they manifest low heat storage 
density and higher thermal losses. In CSP applications the most used material are castable ceramic and 
concrete [30] [34]. Especially concrete is a cheaper and interesting material for high specific heat, good 
mechanical properties and thermal expansion coefficient similar to the one of steel. 

Liquid media have been widely preferred for better performances and for the possibility of stratification 
which enhances the performance of the storage tank. In CSP application molten salts, mineral and 
synthetic oils are mainly used. The main advantages of liquid phase media are higher heat capacity and 
conductivity, which make it more suitable for applications at nearly any temperature level (choosing 
different materials) [30] [34]. Molten salts are starting to dominate the storage in CSP applications for 
many reasons. First of all they are liquid at atmospheric pressure; they can be used as HTF and they 
working temperatures are suitable for high temperature steam turbines. In addition to this, experience 
with this kind of media existed already in chemical and metal industries as HTF. The most common salt is 
the HitecXL, which consist of a mixture of NaNO 	and	KNO  (60/40 %) [34].  

2.2.1.2 Latent Heat Storage 

Latent TES (LTES) involves the storing capability of some substances during the phase change. The 
phenomena takes place at constant temperature and can involve the latent heat of phase change during 
fusion (solid-liquid transition) or during vaporization (liquid-vapor transition). However nowadays, mainly 
the solid-liquid transition is used. Substances which are used to store energy during the phase change are 
called Phase Change Materials (PCM) [30]. This process can provide enhanced quantities compared to 
sensible storage system and its main advantage is an higher storage density. Furthermore organic PCMs 
have revealed excellent thermophysical properties, congruent freezing and melting, thermal stability and 
non-corrosiveness [35]. However the main drawback of such systems is the lower thermal conductivity 
leading to slow charging and discharging processes, therefore some solutions are needed  to overcome this 
problem [36]. These will be later explored in § 4.3. The stored heat can be calculated as follows. 
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 ( 2 )

Where the specific heat at solid and liquid state are considered as a constant average between the 
temperature at solid, melting and liquid state. 	represents the latent heat of fusion/solidification of the 
correspondent material.  

Even though PCMs are promising materials research and development is hindered by many difficulties of 
such systems. They are complex to handle, present thermodynamic penalty due to shift between sensible 
and latent heat and uncertainty over the lifetime. Of particular interest is the application of PCMs in direct 
steam generation where their constant temperature can efficiently match the phase change during the 
steam generation. Among the materials worth to mention, specific attention can be put on 
NaNO 	and	LiBr which have melting points around 307 °C and 550 °C respectively, which are similar 
temperatures of the molten salt operating temperatures [27].  

2.2.1.3 Thermochemical Storage 

Another storage mechanism is by exploiting the enthalpy of reaction of reversible chemical reactions. In 
the charging process the heat produced by the solar field is used to induce an endothermic reaction. When 
the discharging process is required, the reverse exothermic reaction takes place, releasing the necessary 
heat. Important requirement is the complete reversibility, as all the heat can be recovered completely [30]. 
This concept is still in the early development especially in CSP applications, therefore high costs are 
involved. However this technology is truly attractive, because with future development the cost can 
decrease significantly and because it offers much higher density compared to STES and LTES. In typical 
conditions a thermochemical material can store up to 10 times more energy than a sensible material [37]. 
The most common reactions in this technology are methane reforming and dissociation of ammonia [38]. 
According to Foster another reaction worth to mention is the one that takes place between 
CH 	and	SnO  which can take place at 700 °C. However investigation is still needed to understand how 
to better couple the solar energy with the reaction [30]. 

2.2.2 Storage technologies 

Many storage designs are possible and different ones are more suited for different applications. The 
following paragraphs will focus on the different technologies that are available in the CSP market. 

2.2.2.1 Steam Accumulators 

Steam accumulators use sensible heat storage in pressurized saturated liquid. In these systems, surplus 
steam is fed into a pressurized liquid water volume during charging. This results in a condensing steam 
which increases the temperature as well as the pressure of the liquid volume, which acts as a storage 
volume for the steam. The liquid is stored in a horizontal cylinder in which 90% is saturated liquid and the 
rest is saturated steam. The main advantage of storing liquid and not directly steam is the higher 
volumetric capacity and therefore higher energy density. During the discharge phase steam is subtracted 
from the vessel, the pressure of the liquid decreases. Since water can be both storage and working fluid, 
high discharge rates are possible [39]. This kind of system is very interesting and promising for DSG 
applications and its feasibility was proved by Eck in 2003 [40]. An example of steam accumulator and 
integration in a DSG power plant is presented in Figure 8.   
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(a) (b)

Figure 8: a) Steam accumulator scheme b) Steam accumulator integration in a parabolic trough plant [39] 

2.2.2.2 Two-Tank Systems 

Nowadays the two-tank storage systems are the most acquainted technology in CSP plants. As already 
mentioned the most used liquids are molten salts and synthetic oils. The advantages of having two tanks 
solar systems are that cold and heat storage materials are separated and that there is the possibility to raise 
the solar field output temperature up to 500-550 °C. Of course the consequent disadvantage is that the 
cost of the material for two tanks increases the overall cost of a TES system and that expensive heat 
exchangers are needed [30]. The integration of such systems will be further discussed in §2.2.3. 

2.2.2.3 One-Tank System 

Storage media can also be employed in a single tank system, usually with liquid material. The hot fluid is 
usually pumped in the upper part of the tank, gradually displacing the colder fluid in the bottom. A 
thermal gradient is created and due to buoyancy effects it is stabilized and preserved in an ideal case. 
These systems are also called thermocline storages because of the steep gradient that is created in the tank. 
In practice it is very difficult to separate the cold from the hot fluid and some mechanisms must ensure 
the stability of the thermocline [30]. In §4 an in deep analysis of such systems will be carried. 

2.2.3 Storage Integration 

High temperature TES in CSP applications can be mainly classified as active and passive systems. Active 
system can be sub divided in direct and indirect systems (Figure 9).  

 

   

STORAGE 
SYSTEMS 

ACTIVE STORAGE 

PASSIVE STORAGE 

DIRECT  

INDIRECT 

Figure 9: Storage system classification (Adapted from [30]) 
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In active storage systems, the material is directly circulating between the heat exchanger for transferring 
the energy either to the HTF or to the working fluid. In the direct systems the storage medium works also 
as HTF, no intermediate Heat Exchangers (HX) are required and the energy is directly transferred to the 
working fluid [30, 36]. Typical example of such systems is the molten salt two-tank system in which the 
salts directly circulate for both heat exchange and storage purposes. This means that the material must be 
at the same time well-suited both for HTF and storage medium. The main advantage is the cost reduction 
due to the elimination of the expensive intermediate HX in the system. In opposite, in indirect systems a 
second medium is used as HTF, thus introducing an intermediate HX. An example of this configuration is 
oil-molten salt plants, in which the oil acts as HTF and the molten salt is used only as a storage system [30, 
36]. Figure 10 shows an illustrative example for active direct and indirect systems. 

(a) (b) 

Figure 10: Comparison between a) Active Direct molten salt TES  
b) Active Indirect oil/molten salt TES (Adapted from [41]) 

Passive systems are usually dual medium storage systems in which the HTF passes though the material 
only for charging and discharging. The storage medium itself does not circulate. Usually the materials are 
mainly solid storage substances (i.e. concrete or PCMs). These systems are usually called regenerators. The 
main disadvantage of these types is that the HTF temperature decreases during discharging as the storage 
material cools down; moreover the heat transfer rate with solid materials is usually low. However for 
instance the advantage of solid concrete is the very low cost of thermal energy stored, with facility to 
handle the material and low degradation of its properties [30, 36]. 

Lastly, some researchers proposed combined systems in which the use of multiple types of storage was 
suggested. In super-heated Rankine cycle it is preferred to minimize temperature differences in the heat 
exchanger, thus minimizing the energetic and exegetic losses. A typical example for this kind of systems is 
the combination of sensible and latent storage media. In fact the isothermal process of the PCM is well 
suited for the stem generation of the working fluid. In addition, since the pre-heating and super-heating 
are sensible heat process they can be coupled with sensible heat storage systems. These systems can find 
applications in DSG power plants where concrete and PCM can be used in three-part storage [36]. 
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3 Performance Model 
In the framework of CSP, simulation is an essential tool to support decisions related to investment and 
design in such technology. In performance models, the prediction of economic, energetic and operation 
characteristics of installations is of fundamental importance. 

A simulation tool usually takes into account many factors such as performance of the components, natural 
resources (i.e. Solar radiation), economic constraints and operational behaviors to establish the optima 
design of technical systems. Currently, in the market there are many software available to establish the 
performances of CSP plants. Three of them will be discussed in this chapter, in order to have a 
comparison with the model which will be used in the context of this Thesis work. There are two 
approaches that have been carried so far. In the first typology, an in depth simulation of the SF and TES 
block is carried, while the PB is described with characteristic curves which they describe the trend of 
conversion of heat energy to electricity [42].  

The most important example of such software is SAM (System Advisor Model) from NREL (National 
Renewable Energy Laboratory). This tool incorporates economic and energetic hourly simulation of CSP 
plants and many other renewable energy technologies. It is one of the mostly used tool by an increasing 
number of actors in the CSP panorama. Moreover the graphical interface makes it an easy-to-use software. 
However such tool has some drawback. The most important is the modelling of the PB which is based on 
static parameters and not on an actual physical power block mode, making the revising of the PB a critical 
point. This can be done by either modifying case by case the performance curves, or by using third party 
software to simulate the Power Block. In SAM as in many other software, TRNSYS is integrated to 
perform dynamic simulations [43]. In this category other software used are ColSim and Greenius. The first 
one simplifies the dynamic simulation while the second on is a tool developed by the German Aerospace 
Center (DLR). Also in this case the initial focus was on renewable energies in general, with emphasis on 
CSP. It performs hourly simulations and third party software are used to get meteorological data [44].In 
the second category, many software used to model conventional power plant are expanding to include 
CSP plants. However even though software like Thermoflex and IPSEpro offer detailed power plant 
block models, the solution to quite complex equations is rather slow. This is what is making software like 
SAM prevailing as their solutions take only few seconds to be calculated [42]. 

In the context of the thesis the software DYESOPT (Dynamic Energy System Optimizer), a tool 
developed by the energy department at KTH, will be used. As the other counterparts the modelling tool 
calculates the performance of a CSP power plant, taking into account both transient operation and 
techno-economic performance. This is all in respect with constraints such as operation strategies, 
economics of a location and electricity prices. The software uses the integration of both TRNSYS and 
Matlab for the technical performance and design [45].  

Figure 11 shows an illustrative flow of information of the main blocks of the software. These include both 
thermodynamic and economic aspects. This is coupled with a multi-objective optimizer which allows 
trade-offs of conflicting designs to be observed and analyzed. The different input values required are 
characterized by different colors depending on the nature of the data: cost functions (in green), location 
related (in blue) and design configuration (in yellow). The following sections will describe in more details 
the main aspects of the design of the power plant and which aspects are important to consider when 
modeling a storage tank for a STPP operation. 
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Figure 11: DYESOPT flow chart [45] 

3.1 Power Block design 
The power cycle is modeled by means of an iterative process both on the steam side and on the HTF 
(Heat Transfer Fluid) side. First of all, the components of the Rankine cycle are designed by calculating 
pressure, temperatures and fluid properties at each thermodynamic state. These are stored into a matrix 
summarizing all the values. The logical flowchart of the design process is summarized in Figure 12. 

 
Figure 12: Rankine Cycle design flowchart 

The steam mass flow is assigned at the beginning of each iteration and each component is designed 
according to the input parameters and the required power. The convergence of the iteration process is 
checked at the power production. The error set in the logical box “Check Power” is presented in equation 
(3). If the error is above the threshold set by the user a new iteration is started with the new mass flow 
calculated at the last step. 

_  (3)

Each component requires specific design characteristics or mathematical models. The condenser is 
characterized by means of pinch point and temperature gradient of the air flow. The turbine performance 
is evaluated through the calculation of the isentropic efficiency and the power output according to the 
correlation of Pelster [46]. The steam generation train is defined through properties of the fluid and 
temperature gradients set by the user or by the optimization tool. 

When the design of the power cycle is completed, the tool starts the design of the HTF cycle. By knowing 
the enthalpy state at the re-heater (RH), super-heater (SH) and evaporator (EVA), it is possible to iterate 
to find the mass flow and thermodynamic state of the HTF. Figure 13 illustrates the flowchart for the 
calculation of the HTF parameters. 
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Figure 13: HTF cycle design flowchart 

In this case two errors are calculated and checked. These are respectively determined through energy 
balances at the RH and SH, which are presented in equations (4) and (5) respectively. The final result of 
the function will be a matrix summarizing the values of temperature, specific heat, enthalpy and flow rate. 
The goal of such method is to design each component by determining the sizes in terms of geometrical 
(i.e. size of the components and flow rates) and performance parameter (i.e. thermal efficiencies).  

 (4)

 (5)

3.2 Solar Field design 
Once the heat requirement by the thermal cycle is known, the solar field can be designed. The algorithm 
implemented in the tool is based on the DELSOL algorithm developed by Kistler [47]. The algorithm is a 
hybrid method which implements the field growth method and an optimal radial-stagger pattern method. 

The field growth method first evaluates the field area and then decides the best spot for a heliostat. After 
it is placed, it evaluates once again the field to find the subsequent best location and iterates the process 
until the nominal heat demand is satisfied. In this context this algorithm is used to divide the heliostat 
field area into a number of zones and to calculate the average performance of each area (efficiency in 
concentrating the radiation). Figure 14 illustrates the flowchart of the field growth method implemented in 
the function. 

