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Table 2.3:  Measured thickness of solid PCM on heat exchanger surface for benchmark 

experiments, and thickness of solid PCM around heat pipes for THTF,in = 10ºC and HTFm& = 

0.0022 kg/s. 

 

   t (min)  tBM (mm) tHP (mm) 

   30  5  2.2 

   60  11  6.9 

   90  14  10.5 

   120  19  11.8 

   180  23  17.1 

   240  28  20.1 
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 The heat pipe-assisted experiments (middle column of Fig. 2.6) reveal 

fundamentally different solidification phenomena relative to the benchmark case. 

Specifically, multiple solidification fronts form both along the top of the heat exchanger, 

and around the peripheries of heat pipes (as well as around the fittings holding the heat 

pipes in place).  At t = 1 h, a 7 ± 2 mm thick layer of solid PCM forms around each heat 

pipe.  The solid PCM layer is thinner near the top of the heat pipes due to the slight 

effects of thermal stratification in the liquid PCM.  As time progresses, the solid PCM 

propagates outward from the heat pipes, and eventually fills most of the test cell (e.g. at 

∆t = 3 h).   

 As evident in Fig. 2.6, the fins provide little augmentation of the overall 

solidification rate, relative to the benchmark case.  At t = 1 h, for example, only minor 

secondary freezing occurs in the vicinity of the fittings, with no solid PCM observed 

along the fin surface.  At later times solid PCM forms about the fins, but upward 

propagation rates relative to the layer solidifying adjacent to the cooled upper surface of 

the heat exchanger are minor. At t = 4 h the mass of PCM solidified was 286 ± 15 g, 814 

± 15 g and 344 ± 15 g for the benchmark, heat pipe-assisted, and fin-assisted cases, 

respectively. Hence, the heat pipes (fins) led to a 180 % (21 %) increase in the time-

averaged solidification rate.  The mass of PCM that was solidified along with the 

corresponding latent energy content of the solidified PCM, ELH,dc,  for the three cases of 

Fig. 2.6 is shown in Fig. 2.7. 
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Figure 2.7:  Mass of solid PCM and latent energy released for the benchmark, heat pipe-

assisted, and fin-assisted discharging experiments. Error bars are not shown since the 

error is relatively small. 
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 The Stefan number for the discharging experiments may be expressed as 

27.0
)()( ,,,
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                             (2.5) 

 As in the charging experiments, the sensible energy content of the PCM 

represents a significant portion of its energy budget.  Energy discharged from the PCM 

may be estimated using 
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 The discharged energy is shown in Fig. 2.8a for the benchmark, heat pipe-

assisted, and fin-assisted experiments.  Because the process is, in large part, conduction-

dominated the heat transfer rates diminish with time.  The heat released from the PCM 

was largest for the heat pipe-assisted case, while the fin-assisted case was found to 

perform only slightly better than the benchmark.  These results are expected, given the 

photographic observations of Fig. 2.6, and solidification histories of Fig. 2.7.   
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Figure 2.8: (a) Energy released from PCM for the benchmark, heat pipe

assisted experiments from Eq. 

fin effectiveness, using Eqs. 
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(a) Energy released from PCM for the benchmark, heat pipe-

assisted experiments from Eq. 2.6 (THTF, in = 10ºC, HTFm& = 0.0022 kg/s). (b) Heat pipe and 

fin effectiveness, using Eqs. 2.6 (lines) and 2.7 (symbols). 
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 Heat pipe and fin effectiveness values for discharging (εHP,dc  and εFin,dc) were 

calculated in the same manner as in Eq. 2.3, and are presented in Fig. 2.8b. These 

histories appear as solid lines.  Because of the large uncertainty during the first 10 min of 

the experiments, early values of the effectiveness are not shown.  At t ≈ 10 min, εHP,dc 

exceeds unity and gradually reaches an asymptotic value of approximately 1.9, where it 

remains for the duration of the experiment.  The fin effectiveness exhibits a similar trend. 