 
Figure 14: Field growth method in hybrid algorithm (Adapted from [48]) 

Inside each cell the heliostats are placed according to the radial stagger pattern. In this case the heliostats 
are displaced according to both radial and spacing coordinates. In this way the only two parameters 
optimized are the coordinates in order to minimize blocking and shadowing. The main drawback of a 
radial stagger pattern is the fact that not always an optimized pattern results in an optimized field. 
Therefore the hybridization with the growth field method improves the results [48]. Figure 15 illustrates 
an example for the radial stagger pattern. As a final result the overall performance of the designed field, 
area, aperture and number of heliostats and the overall efficiency are calculated. 
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Figure 15: Radial stagger pattern [49] 

3.3 Thermal energy storage design 
Once the Rankine Cycle and the heliostat field are designed, the thermal storage tanks can be sized. Based 
on the inputs of the model such as size (time in discharge) and temperature of the salts, the volume can be 
determined. Firstly the density of the salts is calculated with correlations depending on the temperature. 
Thereafter, the volumes of the two tanks can be calculated.  

∙  Energy required by the tank (6)

∑
Δ

 Mass flow of the salts 
(7)

3600
∙

 Maximum volume of the HT (hot tank) 
(8)

3600
∙

 Maximum volume of the CT (Cold Tank) 
(9)

 		 2  Area and perimeter of the tanks 
(10)

These parameters will later be implemented in TRNSYS in the variable volume storage tank component. 
In the future steps of the work perspective the abovementioned model of TES will be modified and the 
thermocline tank model will be introduced. The general goals for the TES model inside a STPP layout 
model are: 

1. Design the tank (volume) 
2. Model the temperature outlet from the tank 
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3.4 Pre-defined dispatch strategy 
The Pre-defined dispatch strategy (PDS) is an important part of the design of a power plant as it accounts 
for how much power the plant will produce and what times it will do so. The following section describes 
how the tool defines the PDS. The main parameters involved in the PDS are: 

1. The TES capacity in hours. This value is defined by the user as a default parameter of the model 
and is an input for the design of the storage.  

2. The dispatch strategy for the plant. An input of 1 denotes that the desired PDS is peaking and an 
input 2 denotes a continuous operation.  

In the case for a peaking PDS the algorithm shown in Figure 16  is applied to determine whether or not 
an hour should be considered a peak hour for which the STPP to operate. The algorithm is based on the 
total operating hours in a day (THD), the instantaneous power from the solar, Q , the nominal power 
from the solar field Q  (the minimum for the PB to operate), and the TES capacity TES . The 

THD are calculated by means of the equation below. The dispatch correction factor,  ,  is contained 
in this calculation.  

,
 (11)

Before the algorithm is implemented, the hours in the day are rearranged in order of decreasing tariff to 
ensure that the hours with the highest tariffs are considered first as peak hours. The hours that are 
determined to be peak hours and those determined to not be are marked with a 1 or a 0 respectively. 
These identification values are created to be used in the dispatch control during the transient simulations 
conducted by TRNSYS. In the case for a continuous PDS all the identification values are set to 1 telling 
STPP to operate continuously. The dispatch strategy will influence how the storage tank will be charged 
or discharged during the operating hours of the power plant. 

 
Figure 16: Logic diagram to determine the PDS [50] 
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3.5 Techno-economic performance evaluation 
The thermos-economic performance evaluation is based on different indicators hereby mentioned. There 
are various performance indicators that are calculated when considering the performance of the plant but 
the most important are noted below. All the definitions and equations for these performance indicators 
are taken from [50] and [51]. 

 CAPEX 
 OPEX 
 Annual capacity factor  f  
 LCOE 
 IRR 

These parameters represent the vital information that is needed to perform feasibility studies in order to 
assess the viability of a project for a specified location. The procedure followed to estimate each cost 
component consists of taking costs that have been found in previous projects in the same location and 
scaling them to the desired plant capacity under study as can be seen in Appendix A.3.1 in equation (51). 
The exponent n of the equation represents a simplification used to approximate a non-linear behavior of 
the cost functions with respect to the plant size. In the CSP model the exponent is changed according to 
the specific cost function. 

The CAPEX is a measure of the total investment of the plant and shown by equation (48) in Appendix 
A.3.1. It includes the direct capital costs (purchase and installation of plant equipment) and the indirect 
costs (land, taxes and engineering costs) shown by equation (49) and (50). The OPEX, shown by equation 
(63) in Appendix A.3.2, is the sum of the costs associated with plant operation and maintenance including 
labor, service costs, utility consumables and other miscellaneous costs. The annual capacity factor is a ratio 
that describes the actual annual power production to the annual power output if the plant were to run 
constantly at its nominal capacity, equation (71) in Appendix A.3.3.  

The LCOE is a performance indicator that describes an annualized cost per energy produced over the 
course of a year. As shown by equation (72) in Appendix A.3.3, it is calculated by the sum of the 
annualized CAPEX and OPEX over the annual electricity production. The capital return factor α is 
calculated with equation (73), where i is the real interest rate, n is the plant lifetime in years and  is the 
insurance rate.  

The final performance indicator is the IRR which is given by equation (74) in Appendix A.3.3. IRR 
measures the relative profitability of the plant and is calculated as the discount rate that zeros all of the 
cash flows at the end of the power plant lifetime through an iterative algorithm.  

By analyzing the performance model already available it has been possible to evaluate the main 
requirements for the model of the storage tank which will be implemented in DYESOPT: 

1. To model the design and dynamic behavior of the TES system 
a. Sizing of the volume and storage materials required 
b. Determining the temperature outlet evolution of the outlet mass flow 

2. To model a cost analysis of the tank  
3. To integrate the thermocline tank in the dynamic simulation tool 

All these aspects will be further developed in the next sections of the Thesis report. A first thermocline 
modelling will be presented with the solution of the model and its validation. Secondly the integration in 
dynamic environment will be analyzed to allow the analysis of the overall performance of the STPP.  
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4 Thermocline Thermal Energy Storage systems 

4.1 Concept description 
Thermocline storage systems consist of a single tank with a higher volume than one of the two-tank 
systems, with a solid filler material forming a porous packed bed through which the HTF can flow. Most 
of tank is filled with a sensible storage medium, which is less costly than the HTF. In literature many 
materials have been suggested to act as sensible fillers, the most important are rocks and silica sand which 
are the most attractive in terms of cost, chemical inertness and physical stability [10].Theoretically the 
buoyancy forces maintain the physical separation between the hot and the cold region, creating a vertical 
stratification and a narrow layer of large temperature gradient. This layer is the actual thermocline of the 
system and is also known as heat-exchange region. The resultant temperature profile (shown in Figure 
17a) is a sigmoid-shape curve which systematically travels up and down the height of the tank as the 
storage is charged and discharged [52] (Figure 17b). 

 

(a) (b)

Figure 17: A) Thermocline sigmoid shape [52] -B) Charge and Discharge of an ideal thermocline tank 

The graph shows the trend of a normalized temperature defined in (3) vs. a normalized height of the tank. 

Θ  (12)

During the charge phase the hot liquid is pumped in the upper part gradually displacing the colder region 
and vice versa during the discharge phase. The one-tank concept can help decrease the overall costs of 
TES systems for CSP up to 40% compared to a two-tank molten salt TES [53]. Although promising, this 
concept still presents many challenges that must be overcome. As the device stores energy only by 
sensible heat in one tank, high volume are required. Therefore, as the height of the tank is fixed to an 
upper limit due to the bearing capacity of the underlying soil, the diameter must increase. This creates 
potential for bad distribution of the fluid inside the tank and consequent thermocline instability [52].  

The instability of thermocline is the main problem that has to be faced during the design. In fact when the 
cold and hot fluids are mixed, internal exergy losses are significant. Many phenomena can contribute to 
the instability. In porous media the most important is the viscous fingering/channeling. This may result in 
a wider temperature transition, hence less energy available. “Viscous fingering is the formation of patterns 
in a morphological instable interface between two fluids in a porous media”. This phenomenon will create 
starting mixing phenomenon. If the viscous factor prevails over the density gradient factor, the 
phenomenon starts to appear. Therefore it is important to select the proper materials to limit the viscous 
fingering [54].The viscous fingering is directly connected to the inlet flow velocity. In fact if this is higher 
than the critical velocity set by the viscous fingering limit, instability is created. Another important cause 
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for instability is the cooling through the walls, therefore a proper shape of the tank must be identified. To 
solve the problem of better tank shape and therefore increase the energy density, PCMs applications have 
been suggested in the literature. 

4.2 PCM application 
In order to better understand the current applications in thermocline storage a first section on methods to 
enhance the thermal conductivity of PCMs is presented. 

4.2.1 Methods for PCM heat transfer rate enhancement 

The use of PCM in thermal energy storage can introduce many problems not only by a heat transfer rate 
point of view but also by stability, sub-cooling and phase segregation. Specifically PCMs must be chosen 
in order to withstand many thermal cycle without affecting their thermal properties. Furthermore many 
PCMs do not solidify immediately upon being cooled below the melting temperature and the 
crystallization starts at temperatures lower than the phase change temperature (sub-cooling). Another 
problem mainly associated with saline compounds is phase segregation which cause irreversibility of the 
process, thus a continuous deterioration of the storage performance [38]. 

Nonetheless the main disadvantage associated with PCM thermal energy storage is their low conductivity, 
hence a slow heat transfer rate which affects directly the charging and discharging time of TES. Generally 
the heat transfer rate can be calculated as follows. 

Δ  (13)

Therefore in order to improve the transfer rate either the contact area or the thermal conductivity can be 
increased. The following sections will analyze the main methods to improve the performance from this 
standpoint and which one can be chosen in the specific case of thermocline energy storage tank for STPP. 

4.2.2 Extended contact area 

In order to provide additional heat transfer rate the extended surface has been suggested by many authors 
[38] [55] [56] [57]. The successful implementation of this methodology involves means of containment in 
different geometries. Generally the main requirements for the containment are [56]: 

1. Sufficient strength, flexibility, corrosion resistance and thermal stability; 
2. Act as barrier between the PCM and the HTF 
3. Provide the required heat transfer surface 
4. Provide structural stability and easy handling 

The main methods by which the surface area can be extended are embedded finned tubes and 
encapsulation. These will be explained in the following sections. 

4.2.2.1 Finned tubes  

In these systems external longitudinal or orthogonal fins are added to the HTF while the PCMs are stored 
in the inner tube. This configuration proved to be efficient, especially by lowering the solidification time 
during the discharge phase [58]. The material of the fins may be graphite or metals such as aluminum, 
steel or copper. As the graphite presents many advantages such as low density, high thermal conductivity 
and resistance to corrosion in nitrate salts, it is the main choice in high temperature TES [38]. Figure 18 
illustrates the typical arrangement for finned tubes TES. 
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Figure 18: Typical finned tubes configuration [38]

4.2.2.2 Encapsulated Phase Change Materials (EPCM) 

Encapsulating PCMs inside small capsule can increase the surface area up to a surface density of 600 
m /m  (10 mm diameter of the capsules). This results in a better heat transfer rate. However many 
technical barriers must be considered. First of all when PCM are changing phase, are up to change of 
volume, therefore a void inside the capsule has to be created to accommodate the phenomenon. 
Moreover the shells must be compatible both with the PCM and the heat transfer fluid, withstand 
temperatures up to 600 °C and be robust for over 10000 thermal cycles between 600 and 300 °C (for a 
typical CSP application) [55].  

One of the most used methods to encapsulate and create void is the sacrificial polymer encapsulation 
method (Figure 19). In this process, at first a layer of polymer is applied to the salt prill of selected 
diameter and coated with a mixture of binder and inorganic material. To do so a fluid bed coater is used. 
Then the capsule is slowly heated in a furnace to decompose the polymer and the binder to gas which 
spaces through the porosity of the shell, leaving the desired void inside the shell. This technique is 
commonly used in industry and no special requirements are needed. 

 
Figure 19: Sacrificial Polymer encapsulation [55]

Depending on the dimension of the capsules the process can be distinguished between micro and macro 
encapsulation. Up to now the dominant procedure is the macro-encapsulation as it is both more 
economical and applicable to both air ad liquid heat transfer fluid. However the micro-encapsulation is 
more suitable when a higher surface is required and it is becoming of more interest in the market [56] [59]. 

A way to employ EPCM in TES tanks is to have a packed bed configuration in which the HTF flows 
through the voids in the bed. The most important design factors are: 

1. Temperature operating limits 
2. Melting temperature of PCMs 
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3. Latent heat of fusion 
4. Thermal load 
5. Final configuration of the bed 

Figure 20 illustrates a typical layout for packed bed EPCM TES.  

 
Figure 20: Typical layout for packed bed thermal energy storage [56] 

In this configuration, the tank is filled with the capsules to mimic the unconsolidated porous structure of 
the conventional rock filler.  A packed-bed consists of loosely packed solid material through which the 
HTF is circulated. Packed-beds were mainly investigated for solar thermal applications at low temperature, 
but recent interest has arisen for high temperature applications [60]. Such configuration proved to be 
effective not only at increasing the energy density of the storage tank, but also at reducing the degradation 
of the gradient of temperature by reducing the mixing occurring in the tank [10]. 

4.2.2.3 Heat Pipes integration 

Another way to increase the heat transfer rate is to integrate the PCM in heat pipe systems. In this 
approach the heat pipes (HPs) serve as thermal conduits between the HTF and the PCM. It is known that 
HPs have high effective thermal conductivities and that can be tuned to operate passively in certain 
temperature ranges. This method reduces the necessary area for the heat transfer, and excessive oversizing 
can be avoided [57]. Figure 21 illustrates how the HP working fluid interacts between the HTF and PCM 
to allow heat transfer mechanism.  

 
Figure 21: Heat Pipe integration for PCM TES applications [57]
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4.3 Thermal conductivity enhancement 
The second approach is to act to directly increase the thermal conductivity. This can either be done by 
embedding the PCMs in porous matrices or disperse a second material with higher conductivity in the 
PCM. 

4.3.1 PCM embedded porous matrices 

PCM can be embedded with both metallic matrices and naturally porous material (i.e. graphite). This 
method proved to be efficient, for instance a copper matrix can achieve approximately an 80% higher 
thermal conductivity. Generally the performance enhancement depends both on the porosity and on the 
conductivity of the matrix material. With a porous matrix the melting rate can be increased and the 
enhancement is dependent on the porosity of the matrix. However low value of porosity can obstacle the 
natural convection and therefore result in a negative effect. Thus an optimal value for the porosity must 
be found. One of the most interesting materials is the expanded graphite (EG), which, due to its high 
porosity, can have high absorbability. The EG is in not only viable for low melting temperature PCM but 
also for materials such as salts and eutectic mixtures [61].   

4.3.2 Material dispersion 

Another solution is to employ PCM compounds with graphite. This form has proven to be efficient and 
successful performance improvement for thermal conductivity enhancement. Usually such materials are 
prepared through chemical and mechanical processes such as thermal treatment, drying and blending. 
However these processes are energy and time consuming. Moreover the addition in the mixture of 
another material will result in a decrease of energy content as the fraction of PCM diminishes.  

4.4 Choice of the technology 
By having an acquaintance with the main methods used for the enhancement techniques, it is possible to 
choose the preferred solution. For the purpose of the thesis work the encapsulated phase change materials 
(EPCM) were chosen. Between the main reasons for this decision the most important are: 

1. Possibility to create a porous packed bed system to stabilize the thermocline 
2. Enhancement of heat transfer surface area 
3. Possibility to have multiple PCM-filler configurations 
4. Relevant literature regarding the topic 
5. Potential of cost reduction and performance enhancement 

Even though it was found that also the other techniques could provide similar improvements compared to 
the EPCM, the possibility to integrate sensible fillers, small layers of PCM and the recent interest in 
companies (Terrafore [55]) towards the topic made worth it to investigate the improvements that can be 
achieved with such design. 

4.5 PCM integration  
Once the desired materials for the storage are chosen, the integration method has to be defined. The most 
common ways to integrate Encapsulated PCMs (EPCM) in packed-bed configuration are mainly three; 1-
PCM, cascaded PCM and multi-layered solid PCM (MLSPCM) [8]. 

Thermocline systems filled with a single PCM do not experience a significant increase in the annual 
storage or plant performance to justify the increase in complexity or cost compared to the more 
experienced quartzite-rock filler tank. This is mainly due to the fact that as the temperature of the HTF 
increases the ability of the PCM to transfer heat to it decreases [52]. In a cascade PCM system different 
EPCMs are stacked in the tank and the HTF fills the void between them. The cascading makes the 
utilization of the latent heat more efficient as the different PCMs have different melting points. The 
capsules containing the lowest and highest melting points are placed respectively in the bottom and top of 
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the container. Because of the latent heat properties, the specific heat capacitance is high and therefore a 
good thermal stratification is maintained (both HTF and storage media). Lastly the MLSPCM combines 
both sensible and latent heat inside the tank. At least two PCMs are placed at the bottom and top of the 
tank (respectively), while in the central region a cheaper solid filler material (quartzite) is used. Recent 
studies carried by Galione et al. showed that this kind of configuration can be as effective as the cascade 
PCM configuration but more cost efficient. It was found that even though the cascaded PCM were storing 
more energy (around 20% more), the MLSPCM proved to be more efficient in the energy utilization 
aspect [8]. Figure 22 illustrates the three configurations aforementioned for thermocline storage. 

 
Figure 22: Different EPCM integrations (2-PCM, MLSPCM, cascaded-PCM) [10] 

The configuration taken into account to be analyzed is the MLSPCM. In this solution encapsulated PCMs 
(E-PCM) are placed into two layers, one at the bottom and one at the top with sensible fillers layer in 
between. The phase change temperatures of the two layers are close to the hot and cold temperatures 
respectively in order to increase the efficiency of the tank. This configuration has been modelled by 
Galione et al for parabolic through applications and during the work of the Thesis a model has been 
developed to design the tank for STPP applications (characterized by higher working temperatures). 
Therefore the next section will focus on the mathematical models available in literature. 
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4.6 Thermocline Tank Model 
The modelling of a thermocline tank with packed bed filler materials is mainly based on the energy 
conservation equations. The most common simplifications are mainly linked to the studied geometry and 
how to perform it. In the literature it is possible to find models from the most accurate 3D Computation 
Fluid-Dynamic (CFD) models to more approximated 2D and 1D solutions. The main steps for the 
implementation of the mathematical model are: 

1. Choose the appropriate simplifications for the case study 
2. Validate the solution to the model with experimental campaign or relevant literature 

In the case of this thesis work the validation is performed through the comparison of the results with the 
experimental work available in literature. The following sections will provide an overview of the already 
developed models available in literature with a selection of the most suitable for this Master Thesis work.  

4.6.1 Literature review of available mathematical models 

This section presents a brief overview of the main models available in literature. Much attention is 
currently given by many researchers into the packed-bed configurations in thermocline storages [8] and 
different ways to solve the mathematical problem can be adopted. 

Yang et al [62] [63] studied in a detailed 3D geometry both the momentum and energy conservation 
equations, by defining non-dimensional parameters for both molten salt and filler bed particles. The 
authors studied a quartzite rock filled tank and solved the model with Finite Volume Method (FVM). The 
whole set of equations in the respective geometry was solved with the commercial software FLUENT. 
However, considering the small time step and high grid resolution, the solution of the system is high 
computationally demanding.  

Angelini et al [64] studied a similar configuration in a simplified geometry. The gradient of temperature 
inside the capsules/fillers was not considered. Whilst this could be a good solution for sensible storage 
materials, this would not prove to be effective in PCMs whose temperature gradient is significant. In their 
model the authors considered a 2D geometry for the tank equation. Secondly the tank was implemented 
to be assessed in CSP parabolic through application and design considerations are given. 

Powel et al. [65] developed and adaptive meshing solution for a simple thermocline storage model without 
any filler packed-bed. This was found to be effective as the resolution of the discretization was adapting 
and increasing in regions where the gradient of temperature is more significant (i.e. thermocline region. 
Moreover this work is a significant reference for the modelling of the HTF as all the discretization details 
and equations are given. 

Karthikeyan [66] et al. presented different mathematical models for the solution of packed bed 
configuration with PCMs. Moreover boundary conditions and different methods for the solutions are 
presented. Also in this case a 1D geometry for the tank is used while for the capsules either a 0D or 1D 
models are explained. 

Galione et al. [11] [8]presented a work concerning the solution for a molten salt thermocline storage with 
both sensible and latent fillers. The model for the HTF was developed in 1D and the gradient temperature 
in the thermocline was considered. In addition to this the concept of the multi-layered configuration was 
developed and implemented. Lastly many geometrical configurations were tested and an optimal 
configuration analyzed. In the work the authors provided design parameters for the tank design. 
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To sum up the most important differences encountered in the models available in the literature regarded: 

1. The simplification regarding the geometry  
2. The thermal gradient inside the capsules 

All the models which were not considering the thermal gradient of the filler materials were based on a 
mathematical model developed by Schuman et al in 1929 [67]. The author considered the heat transfer 
mechanism in a porous prism and evaluated a correlation to calculate a heat transfer coefficient between 
the fluid and particles in function of the porosity and Nusselt number. However as already 
abovementioned this approach could introduce sensible errors if PCMs are considered. This is due to the 
fact that inside the capsules there is an important gradient of temperature and because the inner part of a 
capsule will melt or solidify much later than the external part. These reasons justify the implementation of 
a heat transfer model inside the capsules based mainly on conduction due to internal gradient of 
temperature [11] [8]. 

Considering the geometry, the 1D models proved to be accurate enough to be employed in the 
implementation into a STPP application. The inaccuracies were compensated by a faster code and 
therefore can be chosen if multiple simulations are needed (i.e. sensitivity analysis or optimization).  

For the two reasons abovementioned the approach by Galione et al. is chosen to be implemented for the 
modelling of a thermocline tank. However before implementing the mathematical solution of the model, 
two main aspects were needed to be taken into account, the enthalpy calculation of PCMs and the thermal 
conductivity. The following sections will analyze the main aspects related to these two topics. 

4.6.2 Enthalpy calculation approaches  

Two main approaches can be employed for the energy balance of a PCM capsule filler. Authors like Ismail 
et al. [68] and Bedecarrats et al. [69] applied the typical solidification front tracking method for phase 
change phenomena. In this case the geometry, sphere for the case studies, is split in three main regions: 
the liquid phase, the solid phase and the solidification front which is the interface between the two 
different phases. Figure 23 illustrates the three different regions. 

 
Figure 23: Solidification front tracking method 

The  in the figure tracks the position of the solidification front during the melting process. However this 
kind of approach, even though effective, adds a third equation and therefore more complexity to the 
mathematical model and solution method. In fact the interface position adds another “boundary 
condition” for the two phases. Furthermore the solidification front is not fixed in position and at every 
time step its new position must be calculated. 
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Therefore, in order to decrease the complexity of the solution, another approach proposed by Regin et al 
can be used [70]. In this case the enthalpy and temperature are linked by means of equations and it is 
always possible to calculate one of the values if the other is known. 

↔  (14)

Thank to this method it is possible to avoid the tracking and calculate directly the enthalpy point by point 
based on the temperature. Considering the typical phase change behavior illustrated in Figure 24 it is 
possible to distinguish different equations for each step of the process. 

 
Figure 24: Melting behavior of a PCM 

Therefore for each region in Figure 24 a correlation between enthalpy and temperature can be used. 

h h   (15)

h h   (16)

h h   (17)

h h 	   (18)

 
 (19)

In this way it is possible to calculate the enthalpy of the PCM without tracking at each time the 
solidification front. In this case f represents the mass liquid fraction and ranges between 0 (pure solid) to 1 
(pure liquid). By following this method only one value of enthalpy exists for each value of temperature 
and the energy balance can be expressed as solely function of T. 

4.6.3 PCM conductivity approaches 

The models considering the heat transfer inside a PCM capsule are mainly based on conduction heat 
transfer only. However, especially during the melting of the capsule (discharging phase for the hot 
storage), natural convection plays an important role in the heat transfer mechanism. This phenomenon is 
linked to the buoyance forces and it is significant especially in materials whose viscosity is not high (i.e. 
paraffins and water), yet it becomes negligible in case of high viscosity materials (i.e. salts).When taking 
into account only conduction-based heat transfer models, two possible approaches can be used.  
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In the first method an effective thermal conductivity can be used, by taking into account the effects of the 
natural convection during the heat transfer. Bedecarrats et al. used this method for determining the 
thermal behavior of spherical PCM capsules and underlined how this simplified significantly the solution 
of the equations [69]. The second method aims at analyzing the convective environment during the 
melting process. In this case a multiplicative coefficient is calculated in function of non-dimensional 
parameters typical of the natural convection phenomenon. According to Regin et al. [71] the multiplicative 
coefficient can be calculated in function of a modified Rayleigh and Prandtl number. 

β	ρ	 T /  
(20)

, ,  
(21)

The m subscript refers to the interface between the solid and liquid phase, while the w refers to the wall of 
the capsule. The main difference with the previous model is that the conductivity is increased step by step 
according to the melted fraction. In this way the conductivity will be equal to the conductivity of the solid 
phase at the beginning, then during melting it increases up to values higher than the liquid conductivity. 

4.6.4 Model implementation for STPP application 

Concerning the thesis work the model chose should suffice the following requirement: 

1. To predict the dynamic response of the tank and the temperature profile through its height 
2. To be able to predict the performance of the selected PCM 
3. To be implemented in Matlab environment and secondly in TRNSYS environment 

In order to have a model accurate enough but not highly computational demanding the geometry study 
can be simplified. The following simplification can be done: 

1. 1D axial geometry for the tank  
2. 1D radial geometry for the sphere 

In addition to this even though the Schuman model already abovementioned is accurate enough to predict 
the performance of sensible filler materials, it would introduce a sensible error when taking into account 
PCM capsules [8] [11]. This is due to the fact that the PCM capsules present more sensible temperature 
gradients. Therefore a heat transfer mechanism must be considered inside the latent materials to avoid 
important errors. The modelling of the capsules can be based on only conduction heat transfer equations. 
By considering all the simplifications taken into account the mathematical model developed by Galione et 
al. was chosen to be implemented and solved in Matlab environment. For the enthalpy and thermal 
conductivity calculations the models developed by Regin et al. are chosen as they provide a good 
compromise between complexity of the implementation and accuracy of the results. Table 2 summarizes 
all the models chosen for the different aspects of the implementation of the complete model. 

Table 2: Reference for the mathematical model developed 

Model Aspect Main references Comments 

Geometry Galione et al [8] [11] 
 1D axial tank geometry 
 1D radial sphere geometry 

PCM heat transfer Galione et al [8] [11] Temperature gradient inside the capsules 

Enthalpy calculation Regin et al. [70] No tracking of the solidification front 

Thermal conductivity Regin et al. [71] 
Effective thermal conductivity based on 
multiplicative factor for natural convection 
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4.6.5 Cost model 

As the main objective of the thesis is to verify the techno-economic viability of the multi-layered 
thermocline storage, it is important to analyze the costs of the system. The methodology chosen is the one 
suggested by Nythiandam et al. [72]. As suggested by the authors the total capital expenditure (CAPEX) of 
the storage system can be expressed as the sum of storage material costs, container costs and overhead 
costs. This last term accounts for the miscellaneous costs such as electrical, piping, instrumental, valves 
and it is assumed as the 10% of the storage material. Moreover when considering the costs, first the 
masses of PCM, sensible fillers and HTF are calculated and then multiplied by the specific costs. Lastly 
the tank related costs are calculated by considering the costs for the steel, the insulations costs and the 
foundation costs. 