However, it reaches a maximum value of only 1.1.   

 The evolution of the energy content of the PCM may also be estimated using 

information from the thermocouple rake.  Specifically, 

( ) ( )
lll ,,,,,,,,,

2

~
PCMipPCMfispsPCM

HXf

spsPCMsPCMdct TTcmTTcm
TT

cmmE −+−+






 −
+= λ   (2.7) 

where the first term on the RHS of Eq. 2.7 represents the energy released in the form of 

latent heat, calculated from the mass of frozen PCM reported in Fig. 2.7a.  The second 

term on the RHS represents the average energy content of the solid, assuming a linear 

temperature distribution within the solid phase. The third term represents the reduction in 

energy content of liquid prior to its solidification and the last term corresponds to sensible 

energy associated with reduction of the liquid from its initial warm temperature, Ti. The 

thermocouple rake data were used to estimate the liquid phase PCM temperature at any 

time, ,PCMT
l
. The estimated uncertainty in dctE ,

~
 is ± 2- 20%.  Values of dcHP ,

~ε and dcFin ,
~ε are 

presented as data points in Fig. 2.8b. Using the modified method to calculate the heat 

pipe effectiveness yields higher values relative to use of Eq. 2.6. However, the 

effectiveness data obtained by reducing experimental measurements with the two 
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methods are generally consistent within the estimated experimental uncertainty. Fin 

effectiveness values, calculated with the two approaches, are in good agreement and 

exhibit the limited effectiveness of the fins. 

2.5. Experimental Conclusions  

 Charging (melting) experiments have yielded photographic evidence showing 

more extensive and complex melting phenomena for heat pipe-assisted melting, relative 

to both benchmark and fin-assisted cases. The overall melting rates for the heat pipe-

assisted cases were, on average, 70% greater than the benchmark and 50% greater than 

the fin-assisted scenario. The heat pipe effectiveness, defined as the ratio of stored energy 

in the heat pipe-assisted case relative to stored energy in the benchmark case, attained at a 

maximum value of 1.6, while the maximum effectiveness associated with use of fins was 

approximately 1.1.  

 For the discharging (solidification) case, complex freezing phenomena were 

observed for the heat pipe-assisted scenario. The heat pipes nearly doubled the 

solidification rates, relative to the benchmark case. The fins exhibited limited 

effectiveness in enhancing heat transfer and energy storage rates.  

 The experiments conducted and analyzed do not correspond to optimized 

conditions. Further investigation is necessary to determine how heat pipes might be 

incorporated in LHTES systems to improve phase change rates beyond those measured 

here, reduce temperature differences between the HTF and PCM (which has a direct and 

beneficial impact on the Rankine cycle efficiency of concentrating solar thermal electric 

power stations), and occupy minimal volume within the LHTES storage vessel. The 
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observed phenomena and measured values can be used to guide model development for 

purposes of simulating the discharging and charging processes in both laboratory- and 

large scale systems.  

2.6. Appendix 2.A 

 For any LHTES application, fins of high efficiency or effectiveness are desirable.  

Regardless of the fin material, the fin efficiency will increase as the physical dimensions 

(thermal conductivity) of the fin become small (large); heat pipe performance is not as 

sensitive to the size of the device.  Therefore, to mimic the efficiency of a large fin in a 

laboratory scale experiment, a smaller fin with a lower thermal conductivity relative to 

that of the larger fin is needed so that ηFin,LS ≈ ηFin,SS. 