	 1 	 1 	 	  
(22)

	  (23)

1  (24)

	 2  (25)

	 (26)

For the specific cost of the EPCM the values of the costs of the most suitable materials are taken from the 
work from [73] in which a detailed breakdown of all the costs for the PCM, encapsulation materials and 
process are given. The costs for the sensible filler, stainless steel, insulating materials were taken from [73] 
[72] [12]. Table 3 summarizes the cost breakdown for the different materials used in common 
applications. 

Table 3: Cost breakdown for typical storage materials [73]

Material Cost 

Filler Material (Silica and Quarzite Sand) 72 USD/ton  

Molten Salt 0.75 USD/kg 

Steel 5.43 USD/kg 

Foundation 1210 USD/m2 

Insulation 235 USD/m2 
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5 Thermocline Storage modeling 
The model presented in the following section is based on the differential energy conservation equations. 
In fact in the thermocline tank the capsule spheres are considered as heat sources inside the tank and 
therefore a heat exchange mechanism between the two is considered. The following simplifications were 
adopted for the equations [8]: 

1. 1D geometrical dependence for the HTF equations (axial direction) 
a. This means that each filler and fluid volume has the same temperature in the radial and 

angular directions therefore only one filler per section can be simulated 
2. 1D geometrical dependence for the filler (sensible and PCM) equations (radial direction) 
3. One dimensional fluid flow and temperature distribution 
4. Conduction heat transfer for HTF considered negligible 
5. Spherical shape for the fillers 
6. Ambient losses considered negligible 
7. Radiation losses considered negligible 

The properties for both PCM and HTF were considered in function of the instantaneous temperature. 

5.1 Equation solution and discretization 
The energy conservation equations in differential form were simplified for a 1D geometry and solved by 
means of Finite Volume Method (FVM). With this method it is possible to evaluate partial differential 
equations (PDE) in the form of algebraic equations. The values are calculated at discrete places in a 
meshed geometry. Each node point of a mesh is surrounded by a small volume (Finite Volume) and the 
terms that are containing divergence are converted to surface integrals by means of the divergence 
theorem [74]. In the particular case of the storage tank the discretization was performed in the axial 
direction. Each node of the mesh is “seeing” a finite cylindrical volume with the area equal to the cross 
section areas and infinitesimal height (Δ . For the spherical capsules instead the discretization is 
performed radially. Each node of the mesh “sees” a volume which is enclosed by two concentrical 
spheres. The result of the solution of the FVM is two algebraic equations for each section of the volume 
for both the tank and the sphere [8]. Figure 25 illustrates the discretization details of the studied geometry.  

 
Figure 25: Discretization details for the studied geometry (tank and spheres) 
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(27)

This first equation refers to the HTF energy balance in algebraic form. The i subscript refers to the section 
ith of the tank. The subscript f refers to the fluid. Each term can be explained as mentioned in Table 4. 

Table 4: Significate of each term of the differential energy conservation equation for the HTF 

Term of the equation Significate and comments

 
Storage term, it refers to the stored energy in the finite volume i 
during a pre-determined time step 

	  Advection term, it is referred to the energy transfer between two 
sections of the tank due to macroscopic movement of the fluid 

 
Heat transfer between the finite volume of fluid and the capsules 
(n filler material (FM)). The main contributions are convection 
between the fluid and the FM and the thermal conduction 
resistance opposed by the shell of the capsule of the EPCM (this 
second term is not considered for sensible FM) 

 Ambient Losses through the lateral superficial area of the tank, in 
this case it can be considered negligible as the tank is assumed 
perfectly insulated 

 

Conduction term, it is referred to the microscopic movement of 
the fluid between two adjacent sections; in this case it can be 
considered negligible as the main contribution comes from the 
advection term 

 

The following second equation is referred instead to the results of the FVM for the energy equation inside 
the spherical FM. In this case the j subscript refers to the section jth of the spherical FM. Table5 
summarizes the main explanation for each term of the equation. 

 
(28) 

 

Table 5: Significate of each term of the differential energy conservation equation for the FM 

Term of the equation Significate and comments

 
Storage term, it refers to the amount of energy stored in the 
considered finite volume in a pre-determined time step. 

 
Conduction term, it refers to the heat transfer between two 
adjacent sections due to microscopic movement of the particles 
of the fluid 

 

Considering all the simplifications introduced at the beginning of the chapter it the resultant equations are: 
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(29) 

 
(30) 

/
 

(31) 

Equation (29) represents the boundary condition between the sphere and HTF and therefore models 
the heat exchange between the two materials. This equation includes the heat exchange between the HTF 
and the filler partciles, which is modeled according to the fluid-to-bed Nusselt correlation by Wakao et al. 
[75]. The non-dimensional coefficients are calculated as follows. 

2.0 1.1 . Pr  
(32)  

 
(33)

The convection coefficient calculated from Nusselt is then used to calculate the convective resistance 
between the filler and the fluid. To solve the system of differential equations two boundary conditions 
(BC) for equation (30) and (31) have to be set. The initial conditions (IC) depend on the different 
situations and applications and can be defined later on. The BCs valid for the solutions are the following. 

Table 6: Boundary conditions 
 1st BC 2nd BC

Tank 0 →  
→ 0 (34)

Sperical filler 
0 → 0 → (17) 

(35)

 

A discretization method was followed in order to explicitly have every term in algebraic form and 
therefore discretized, with the finite difference method, the differential terms in time and space. The 
methodology followed is the one suggested by Patankar et al. [76]. The reference system for this method is 
the one illustrated in Figure 26. 

 
Figure 26: Reference system for discretization solution (Adapted from [76]) 

The point considered (P) is surrounded by a control volume (CV) defined by the adjacent section e 
(i+1/2) and w (i-1/2). The control volume is the surrounded by the adjacent points E (i+1) and W (i-1). 
For each equation a method has to be determined to express the e and w sections in function of E and W. 
With the reference system illustrated in Figure 26 the differential equation can be expressed in algebraic 
form as follows. 

 (36)
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To develop the algebraic equations the finite difference methods must be chosen for time and space 
coordinates for both equations. For equation (27) a fully implicit method has been adapted together with 
an upwind scheme for the advection term. In this way each section is influenced by the temperature of the 
fluid coming from the upstream direction calculated at the previous time step and less iteration are 
needed. For equation (28) a fully implicit method has been adopted together with a central discretization 
scheme. The resulting tri-diagonal matrix of the discretization coefficients of the linear system is solved 
through a TDMA [76] algorithm under an iteration pattern. As a consequence the resulting algebraic 
equations solved in the model are the following. 

 (37)

Each calculated point depends on the neighboring points at the same time step and on the same point P at 
the previous time step. In case of an upwind scheme the E term is not considered and less iteration is 
needed. For the capsules the discretization coefficients are presented in Table 7. The same mathematical 
process can be applied to HTF equation and the discretization details are presented in Table 8. 

Table 7:Discretization details for filler materials (sensible and latent)

First Boundary condition Inner Discretization Points Second Boundary Condition
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Table 8:Discretization details for HTF 
First Boundary condition Inner Discretization Points Second Boundary Condition 

 

0 0 0 

   

 

 
For the FM discretization details the vectors of the three coefficients form a tri-diagonal matrix and the 
system of equations can be solved through a Tridiagional Matrix Algorithm (TDMA) [76]. The results of 
the model needed to be validated against experimental campaigns or other numerical models available in 
the literature in order to check their reliability.  
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5.2 Cross Validation of the Model Results 
The reliability of the results given by the model has to be validated. To do so, the results of the models are 
either compared against an experimental campaign or available literature. The model developed in the 
Thesis work is validated for different aspects namely: 

1. PCM behavior 
a. Charge and discharging 

2. Tank dynamic response 
a. Temperature profile evolution during its operation 

3. MLSPCM tank design and dynamic response 

In the first two cases the model has been validated against experimental values available in literature and in 
the third case against a numerical model. 

5.2.1 PCM behavior validation 

The validation of the PCM behavior has been carried by comparing the results of the model against the 
results of the experimental campaign by Nallussamy et al. [13]. In the work the authors carried an 
experimental campaign for a small water tank filled with PCM capsules of paraffin wax. The focus was 
mainly on the investigating of the thermal behavior of a packed bed under different inlet temperatures. 
The water tank was coupled with a solar collector/temperature bath to carry the experiments. The 
spherical capsules are characterized by an inner part of PCM (paraffin wax) and an external layer of high 
density polyethylene (HDPE) with a total number of 264 capsule in a 47 l tank. Table 9 presents the main 
design parameters taken for the validation case. The properties of the materials are listed in Table 23 in 
Appendix A.1. 

Table 9: Parameters for the thermocline profile validation

Geometrical and Design Parameters

 Value Unit 

Diameter of the tank (Dt) 360 [mm] 

Height of the tank (Ht) 460 [mm] 

Number of capsules (n) 264 [-] 

HDPE thickness 4 [mm] 

Charging details

Inlet temperature 70 [°C] 

Nominal Flow rate 2,4,6 [l/min] 

Initial temperature 32 [°C] 

Discharging details

Inlet temperature 32 [°C] 

Nominal Flow rate 2,4,6 [l/min] 

Initial temperature 70 [°C] 
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The results for both charging and discharging are displayed in Figure 27. 

 

(a) (b)

Figure 27: PCM and HTF dynamic response validation - a) Charging details - b) Discharging details
The solid lines represents the numerical results of the model while the dots the results from the 

experimental campaign from [13] 

Figure 27a illustrates the temperature evolution during a charging phase for 150 minutes for an inlet 
temperature of 70 °C and 4 l/min. Figure 27b shows the temperature evolution for a discharging process 
for an inlet temperature of 32 °C and 4 l/min. Figure 1 illustrates the temperature evolution of both HTF 
(water) and PCM capsules (paraffin wax) at the axial position of x/L=0.5 and radial position of r/R=0.8 
(the position of the sensor was not specified and the position considered was the radial position at which 
the volume is split in half [8]).The temperature evolution for both HTF and PCM follows a similar trend 
as the experimental values. The overall discrepancies observed in Figure 27a are linked to simplification of 
the model and uncertainty on the actual position of the sensor inside the capsules. The temperature 
discrepancies for the PCM in the first 50 minutes can be linked to difference with the real properties of 
the paraffin as well as not accounting for contact melting. Paraffins have been observed to have high 
temperature range for melting process and thus the phase change starts at lower temperatures than 
assumed. However, if salts are considered as PCM, the phase change is not characterized by high melting 
ranges and the model is considered viable for such applications. 
The model is able to predict the performance during discharging (as shown in Figure 27b), and in this case 
the discrepancies are mainly linked to difference with the properties of the materials as well as 
simplification of the model. Overall the model for the spherical filler is able to predict properly the profile 
of temperature, and there is a good agreement with the HTF temperature evolution.  
 

5.2.2 Tank dynamic response validation 

The validation of the tank dynamic response was carried by comparing the results of the model with the 
experimental campaign of Pacheco et al. [7]. During their work the authors tested a 2.3 MWh molten salt 
thermocline tank with a mixture of quartzite and silica sand as sensible fillers. The focus of the campaign 
was on parabolic trough applications and therefore the tank was tested for temperatures between 290 °C 
and 390 °C. Moreover the authors tested different materials to be compatible with the typical molten salt 
composition (60% NaNO3 - 40% KNO3) and quartzite and silica sand were chosen not only for their 
stability but also for high availability in the market. Table 10 presents a summary of the geometrical 
parameters and working conditions to carry the validation.  The thermos-physical properties of the 
materials considered are presented in Table 23 in Appendix A.1. 
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Table 10: Parameters for the thermocline profile validation

Geometrical and Design Parameters

 Value Unit 

Diameter of the tank (Dt) 3 [m] 

Height of the tank (Ht) 5.2 [m] 

Diameter of fillers (d) 15 [mm] 

Porosity ( ) 0.22 [-] 

Operating temperatures 290 -390 [°C] 

Nominal Flow rate 5.852 [kg/s] 

 

Some parameters (i.e. flow rate) are actually not available in the paper and therefore were taken from other 
authors who performed the validation with the same work of Pacheco et al [32] [8] [11]. The results of the 
validation are presented in Figure 28. 

 

Figure 28: Thermocline profile validation – Comparison with the experimental values from [12]
– The solid lines represent the results from the numerical model while the dots the values from 

the experimental campaign 

The figure illustrates the temperature evolution throughout the height of the tank at different time steps 
of the simulation (solid lines in the figure) compared with the experimental results of the experimental 
campaign (dots in the figure). The initial condition (t = 0) is taken from the paper for the 11:30 time step 
and from this distribution the tank has been symulated for 2 hours. Overall the model is able to predict 
properly the thermal gradient even though some discrepancies can be observed.  

These can be linked to different reasons such as: 

1. Simplification of the model 
2. Uncertainty on the experimental measurements 
3. Unavailability of all the parameters of the work (namely mass flow, diameter of fillers) 

However the model can be considered reliable and accurate in predicting the temperature evolution in the 
tank and can be used in a multi-layered configuration. 
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5.2.3 MLSPCM design and dynamic performance validation 

The validation of the multi-layered configuration has been carried against the numerical model developed 
by Galione et al. In this case the tank has been designed according to the parameters set by the paper 
authors and tested accordingly. The design and dynamic results such as time of discharge and percent 
theoretical capacity1 are compared to test the model reliability and precision. 

The tank has been design with the C1 case from the work of Galione et al. [8] [11] with two layers of 
PCM and intermediate sensible filler. The PCM used for the simulation are fictitious PCMs with the 
properties of KOH with different melting temperatures (300-380 °C). The sensible fillers are a mixture of 
quartzite and silica sand as suggested by Pacheco et al. The HTF is the typical mixture of molten salts. The 
initial conditions were adapted from the results of the authors’ work. Table 11 summarizes the geometrical 
parameters of the tank and the simulation conditions set by the authors. Table 23 in Appendix A.1 lists 
the thermos-physical properties of the materials used for the simulation. 

Table 11: Design parameters for thermocline profile validation 

Geometrical and Design Parameters

 Value Unit 

Diameter of the tank (Dt) 3 [m] 

Height of the tank (Ht) 5.2 [m] 

Diameter of fillers (d) 15 [mm] 

Porosities ( ) 
Quarzite = 0.22

PCM = 0.34 
[-] 

Operating temperatures 290 -390 [°C] 

Nominal Flow rate 5.852 [kg/s] 

Width of PCM layers (2 layers) 7 [%] (of the total height)

 

The tank has been simulated with a discharge operation which stops when the outlet temperature reached 
a cut-off limit of 375 °C. This assumption was made in order not to compromise the functionality of the 
thermocline tank. This concept will be further explained in the next sections of the thesis. Table 12 
summarizes the results of the validation with the percent difference between the two models. 

Table 12. Validation of the MLSPCM model against the numerical model by Galione et al [8] 
Size = 3.42 h                                     Energy = 3.02 MWh 

  
 

Reference case Model results Percent difference

Mass of PCM (ton) 17 16.8 1.18% 

Mass of solid filler 
(ton) 

42.7 43 0.70% 

Operation Time (h) 2.86 2,86 0.00% 

Energy ratio (%) 76.9 76.4 0.65% 

 

The model is able to predict properly the performance of a MLSPCM tank with accuracy. In fact for both 
steady state and dynamic parameters, the relative error is lower than 1.2%. 
                                                      
1 It is defined as the percentage of energy that can actually be discharged from the tank 
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Once the model has been solved and thoroughly validated, the design must be adapted to a STPP 
application. Therefore higher temperatures have to be considered; hence different materials must be 
chosen. The next sections will take into consideration all the important aspects of the design of a 
thermocline tank. 

6 Design of MLSPCM storage 
The design of a MLSPCM tank storage involves different aspects: 

1. Choice of the appropriate materials 
a. Considering the temperatures of STPP application, energy density, costs and availability 

in the market 
2. Optimization of the geometrical parameters 

a. Hence choosing the optimal width of PCM layers, radius of fillers and porosities 
3. Design of the volume of the tank considering its system integrated perspective 

The following chapters will investigate all the points mentioned in details. 

6.1 Choice of the materials 
When choosing the appropriate materials for a thermocline tank with PCM layers for STPP applications 
different criteria have to be applied for the different components. 

For the sensible storage materials (i.e. HTF and fillers) the most used materials have been chosen as 
follows: 

1. HTF: Molten Salt as it is the typical HTF material for STPP application for its thermal properties 
2. Sensible fillers: Mixture of Quarzite and Silica Sand as easily available in the market and 

chemically compatible with molten salts [12] 

However for the latent materials one of the main criteria to choose the two different PCM is their phase 
change temperature. Indeed this value must lie between a specific range of temperature, set by the specific 
application. For instance when considering the top layer, the melting temperature must lie between the 
hot temperature of the HTF cycle and the cut-off limit set to the outlet temperature of the tank. In fact, in 
opposition to what happens in a two tank TES system, the outlet temperature start to drop as the colder 
fluids are displaced from the lower parts of the tank. Indeed the presence of latent materials not only 
increases the energy density but also stabilizes the outlet temperature as the heat exchange happens at 
constant temperature. The main reason behind the choice of a specific melting temperature lies behind an 
increase in the overall efficiency of the tank [8] [11]. The same kind of reasoning can be applied to the 
bottom layer of the tank. When the tank is charged the hot side volume starts to increase and the colder 
fluids are displaced. However if this procedure is kept on for too long the outlet temperature starts to 
increase up to depleting the thermocline region. Therefore also in this case a cut-off temperature must be 
set and the melting temperature of the layer of PCM lies in the range between the cold temperature of the 
HTF cycle and the cut-off temperature. 

Typically for STPP applications the two working temperatures for the HTF are around 560-565 °C and 
290-315 °C and therefore the melting temperature must be chosen accordingly.  The second criteria in 
order to choose properly PCM materials in this kind of applications is their chemical compatibility with 
the molten salts in order to avoid corrosion problems to avoid their depletion. The same reasoning can be 
applied to the shell material of the capsules as it needs to avoid corrosion between the HTF and the PCM 
and have a high conductivity to increase the heat transfer rate.  
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To sum up the main criteria to choose the proper latent materials are the following: 

1. Adequate melting temperature 
2. Chemical compatibility 
3. Good thermos-physical properties 
4. Availability in the market  

By considering all the criteria, the materials that have been chosen for a STPP application are summarized 
in Table 13 together with their specific costs. The thermo-physical properties are listed in Table 23 in 
Appendix A.1.  

 

6.2 Optimization of the geometrical parameters 
When designing a thermocline tank many different geometrical parameters apart from tank height and 
volume must be taken into consideration. In fact between the most important to be mentioned are: 

1. Porosity of the different layers (EPCM and sensible fillers) 
2. Widths of the layers of PCMs 
3. Diameter of the fillers 

An optimal geometrical configuration has to be found in order to increase the tank efficiency and at the 
same time decreasing the quantity of PCM employed (as more expensive compared to the other storage 
materials). In fact increasing the width of the layers means increasing the energy density but does not 
necessarily mean increasing the energy transferred to the HTF. This concept can be better understood by 
observing Figure 29.  

It illustrates the tank effectiveness (defined as energy released to the HTF divided by the total energy 
stored in the tank) for different width (in % of the height of the tank) of PCM layers. It is possible to 
observe that optimal points are found around 7-10% of the total height for each layer of PCM. 
Consequently this means that increasing, after a certain threshold, the quantity of latent material stops to 
be beneficial for the tank and would not only decrease its efficiency but also increase its specific cost. 
From the figure it is observed that a tank in a multi-layered configuration performs better than a tank only 
with sensible fillers with an increase in the effectiveness of 27.45% (in an optimal configuration). The 
same is observed if compared with a configuration with only two layers of PCM, the improvement is even 
more significant with an increase in the overall effectiveness of 36.9%. This confirms what already found 
in the study previously presented by Galione et al. [10]. These considerations justify the more in depth 
analysis of a multi-layered configuration. 

Table 13. Cost breakdown for storage materials [73] 

Material Cost 

Sensible solid filler Quarzite and Silica sand 72 $/ton 

PCM 1 NaNO3 7.27 $/kg 

PCM 2 Li2CO3/Na2CO3/ K2CO3 8.51 $/kg 

HTF Molten Salt 0.75 $/kg 
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Figure 29: Tank effectiveness vs. thickness of PCM layers

Figure 29 presents an analysis for a particular case of filler radius and porosities of the different layers and 
different optima can be found for different configurations. Therefore it is important to optimize the 
geometrical configuration of the tank according to all the parameters involved. 

This can be done by employing a genetic algorithm to optimize the energetic effectiveness of the tank 
(defined as the energy released over the total energy stored). By this mean it is possible to optimize the 
defined objective function by varying different parameters at once and finding the optimal configuration. 
This analysis has been done considering the typical working conditions of a thermocline tank for a STPP 
application by fixing the tank height at 12 m [9]. Table 14 summarizes the geometrical parameters varied 
during the optimization process and their optimal values. 

Table 14. Optimization details for the MLSPCM design

Optimization details

Decision Variables: Limits Results Unit 

Porosity 1st layer 10:50 22 [%] 

Porosity 2nd layer 10:50 37 [%] 

Porosity 3rd layer 10:50 22 [%] 

Width 1st layer 5:10 7 [%] 

Width 3rd layer 5:10 7 [%] 

Diameter of the fillers 5:20 9.1 [mm] 

 

It is interesting to notice the different values of porosities between the latent and sensible filler layers. This 
is because the system tends to store more HTF in sensible part and less in the latent side as the PCM, 
storing more energy and having an isothermal energy transfer, can better stabilize the temperature of the 
incoming fluid from the lower part of the tank. The optimization confirmed the trend shown in Figure 29, 
as the optimal width of the PCM layers was found to be at 7%.  



42 

6.3 Tank design approach 
The sizing of the tank (volume for a fixed height) cannot be done through direct calculation but an 
iterative approach is necessary. This is due to the fact that during its operation the tank cannot release the 
whole energy stored. This is linked to stability issues as it is better not to extract the thermocline region 
from a single tank TES, as this would compromise its functionality (the gradient of temperature would be 
depleted and the tank should be charged and discharged under continuous cycles until the final profile of 
temperature is reached again) [77] [78].  

These observations justify an iterative design approach as the tank is firstly designed for a nominal point 
and then tested for its dynamic performance to evaluate its efficiency. In a second step the volume is 
increased accordingly and tested until the design energy released is reached. The volume of the tank is 
increased in according with the effectiveness of the tank as follows. 

 
(38)

 
(39)

The volume of the tank is increased by being divided by the tank effectiveness ( ), however the 
energy released and the volume are not correlated linearly and therefore multiple iterations are required. 
Figure 30 summarizes the design process. 

 
Figure 30: Logical flow for MLSPCM thermocline tank design 

The dynamic simulation is stopped when the outlet temperature reaches the cut-off temperature (meaning 
that the gradient region has not to be extracted). Figure 31 illustrates a typical profile of outlet temperature 
for this kind of applications. 

 
Figure 31: Outlet temperature evolution 

Figure 31 presents a simulation case for a discharging application between the temperatures of 563 °C 
(Hot Temperature) and 540 °C (Cut-off temperature) with a phase change temperature of the latent fillers 
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of 550 °C. It is possible to observe that after approximately one hour the temperature of the outlet fluid 
starts to drop. This means that the HTF inside the tank at the hot temperature has been extracted 
completely and the lower region starts to be extracted. In this second phase still the temperature of the 
fluids is higher than the melting temperature of the E-PCM and their sensible heat is exploited to raise the 
temperature of the fluids coming from the lower regions (that is why a linear drop of temperature can be 
observed). In a third phase all the sensible heat of the E-PCM is exploited and the incoming fluid from 
the lower regions exchange heat with the latent material during the phase change at constant temperature 
(that is why the temperature stabilizes at the melting temperature). When the latent heat cannot be 
exploited anymore, either because the capsules are fully solidified or the inner part of the EPCM cannot 
be discharged, the temperature of the outlet fluid starts to drop rapidly. When the cut-off temperature is 
reached the fluids are not extracted anymore. To size the tank for the nominal parameters the following 
correlations are used to define its energy density and therefore its volume. 

Mass of PCM 1  
(40)

Mass of sensible filler 
material 

1  
(41)

Mass of Molten Salts  (42)

Energy density of 
PCM 

 
(43)

Energy density of 
molten salts 

 
(44)

Energy density of 
senible filler material 

 
(45)

Volume of the tank 
∑

 
(46)

6.4 Performance for a STPP configuration 
During a charge or discharge phase the volume of hot HTF increases or decreases respectively. The 
operation of thermocline involves moreover an increase of the thermocline region which expands during 
several charge and discharge cycles. In order to have a better understanding on how such systems work 
the tank has been designed for a particular application. The case study presented in Figure 32 refers to a 
particular design for a STPP application taken from [9]. Table 15 summarizes the main design parameters. 

Table 15: Design parameters for the performance of the MLSPCM tank

Design Parameters 

 Value Unit 

Height 12 [m] 

Size 9 [h] 

Energy 2.23 [GWh] 

Mass flow 657.6 [kg/s] 

Temperatures 300-563 [°C] 

 

The results obtained for these design conditions are summarized in Table 16.As it is possible to observe 
only 81.97% of the energy that can be stored in tank is actually exploited as the dead zone is not extracted. 
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This means that the final volume of the tank must be higher justifying the iterative design approach. The 
volume obtained for a single tank is lower than the total volume of a two tank application. In fact when 
comparing with a two tank TES design taken from the work of Guédez et al [51] the resultant volume is 
154% higher than the MLSPCM volume. This was expected as the energy density of PCMs is higher than 
the molten salts and therefore the volume decreases even though the efficiency of the tank is lower than a 
two tank system (around 90-95%). 

Table 16: Results for the case study 

 Value Unit 

Diameter 40.9 [m] 

Volume 15200 [ ] 

Energy effectiveness 81.97 [%] 

Time effectiveness2 86 [%] 

Specific Cost 16.7 [USD/kWh] 

Investment Cost 37.25 [Mil USD] 

 

Secondly the specific cost of the MLSPCM tank is compared with the two tank TES. The results are 
presented in Table 16. The specific cost of such single tank storage results lower than a two tank TES 
which is around 23.9 USD/kWh in the specific case of this design application. Therefore by replacing the 
storage device with a single tank MLSPCM storage it is possible to decrease the related CAPEX of 30%, 
with the current cost estimates. To verify the optimization results the tank has been tested with higher 
quantity of PCMs by increasing the two widths of the layers of PCM. Table 17 summarizes the results and 
compares the three cases so far presented, a two tank system, a single tank with optimal design and a 
single tank with increased mass of PCM. 

Table 17: Results and comparison with the techno economic performance indicators of a two tank system 

TES Configuration TES Volume [m3] TES Cost [$/kWhth]

2-Tank 24330 23.9 

1-Tank (2x7% PCM) 15200 16.7 

1-Tank (2x15%  PCM) 14400 25.9 

 

For the first two cases a detailed cost breakdown is presented in Table 18, while Figure 32 represents 
visually the contribution of each storage material and the overall tank cost. The cost reference for the two 
tank storage are taken from [8] [72], The figures and table summarize that in a two tank storage system the 
cost the cost related to the vessel represent a significant percentage (38%). In the MLSPCM the overall 
storage material cost represents the 86% of the total investment and with current cost estimates it is 
possible to achieve single tanks with 30% lower investment costs. Even though the volume of the PCM 
capsules represents the 10.92% of the total capacity of the vessel, they contribute for 54% of the total 
investment cost. This observation justifies the approach of having small layers of PCM not only from a 
technical aspect but also from an economic standpoint. 

 

                                                      
2 The time effectivenes has been defined as the ratio between the actual time of discharge and the design size of the 
thermocline tank 
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Table 18: Comparison of cost breakdown between the two tanks 

Material cost Two tank TES [Mil USD] MLSPCM tank TES [Mil USD]

PCM 1 - 9.39 

PCM 2 - 10.81 

Sensible filler materials - 1.92 

Molten Salt 33.15 5.11 

Total tank cost 20.06 10.01 

Total investment cost 53.21 37.25 

 

(a) (b) 

Figure 32: Cost breakdown - a) Two tank TES - b) MLSPCM tank TES 

Another important advantage of using a single tank storage tank is the fact that there is not variable 
volume inside the vessel. This, from an operational point of view, means that the pumps used to extract 
the fluid do not have to place the suction head at the bottom of the tank. Such pumps present a 
challenging design operation and therefore higher maintenance is required. In opposite with a single tank 
the volume of the fluids is always constant (if not considering thermal expansion) and therefore the 
suction head can be placed at the top or bottom of the tank avoiding complicated design [79]. The 
dynamic performance of the single for the aforementioned design is presented in Figure 33. 

Figure 33: Thermocline profile evolution for a discharging case 
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The figure illustrates the temperature profile evolution at different time steps until the cut-off temperature 
is reached. The case presented is the same as the one analyzed in Figure 31 in which the tank is designed 
to work for 9 hours. It is observed that the height of hot fluid at the beginning corresponds to around 
83% of the total height (10 meters of tank filled with HTF with temperature between 550 and 563 °C). 
Steadily the hot fluid volume lowers and the dead zone region increases (the slope of the thermal gradient 
decrease and therefore more volume is occupied by the thermocline region). After three hours the hotter 
fluids are completely displaced and the temperature in the top part of the tank stabilizes to the melting 
temperature of the latent fillers. By observing the bottom part of the graph the opposite trend for the 
colder fluids is observed. At the beginning a small percentage of the tank is occupied by the cold fluids 
and this increases as the tank is discharged. Slowly the temperature stabilizes to the melting temperature of 
the bottom layer latent fillers and at the end of the process the cold fluids volume becomes predominant. 

The MLSPCM is therefore a promising thermal energy storage that can aim at reducing the related 
CAPEX up to 30%. In the analysis presented so far the most important findings are as follows: 

1. The MLSPCM is able to provide the energy required for the time size of design if the tank is 
appropriately oversized 

2. The tank layers of PCM and geometrical parameters can be optimized to maximize its energy 
effectiveness 

3. The energy effectiveness of such tanks with an optimized design ranges between 80-85% 
4. The outlet temperature of the tank is not constant but drops at certain instants of time 

Even though the investment cost is lower that a two tank TES, the drop in temperature at the outlet of 
the tank can signify a lower electricity production hence less profits for the STPP. This is why the 
following part of the Thesis work will focus on the integration of the MLSPCM model inside the dynamic 
simulation environment of DYESOPT. The main aim is to test the dynamic performance of the tank 
coupled with the STPP model considering the dynamic performance of the whole power plant. 
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7 Integration of the tank model in a dynamic 
simulation environment 

As already discussed in the previous paragraph the following sections will focus on the integration of the 
thermocline storage model in the dynamic environment of the simulation tool. The dynamic performance 
of the STPP are evaluated in TRNSYS. However one of the most important raising problems associated 
with TRNSYS simulations is the time step. Indeed when carrying a dynamic analysis of a STPP, the time 
step used in the simulation is of the order of minutes (10-30 minutes up to 1 hour). However the dynamic 
simulation of a thermocline tank with a detailed model of heat exchange between the HTF and the latent 
fillers cannot be covered with such time steps. Therefore in order to simulate the performance of a single 
tank in a STPP layout two approaches are possible: 

1. Simplify the PB model through efficiency correlations 
2. Simplify the TES model 

As the performance model has been already developed, the approach chosen for this work is to simplify 
the thermocline tank model on the basis of the MatLab simulation code. Also in this case two approaches 
are possible depending on the way the simplification is done. Indeed if it is chosen to simulate the thermal 
behavior of the tank inside TRNSYS a simplification of the heat transfer model is necessary.  

One possible solution would be to use the model suggested by Schuman in which the thermal gradient 
inside the fillers is not considered [67]. However this model proved to have a poor accuracy in case of 
phase change involved in the heat exchange as the temperature gradient inside the fillers is considerable. 
Therefore a second approach would be to consider the model in TRNSYS as a black box in which the 
only output would be the outlet temperature given a certain inlet mass flow and temperature. In this sense 
instead of predicting the whole temperature evolution inside the tank as presented in Figure 33 the 
component would be able to give only the outlet temperature profile as in Figure 31 [80]. By following 
this approach, the tank can be tested once in Matlab environment, correlations can be created each time 
for the particular case and lastly these can be input in the component in TRNSYS adjusting them for 
different working conditions (i.e. inlet temperature and mass flow).  

7.1 Approximation function 
In order to create a component in TRNSYS that could well reproduce the temperature evolution at the 
outlet of the tank two main steps were required. 

1. Creation of a function for a reference case for the outlet temperature 
2. Creation of correlation for different working conditions 

For the first step it has been chosen to use as a reference case the charging and discharging cases for the 
nominal design point. This would mean: 

1. Constant charging or discharging nominal mass flow 
2. Constant charging or discharging nominal inlet temperatures 

The component is then simulated and an interpolant function for the obtained results is then created. 
However this function is valid for the particular condition in which it was simulated. Therefore another 
important step is to analyze the influence of other working parameters such as inlet mass flow and inlet 
temperature. The relation between mass flow and discharge time is represented in Figure 34. 



48 

 

Figure 34: Correlation between different mass flows and discharging time 

From this graph it is possible to extrapolate appropriate coefficients to approximate the function to a 
polynomial curve. This equation is then used in the TRNSYS component (Type 202) to adapt the 
discharge time and outlet temperature for the different inlet mass flows. The resultant output from the 
component is a correlation between outlet temperature and state of charge of the tank and mass flow. For 
instance, when considering a discharging cycle, the output will be similar to what was already present in 
Figure 31.  Figure 35 presents a result of the approximation functions for a variable mass flow condition. 

Figure 35: Result of the correlation in the TRNSYS component compared with the model in MatLab 

The model is able to represent properly the performance of the tank with an RMSD error that ranges 
between 0.5 to 1.5% depending on the working conditions. The component in TRNSYS has been then 
developed according to this model in Fortran environment. The influence of the inlet temperature has 
been tested, however this has a low influence on the performance of tank. Indeed even if the inlet 
temperature increases between 5 to 30 °C the difference in performance is of less than 1%. This can be 
explained by considering the properties of PCM. In fact as the energy transfer happens at constant 
temperature the PCM layers manage to stabilize the temperature to the melting point of the PCM. 
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7.2 Integration of the tank in STPP layout 
The thermocline tank, differently from the two tank system, is placed in a parallel operation between the 
receiver and the steam generation train similarly to the indirect configuration. Another important different 
is that the volume of the fluids inside the tank does not vary (excluding differences due to change of 
temperature). This means that, if the mass flow required by the receiver changes, a buffer is needed to 
accommodate the changes in mass flows. For the STPP layout considered, the volume of the buffer has 
been considered 10% of the total volume of the tank to be sure that at every time step it is possible to 
accommodate the variable mass flow. The integration of the MLSPCM tank is illustrated in Figure 36. 

Figure 36: STPP layout with integrated Thermocline (TC) multi-layered tank 

7.3 Control strategy for the thermocline MLSPCM tank 
Differently from what happens in a two tank system when a parallel operation is required the tank can 
have three different operating modes: 

1. Stand-by mode:  
a. the energy provided by the SF is enough to satisfy the demand of the power block, the 

tank is fully charged and the exceeding energy (if present) is delivered to the buffer 
2. Charging mode: 

a. The solar field can provide more energy than the required one from the PB and the tank 
can be charged either at nominal mass flow or at a lower rate 

b. The PB is set not to operate and the tank can be charged either at nominal mass flow or 
at a higher rate 

3. Discharging mode:  
a. The solar field is not providing energy and the tank is discharged at nominal mass flow to 

accommodate the demand of the PB 
b. The solar field is providing less energy than the required one and the tank is discharged at 

a mass flow lower than the nominal point 

Figure 37 illustrates the logic diagram implemented for the dispatch strategy of the storage. 
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. Figure 37: Dispatch strategy for a single tank storage 

The Predefined dispatch strategy (PDS) sets the operation of the STPP according to the price of 
electricity. When the STPP is set to operate (PDS=1) the incoming power from the solar field is 
compared with the nominal value (SM=1). If this is higher, the exceeding power can be used to charge the 
storage if this is not full (State of charge (SOC) lower than 1). In case of a fully charged storage a buffer is 
filled with the incoming molten salt (this in opposite with a two tank system in which the volume of the 
tanks is variable and therefore no buffers are required). In case the solar energy is not high enough the 
storage discharges if not empty to compensate the difference between the nominal power and the 
incoming one. The operation mode of the power plant can be summarized as follows in Figure 38.  

OM 1 OM 2 

OM 3 OM 4 

OM 5 OM 6 
 

Figure 38: Different Operating Mode (OM) for the power plant 
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The 6 identifiable Operating Mode (OM) are linked to the tank dispatch strategy and the PDS of the 
power plant. Figure 38 refers to the layout presented in Figure 36. Table 19 presents a brief explanation of 
each modality, and under which situation the storage tank is activated accordingly. 

Table 19: Different Operating Mode (OM) of the STPP integrating the single tank MLSPCM 

Operating Mode 1 (OM1):

 The STPP is online 
 The incoming energy from the SF is equal to the nominal required power ( )  

 The tank is not charged but is in stand-by mode 

Operating Mode 2 (OM2):

 The STPP is online 
 The incoming energy from the SF is higher than the nominal required power ( )  

 The tank is in charging mode, or if fully charged, the buffer is used 

Operating Mode 3 (OM3):

 The STPP is online 
 The incoming energy from the SF is lower than the nominal required power ( )  

 The tank is in discharging mode 
 The tank operates in parallel with the receiver to compensate the thermal power and provide nominal 

condition to the steam generation train (if not fully discharged) 

Operating Mode 4 (OM4):

 The STPP is online 
 There is not incoming power from the SF 
 The tank is in discharging mode 

Operation Mode 5 (OM5):

 The STPP is set not to operate by the PDS  
 The tank is in charging mode, the incoming power from the SF serves only this purpose 

Operation Mode 6 (OM6):

 No incoming power from the SF 
 The power plant is shut down either because the storage is completely discharged or because the PDS set 

all the system to shut down as the electricity price is equal to zero 
 The tank is in stand-by mode 
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8  MLSPC performance in the STPP 
This section presents the performance of the single tank MLSPCM storage integrated in a STPP layout. 
This will be presented in terms of: 

1. Optimized design according to techno-economic indicators 
2. Comparative study with the two tank solution 
3. Dynamic performance during the plant operation 

8.1 Multi-Objective Optimization 
When analyzing an energy system, it is important to look at different objectives from technical and 
economical standpoints. That is why the techno-economic indicators were presented in §4.5. However, 
the simultaneous optimization of different indicators can often conflict and therefore optimal trade-off 
curves can be identified. In this way it possible to present a range of solutions to the decision makers who 
can choose the desired compromise between different objectives. The aforementioned trade-off curve 
results in Pareto-optimal if there is no other design which simultaneously improves in all the objectives. 
Therefore moving from a Pareto-optimal design point to another one will result in a degradation of one of 
the objectives [81]. Figure 39 presents a typical Pareto-front. 

 
Figure 39: Pareto front example [81] 

The figure illustrates how the points which are not belonging to the Pareto front can improve one of the 
two objectives without the degradation of the other [81]. When many variables and constraints are taken 
into consideration the optimization becomes a mixed integer non-linear problem which can be suitably 
solved by evolutionary algorithms. These are part of the ‘population’ based algorithms in which a 
population of designs is moved towards a set of optimal designs through “evolution”. These algorithms 
require only a range of values and the resulting objectives, without any other additional information. This 
makes them suitable to be treated as black-box models which can interact with a second model without 
modifications [81]. To properly ensure the convergence to a Pareto front an initial test population has to 
be created. The initial number of points depends on the variables and on the number of design objectives. 
Usually the initial population is set as follows [82]. 

	 4 ∙ ∙  (47)

Such approach has been taken to analyze the performance of the STPP with the integration of a single 
tank system and the following paragraphs summarize the obtained results. 
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8.2 Case study 
The main objective of the case study hereby presented is to verify the performance of the single tank in a 
optimized design. Therefore the multi-objective optimization methodology has been followed in order not 
only to look at the performance of just the tank component, but also on the techno-economic 
performance of the whole power plant. To carry the study the location of Upington, South Africa was 
chosen [9]. This choice is justified by three main reasons:  

1. Existence of previous study on the two tank integrated STPP by Guédez et al. [50] 
2. Two-tier price scheme (suitable for analyzing different plant operation)  
3. High solar resource availability (Average yearly DNI of 2816 kWh/m2) 

The tariff is a two-tier tariff scheme in which the price for the five peak hours is 270% higher than the low 
price hours (150-405 USD/MWh). Figure 50 presents the price evolution for a week, together with the 
DNI [50]. Apart from the location other parameters needed to be taken into account such as the design 
day and economic parameters; these are summarized in Table 20. 

 
Figure 40: Weekly price tariff considered for the techno-economic analysis [50]. 

 
Table 20: Design parameters for the case study

Reference design day 
 Value Unit 
Design Day 173 [-] 
Time 12 [h] 
DNI 850 [W/m2] 
Ambient air temperature 30 [°C] 
Ambient air pressure 1 [bar] 
Wind velocity 1 [m/s] 
 Economic Parameters  
Real debt interest rate 7 [%] 
Annual interest rate 1 [%] 
Corporate sales TAX 28 [%] 
Plant lifetime 30 [years] 
 
In the multi-objective optimization considered for the study case three different objectives were 
considered and two different optimization cases were performed. Table 21 presents the two optimization 
case studies taken into consideration. 
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Table 21: Case studies for the optimization 

Objective 1 Objective 2 
Case study 1 LCOE Minimize CAPEX Minimize

Case study 2 IRR Maximize CAPEX Minimize

 

The design variables were chosen in order to change both the design parameters of the PB and SF and 
TES. Table 22 summarizes all the design parameters which are varied during the optimization. 

Table 22. STPP design optimization details

Decision Variables: Limits Unit Decision Variables: Limits Unit

Solar Multiple 1:3 [-] Number of extractions after RH 0:3 [-]

Tower Height  120:280 m TTD at HPT Feedwater PHs 2:4 °C

Receiver Height  12:20 m Condenser Split Temperature  20:30 °C

Receiver Diameter  10:18 m Condenser Air dT at design 15:25 °C

TES size (hours) 3:12 hours Economizer Pinch 6:10 °C

Electrical Power 50:130 MWe Superheater Pinch 6:10 °C

Inlet pressure at HPT 75:160 bar Reheater TTD 8:16 °C

IPT inlet pressure 20:40 bar Tank cut off 538:550 °C

 
As presented in equation (47), the initial population results in 128 points as 2 design objectives were set 
and 16 variables were considered. 
The decision to vary the power block design parameters (and not take an already optimized design) is 
related to the fact that different power plants mean different working temperatures for the HTF cycle and 
therefore different temperature designs for the thermal storage. The solar field is varied accordingly to 
accommodate the electricity production for the price profile. Regarding the thermal storage apart from its 
size, the other parameter which is varied is the thermocline temperature cut-off. This value is related to 
two factors: 

1. Efficiency of the MLSPCM tank 
2. Influence of the lower outlet temperature on the electricity production (influence on the PB 

efficiency) 
Therefore it was chosen to optimize this parameter not only according to the tank performance but also 
to the overall performance of the power plant. The limits on the decision variables were chosen 
accordingly to the typical ranges of STPP applications. 
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8.2.1 LCOE vs. CAPEX case study 

A first optimization was carried to analyze the optimal design of the STPP with integrated MLSPCM tank 
in order to minimize the LCOE while at the same time minimizing the risks associated with high 
investment cost (CAPEX). As already shown in [50], lower LCOE are obtained with a continuous 
operating strategy and also in this case the optimizer converged to this operation mode. Figure 41 
illustrates the trade-off curve of the optimization. 
 

(a) (b) 

(c) (d) 
 

Figure 41: LCOE vs. CAPEX optimization – a) Solar Multiple – b) Electrical Power –c) TES size – d) Cut-Off 
temperature 

Each point in the graphs represents a different power plant configuration with the combination of the 
different decision variables. The actual Pareto-front that can be identified in the figures is located in the 
bottom part of the graph until the bend is observed. This means that the constraints limit the 
development of the Pareto in the left part of the graph and therefore those points are to be considered 
belonging to the feasible region. 

The first two figures (41a and 41b) illustrate two design parameters from the power plant perspective, 
namely SM and size of the PB. The figures show that for achieving lower LCOE, high investment are 
required by increasing the SM and Electrical Power size, but that by reducing significantly the PB from 
110-120 MWe to 60-70 MWe it is possible to achieve comparable LCOE by halving the CAPEX. In the 
Pareto front the optimal SM was found to range between 2.4 and 2.6, as after this value the losses in the 
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SF region would be too high, not allowing a proper employment of the solar resource while at the same 
time increasing the total CAPEX (therefore all the points with SM equal to 3 are found in the feasible 
region and not in the Pareto front).  

 In order to accommodate high capacity factor, high storage sizes are required and this can be observed 
from Figure 41c in which the highest values for TES size can be observed in the Pareto front. In this area 
the optimal TES sizes found were between 14 to 16 hours and higher values are only found in the feasible 
region. It can be seen that the TES size optimal points follow a similar trend to the SM. Indeed, as 
expected, for higher solar input it is possible to both provide the thermal energy required by the PB and 
charge larger TES. From the storage design perspective, Figure 41d illustrates that there is not a clear 
optimal cut-off temperature in the limits set. A tendency can be seen only in the higher PB size region 
(bottom right of the graph), in which the cut-off temperature is increased up to between 546 and 548. 
This can be explained by considering that if the cut-off temperature is decreased up to its lower limit the 
electricity output would suffer as the TIT is decreased, hence the turbine efficiency is lowered. Moreover 
when high capacity factors are reached, the majority of the electricity is produced from the heat deriving 
from the thermal energy storage. Therefore for higher TES sizes (bottom right of the graphs), the 
optimizer converged to higher cut-off temperatures.  

8.2.2 IRR vs. CAPEX case study 

The second optimization was carried to analyze the optimal design of the STPP with integrated MLSPCM 
tank in order to maximize the IRR while at the same time minimizing the risks associated with high 
investment cost (CAPEX). Figure 42 illustrates the trade-off results of the optimization. Also in this case, 
each point in the graphs represents a different power plant configuration with the combination of the 
different decision variables.  
 
As already shown in [50], higher IRR are obtained with a peak-load operating strategy and this is 
confirmed in the study as the optimizer converged to such modality. The price of electricity taken into 
account is the two-tier tariff scheme presented in Figure 39. Indeed when maximizing the profits of a 
power plant the market situation of a certain location (in this case South Africa), must be taken into 
account. In this case the Pareto-front is identified in the upper part of the graphs, until the bend is 
reached in the area of 200 milion USD of CAPEX. Also in this case, this means that the constraints on 
the decision variables are met, hence all the points in the lower part are belonging to the feasible points 
region. From Figure 42a it is possible to observe that the SM tends to be minimized to the lower 
boundary of 1. This is because the solar field represents one of the most costly parts of the STPP and the 
optimization tends to minimize as much as possible such component. From a PB perspective a similar 
trend to the one present in the first case can be identified. In fact and increase in PB size would mean 
higher IRR but at the cost of higher related CAPEX.  
 
In case of not-oversized SF, the electricity must be aimed at certain hours (i.e. the more profitable peak 
hours). The South African electricity prices presented in Figure 40 presents a peak price time of 5 hours 
and, as a consequence, the TES size is designed accordingly to have 5 hours of discharge time to 
accommodate the highest price hours. This discussion is supported by Figure 42c in which a clear optimal 
size is observed (5 h of TES capacity). In opposition to the previous case, the Cut-off temperature is 
shown to have an optimal range of values in Figure 42d. Indeed, in a peaking strategy the main part of the 
electricity production is switched to the peak price hours due to storage operation. Therefore with the 
considered market situation, up to 55% of the electricity produced derives from the heat provided by the 
storage. Moreover if this electricity is weighted in importance accordingly to the price hours, it is evident 
that achieving higher turbine efficiency during the more profitable hours is essential. Therefore it is better 
to increase the tank volume by increasing the cut-off temperature and having higher related specific costs, 
than sacrificing the turbine efficiency.  
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(a) (b) 

(c) (d) 

Figure 42: IRR vs. CAPEX optimization – a) Solar Multiple – b) Electrical Power –c) TES size – d) Cut-Off 
temperature
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8.3 Comparative analysis 
The optimization studies showed that the MLSPCM tank is a valid solution in order to replace the typical 
two tank solution. However the outlet temperature of the MLSPCM is not constant in opposition with the 
two tank solution. This means that, when the tank is almost fully discharged, a drop in the power 
production is observed as the turbine inlet temperature (TIT) decreases. In order to check the viability of 
the MLSPCM tank in comparison with the two tank solution, two similar power plant configurations 
integrated with the two different TES technologies were analysed. The power plant taken into 
consideration were optimal designs of 110 MWe, obtained from the optimization work presented §10.2 
(Optimal designs are presented in Appendix A.2 in Figure 46 and Table 24 and 25). A sensitivity analysis 
is presented in terms of different SM and TES size. The power plants were compared in terms of techno-
economic indicators (LEC and IRR) and the results are presented in Figure 43a and Figure 43b. 
 

(a) (b) 

Figure 43: Sensitivity analysis and comparison between a two tank system and a single tank MLSPCM system – a) 
LEC comparison – b) IRR comparison

 
With the current cost estimates, as shown in Figure 43, there is not a single better option but one 
technology is preferable over the other depending on the design and operation strategy of the power 
plant. In fact in the case of the LCOE minimization a baseload operation is preferred, therefore the 
thermocline tank is almost fully discharged daily. This means that if the SM is not high enough to allow 
the SOC to be brought back at high values the two tank storage is a more economical solution. This can 
be explained by referring to Figure 31. If the daily average SOC is constantly kept below 30%, the outlet 
temperature of the tank would always be lower than the hot temperature of the HTF cycle, affecting the 
overall electricity production. This concept explains why for a SM of 1.5 only small tanks (3 hours size) 
can have a comparable performance with the two tank systems. However when increasing the SM, the 
tank can be brought back to higher state of charge more consistently improving the performance. 
Therefore for a SM equal to 2.5 the MLSPCM tank is more economical viable decreasing the LEC by 
2.4%, while for a SM of 2.0 the single tank is a better solution only for sizes up to 6 hours.  
 
However, when considering a peaking strategy to maximize profits under the South African tariff scheme, 
different trends are observed. In fact, in these cases even for lower SMs the storage can be fully charged 
during low prices hours and discharged during peak hours without reaching minimum tank levels (with 
average daily SOC higher than 50%), thus keeping higher outlet temperatures and therefore not affecting 
significantly the PB. Figure 43b summarizes this last concept, highlighting that, within a peaking strategy, 
the single tank is a more economically viable solution, increasing the IRR by 2.1% and that a clear 
optimum size of 5 h is found able to accommodate the 5 h peak price hours of the South African market.  
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8.4 Dynamic Performance 
In order to better understand the concept presented in §8.3 a deeper analysis of the dynamic performance 
of MLSPCM thermocline tank is presented in this section. Figure 41 presents a weekly performance of the 
STPP with a peaking dispatch strategy presented in §4.4. The two figures refer to different storage sizes 
(5h and 10h respectively). 

 
(a) 

 
(b) 

 
Figure 44: Weekly performance of the STPP with integrated MLSPCM tank, comparison between two different 
designs– a) Optimal configuration with 5 hours TES size – b) Configuration with oversized tank size of 10 h 

The optimal configuration which is presented in Figure 41a shows that a storage tank designed to 
accommodate the peak hours of the electricity price is mostly used to shift the electricity production to 
more profitable peak hours. In this case the tank is fully exploited, being also discharged to its minimum 
allowable. In opposition to this if the storage tank is oversized there is not a noticeable beneficial effect on 
the electricity production.as the capacity factor increases from 34.59% to 34.8% with a 0.61% percentual 
increment. This is linked to the PDS and the choice to prefer always to operate during peak hours to 
increase the profitability of the power plant. 

If closer attention is given onto the TES SOC and its charging and discharging characteristics, it is 
possible to observe different slopes that are related to the different incoming power (during charging) or 
outlet power (during discharge). This, as expected, underlines the parallel operation of such configuration. 
Considering the charging period (roughly between 8 and 18) a higher slope can be observed as all the 
power from the solar field is used to charge the storage (OM5) as the STPP is set not to operate (PDS=0). 
Subsequently the plant starts to operate and lower negative slope can be observed as the storage 
discharges at a lower rate than the nominal one (OM3), to compensate the difference between the 
nominal thermal power and the power incoming from the solar field. When the negative slope increases 
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the tank is discharged at full rate (OM4) and the drop in temperature is significant. The drop then reflects 
on the lower electricity produced, hence lower capacity factors.  
 
As already abovementioned in §10.3 the MLSPCM tank is a cheaper option if looking into peaking 
strategy. However if a continuous operation is involved this is not always necessarily true when looking at 
the overall performance of a STPP. To understand this, a comparison is presented to relate the dynamic 
performance of the two systems. Figure 45 presents a comparison of a 2-day performance of the two 
different storage units. The STPP is referred to the design used in the comparative analysis in §8.3 for a 
SM of 2.0 for two different storage sizes to underline under which conditions the MLSPCM tank is 
preferred over the two tank system.  

Time [hours] Time [hours] 
(a) (b) 

Time [hours] Time [hours] 
(c) (d) 

 
Figure 45: Comparison of performance in baseload operation between two tank (b,d) system and MLSPCM (a,c) tank  

a-b) 5h TES size comparison – c-d) 12h TES size comparison 

From a general perspective the main noticeable difference between the two plants is the constant electric 
output observed for a two tank system in opposition with the single tank layout. Another difference is that 
the two tank is never fully discharged meaning that some hot salts will always be inside the vessel not to 
compromise its functionality. This is not observed in the MLSCPM tank, not because the tank is fully 
emptied during discharge but because its SOC is referred to maximum possible energy released and its 
cut-off temperature. It is important to stress that a thermocline tank cannot be emptied, but a change in 
the temperature is observed during charge or discharge. 
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Figure 45a and figure 45b present the difference in performance for a 5h storage size. As observed in 
Figure 43a the MLSPCM with such design involves a lower LCOE compared to the two tank solution. As 
predicted this is due to higher state of charge reached during operation and therefore higher temperature 
at the inlet of the turbine. Indeed the capacity factor in this case lowers from 52.54% of the two tank case 
to 52.47%. This 0.13% lower production of electricity is compensated by the lower cost of the tank and 
therefore the MLSPCM results more convenient from a techno-economic standpoint of the STPP. This 
reasoning can be applied to storage sizes up to 6 hours, but with higher TES sizes the SOC cannot always 
reach high values and therefore the TIT will result lower for a longer time, decreasing the capacity factor 
for the case illustrated in Figure 44c-d from 65.8% to 60.56%. This therefore reflects on the overall 
performance of the power plant, thus decreasing significantly the LCOE. 

9 Conclusions 

A model for a Multi-Layered Solid PCM single tank thermocline-like was developed and validated. The 
differential equation governing the heat exchange inside the tank were modelled and simplified to be 
applied in the integration into TRNSYS. The integration in the dynamic simulation tool was performed by 
involving a simplification of the Matlab model, allowing high time steps in the yearly simulation of the 
power plant while at the same time keeping the relative error below 1.5%. A dispatch strategy for a direct 
tank parallel operation was developed and integrated in a component in TRNSYS. Finally the steady state 
design, dynamic simulation and control strategy were introduced in the already modelling tool developed 
in KTH (DYESOPT). 

The proposed configuration of MLSPCM tank was optimized through a single objective genetic algorithm 
in order to maximize the energy effectiveness of the single tank. This process showed that by minimizing 
to a proper value the width of PCM layers it was possible not only to achieve higher efficiencies but also 
to decrease the overall investment costs of the single tank. Such storage resulted in related CAPEX lower 
up to 30% than the more acquainted two tank solution. The integration of the tank in the modelling tool 
served two main purposes. On the one hand it was possible to optimize the design parameters (namely 
TES size and cut-off temperature) of the tank also from a system perspective. On the other it was possible 
to compare the techno-economic performance of a STPP integrated with such tank against a power plant 
with a two tank TES system. 

Even though the MLSPCM resulted to have lower specific cost than the two tank TES, this technology is 
not always preferred over the other. Indeed under different operating strategies, different results were 
obtained. If a continuous operation strategy is preferred in order to minimize the LCOE, the single tank is 
not always the more economical solution from a system perspective. Indeed for low SM the lower average 
SOC of the tank would result in a lower electricity production, thus reducing the effects of the lower 
investment costs of the tank. If higher SOC are more often achieved with higher SM (2.5 or higher), the 
loss in electricity becomes less significant and therefore the MLSPCM is more economical also from a 
system perspective. This would result in a 2.4% lower LCOE for an optimized design. 

However if a peak strategy to follow the electricity prices is preferred to maximize the IRR, different 
trends are observed. Indeed clear optimal TES sizes are found according to peak hours, as in the case 
study considered an optimal TES size of 5 hours was found. In this case the single tank was found to be 
always cheaper than the two tank solution. This is directly linked to the operation strategy. Indeed in this 
case the solar input is usually employed to charge the tank during low prices hours and secondly the tank 
is discharged during peak hours. In this way the SOC of the tank can be brought up to high SOC (above 
80%) and therefore the electricity production is less affected by the lower TIT. The resulting IRR was 
found to be lowered by 2.1% for the optimal case of a SM equal to 1 and TES size equal to 5. 
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9.1 Model limitations and future works 
The thesis work presented an extensive methodology on the design and implementation of a single tank 
thermocline storage into STPP layout. However due to time constraints, some aspects of the thesis can be 
further improved. The most important are listed below. 

Suitable materials: More materials can be identified to serve as latent and sensible fillers and therefore the 
specific cost of the tank can vary accordingly. The model can be made flexible to choose different 
materials accordingly with the STPP design. 

The model can be further refined in the following ways: 

 Analysis of the thermocline degradation during a yearly operation 

 Analysis of the influence of the wall losses on the performance of the MLSPCM during stand-by 
operation (degradation of the thermocline region) and discharging and charging mode 

 Analysis of the thermos-physical degradation of the materials under different operational cycles 
o A replacement cost should be added if the storage materials are found to deplete 

significantly their functionality over the life time of the power plant 

A comparison with other integration solution of latent storage material can be performed to underline 
which one is the most competitive. Specifically the finned tube could be modelled and compared with the 
proposed design. 
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APPENDIX A 

A.1 Properties of the materials 
The appendix summarizes all the materials used for the simulations which are presented in Table 23. If 
two values are indicated for the same property, these refer to the material at solid and liquid state. For the 
MS the properties are considered as a function of the temperature, while for the other materials they are 
considered constant. Lastly, when considering the melting temperatures, three different temperatures can 
indicated to represent the three different state of a phase change process as explained in §4.6.2. 

Table 23: Properties of the materials used for the simulations 

Material 
Density  
[kg/m3] 

Specific Heat 
[kJ/kgK] 

Thermal 
conductivity 

[W/mK] 

Melting 
Temperatures 

[°C] 

Latent heat 
of fusion 
[kJ/kg] 

Paraffin Wax 
[13] 

861 	778	 1850/2384 0.4/0.15 52.9/59.9/61.6	 213

Quarzite and 
Silica sand [12] 

2500	 830 5.69 	

Molten Salt [12] 2090
0.636	 	 ° 	

1443
0.172 °

0.443
1.9 ∙ 10 °

	

KOH 300 [11] 2040	 1340 0.5 300	 134

KOH 380 [11] 2040	 1340 0.5 380	 134

Li2CO3/Na2CO3 

/K2CO3 [73] 
2250/1900	 1223/1665 0.5/0.5 307	 177

NaNO3 [73] 2038/2038	 1540/1602 1.83/0.5 550	 283

HDPE [11] 	 0.52 	
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A.2 Optimal plant designs 
Figure 46 illustrates where the optimal designed plants lie on each Pareto front. The main decision to pick 
power plants of 110 MWel was due to the presence of previous studies on the topic of thermal storage 
integration in STPP with similar power plant capacities [8]. Plants of 65 MWel capacity could have been 
chosen as well to decrease significantly the CAPEX and not reduce sensibly the IRR or increase the 
LCOE. Table 25 and Table 26 summarize the values for the decision variables taken into account and the 
relative operating temperatures for the storage tank. 

(a) (b) 

Figure 46: Design point selection for the two different study cases – a) LCOE minimization – b) IRR 
maximization 

 

Table 24. Optimum plant chosen for case 1 (Plant A)

Decision Variables: Limits Unit Decision Variables: Limits Unit

Solar Multiple 2.5 [-] Number of extractions after RH  3 [-]

Tower Height  231 m TTD at HPT Feedwater PHs   4 °C

Receiver Height  19.3 m Condenser Split Temperature  20.2 °C

Receiver Diameter  11.7 m Condenser Air dT at design 21.2 °C

TES size (hours) 16 hours Economizer Pinch 8.1 °C

Electrical Power  110 MWe Superheater Pinch 6 °C

Inlet pressure at HPT  110 bar Reheater TTD 14.3 °C

IPT inlet pressure  30 bar Tank cut off 547.3 °C

HTF cold temperature 300.7 °C HTF hot temperature 563 °C

Storage dispatch strategy Continuous -  
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Table 25. Optimum plant chosen for case 2 (Plant B)

Decision Variables: Limits Unit Decision Variables: Limits Unit

Solar Multiple 1 [-] Number of extractions after RH  3 [-]

Tower Height  179 m TTD at HPT Feedwater PHs   4 °C

Receiver Height  14 m Condenser Split Temperature  24 °C

Receiver Diameter  12 m Condenser Air dT at design 24.5 °C

TES size (hours) 3:12 hours Economizer Pinch 6.3 °C

Electrical Power  110 MWe Superheater Pinch 6 °C

Inlet pressure at HPT  110 bar Reheater TTD 14.2 °C

IPT inlet pressure  26 bar Tank cut off 547.1 °C

HTF cold temperature 295 °C HTF hot temperature 563 °C

Storage dispatch strategy Peaking -  
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A.3 Techno-economic cost functions 

A.3.1 CAPEX functions 
Table 26: CSP CAPEX functions 

Significate Cost function  

Total CAPEX CSPdirectCSPdirectCSP CCCAPEX ,,   (48) 

Total direct CAPEX ContSiteBOPTowerTESSFPBCSPdirect CCCCCCCC ,  (49) 

Total indirect 
CAPEX TAXLandEPCindirect CCCC   (50) 

Scaling function for 
CAPEX calculation 

yn

nref

n
nrefn X

X
CC 












,
,  (51) 

Power Block 
CAPEX 
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,
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1

yPB

refPH

PH
refPHrefPB

yPB

refHPTin

HPTin

yPB

refgross

gross

PB

N

N
CC

P

P

IC

IC

C  (52) 

Solar field CAPEX 

1,

,
,

ySF

refSA

SF
refSFSF A

A
CC 










  (53) 

Thermal energy 
storage (two tank) 

CAPEX 
















































1,

,
,

,
,

yTES

refCap
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refTESsys

refCap

Cap
refSaltsTES TES
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C

TES
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(54) 

 

Receiver CAPEX 

2,

,

1,

,
,

yrec

nomrec

rec

yrec

refrec

rec
refrecrec A

A

Q

Q
CC 




















  (55) 

Tower CAPEX 
TowerhTowerhTowerTower CTbTaC  2

 (56) 

Balance of Plant 
CAPEX 

1,
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,

yBOP

refgross

gross
refBOPBOP IC

IC
CC 










  (57) 

Site CAPEX 
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Contingency CAPEX 
function directcontcont CXC  ,%  (59) 

Engineering 
procurement and 

construction CAPEX 
function 

1,

,%

yEPC

ref
refEPCEPC CAPEX

CAPEX
CAPEXXC 










  (60) 

Land purchase costs refLandLandLand CAC ,  
(61) 

Tax costs ,%,, TAXCAPEXTAXCSPdirectTAX XCC    
(62) 
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A.3.2 OPEX cost functions 
Table 27: CSP OPEX cost functions 

Significate Cost function  

Total OPEX InsuranceMiscUtilityServLaborCSP CCCCCOPEX  	 (63) 

Total Labor costs SFMaLabPBMaLabopLabadmLabLabor CCCCC .int,.int,,,  	 (64) 

Operation of the 
SF and PB costs 


























1

,
,,,,,

yLab

refAS

SF
refSFopLabrefPBopLabopLab A

A
CCC  (65) 

Maintenance of 
the PB costs 


























2
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2,.int.1,.int,.int,

yLab

refgross

gross
refPBMaLabrefPBMaLabPBMaLab IC
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the SF costs 
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Utility costs 
(Water and 
Electricity) 
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A.3.3 Techno-economic indicators functions 
Table 28: Techno-economic indicators functions 

Significate Cost function  

Capacity factor  (71) 

Levelized cost of 
electricity 

.
 (72) 

Capital recovery 
factor 

. 1
1 1

 (73) 

Net present value 

1

1

1

 (74) 

 

The IRR is calculated through an iterative approach by setting the NPV to zero. 
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A.3 CSP cost reference 
Table 29: CSP CAPEX reference costs 

Cost Ref Unit South Africa Reference Source

Power Block 

IC  [MW] 55 [83] 

P ,  [bar]  [83] 

N ,  [USD]  [83] 

C ,  [USD] 34,218,257 [83] 

C , 	[USD] 1,107,501 [83] 

y ,  0.8 [84] [85] 

y ,  0.1 [84] [85] 

y ,  0.75 [84] [85] 

Solar Field 

A ,  [m,2] 435,735 [83] 

C ,  [USD] 53,147,708 [83] 

y  1 [84] [85] 

TES (Two tank) 

TES ,  [MWth] 405.9 [83] 

C ,  [USD] 393,255 [83] 

C , [USD] 10,467,834 [83] 

y  0.8 [84] [85] 

Receiver 

Q ,  [MWth] 241.1 [83] 

A ,  [m2] 130 [83] 

C ,  [USD] 8,665,491 [83] 

y ,  0.7 [84] [85] 

y ,  - 0.2 [84] [85] 

Tower 

a  1835.7  

b  285868  

c   [USD] $ 11,082,338 [83] 

BOP 
C ,   [USD] $ 17,197,746 [83] 

y  0.8 [84] [85] 

Site 

A ,  [m2] 2,430,000 [83] 

C ,   [USD] 22,541,514 [83] 

C ,   [USD] 101,849 [83] 

y ,  0.9 [84] [85] 

y ,  0.9 [84] [85] 

Contingency X ,% [%] 7  
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Table 30: CSP OPEX reference costs 

Cost Ref Unit South Africa Reference

Labour 

C ,  [USD] 15,000 [83] 

C ,  [USD] 555,000 [83] 

C ,  [USD] 11,000 [83] 

y ,  1 [84] [85] 

C , ,  [USD] 12,000 [83] 

C , ,  [USD] 36,000 [83] 

y ,  0.7 [84] [85] 

C
, ,  [USD] 36,000 [83] 

C
, ,  [USD] 36,000 [83] 

y ,  0.7 [84] [85] 

Services 
C ,  [USD]  218,221 [83] 

y  1 [84] [85] 

Utility 

C ,  [USD]  87,192 [83] 

C ,  [USD]  121,567 [83] 

y  1 [84] [85] 

Miscellaneous 

C ,  [USD]  152,620 [83] 

C ,   [USD] 510,022 [83] 

C ,   [USD]  164,202 [83] 

C ,   [USD]  121,390 [83] 

C ,   [USD]  240,251 [83] 

y ,  1 [84] [85] 

y ,  1 [84] [85] 

y ,  1 [84] [85] 

y ,  0.7 [84] [85] 

y ,  0.7 [84] [85] 
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Table 31: CSP indirect CAPEX reference costs 

Cost Ref Unit South Africa Reference

EPC 

X ,% [%] 11  

CAPEX  [USD] 208,878,385 [83] 

y   0.9 [84] [85] 

Land C / ,  [m2/MW] 0.5 [83] 

Tax 
X ,% [%] 28 [83] 

δ ,  0.78  
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APPENDIX B 

B.1 DYESOPT logic flow chart 

 
Figure 47: DYESOPT logic flowcha