 Assuming free convection heat transfer occurs within relatively thin boundary 

layers about vertical fins of length L in a manner that can be described as 
FinLNu = 

Fin

n

LCRa , 

C ≈ 0.59, n = 1/3 (C ≈ 0.10, n = 1/4) for laminar (turbulent) conditions (Bergman et al., 

2011). Also assuming (i) fluid properties similar to those of n-octadecane, (ii) the same 

characteristic temperature difference in both the large and small scale systems, (iii) the 

same fin length-to-diameter ratio in both systems, and (iv) a large scale fin length of L = 1 

m, it may be shown that if aluminum, k ≈ 250 W/m·K, is used as the fin material in the 

large scale system, kSS ≈ 33.5 W/m·K.  Therefore, stainless steel was specified as the fin 

material for the small scale experiments of this study. 
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2.7. Appendix 2.B 

 Heat exchanger and HTF outlet temperature histories are shown in Fig. 2.9 for a 

THTF,in = 45°C charging experiment. As evident, THX  ≈ THTF,out, for the entire duration of 

the test. The heat exchanger temperature was measured with five calibrated K-type 

thermocouples that were installed using high thermal conductivity paste in equally-

spaced, 10-mm deep holes bored into the bottom of the aluminum heat exchanger along 

the horizontal centerline in Fig 2.1b.  The approximation used in Eqs. 2.2 and 2.6 were 

utilized since the initial charging experiments were conducted without direct 

measurement of the heat exchanger temperature. 
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Figure 2.9: HTF inlet, HTF outlet, and heat exchanger temperatures for charging heat 

pipe-assisted experiment (THTF, in = 45ºC and  HTFm&  = 0.0022 kg/s). Error bars are not 

shown since the error is relatively small. 
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3.1. Motivation 

 With the experimental results as a proof of concept that heat pipes can reduce the 

thermal resistance in PCM, the third chapter of this thesis will investigate a conceptual 

commercial scale LHTES design.  Specifically, the incorporation of gravity-assisted 

wickless heat pipes (thermosyphons) in a large scale LHTES system for commercial CSP 

is of interest.  A LHTES system design is proposed which can operate effectively during 

a charging and discharging period.  A heat transfer model is utilized to estimate, for 

example, the size and number of thermosyphons needed in the LHTES.  An economic 

evaluation of the system is carried out, and the design is compared with a two-tank 

SHTES to determine whether LHTES with embedded thermosyphons can be cost-

competitive (Robak et al., 2011b).   

3.2. LHTES Integration with CSP 

 A LHTES system capable of releasing sufficient thermal energy to continually 

operate a 50 MWe CSP plant with discharging (PCM solidification) times varying from 1 

to 9 hours is considered here. Both experimental (Robak et al., 2011a) and analytical 

(Shabgard et al., 2010) studies have shown that the thermal resistance posed by the PCM 

is greater during the discharging stage (PCM solidification) than during charging. This is 

because solid, low thermal conductivity PCM freezes on cold heat transfer surfaces 

during PCM solidification, in effect forming an insulation barrier between the HTF and 

the solid-liquid interface of the PCM. In contrast, molten PCM that undergoes natural 

convection is adjacent to hot heat transfer surfaces during PCM melting, promoting heat 

transfer between the hot HTF surface and the solid-liquid interface of the PCM. As such, 
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the discharging process is of primary concern; any design that performs well during 

discharging is expected to operate satisfactorily during charging.  

 Figure 3.1 is a schematic of a CSP plant equipped with LHTES operating in the 

discharging mode.  During discharging, the HTF flow from the solar field is curtailed, 

and the HTF is pumped only through the LHTES unit.  The PCM within the LHTES 

solidifies, and releases thermal energy to the HTF. The PCM-heated HTF is sent to the 

steam generator, keeping the plant operational during times of low- or no solar insolation.  

The overall design is similar to a two-tank SHTES system; however, LHTES does not 

require extra salt pumps as does SHTES, reducing both the capital cost and the parasitic 

pumping losses during the charging and discharging processes.  The salt pumps also 

consume electrical power, which incurs an extra operating cost which the proposed 

LHTES will not have.  During charging (not shown) the HTF flows though the solar 

field, where it is warmed through a system of parabolic trough mirrors that concentrate 

the solar irradiation.  Part of the hot HTF flows into the steam generator while the 

remaining hot HTF is diverted to the LHTES storage unit, where it melts the PCM, 

storing thermal energy.  The two HTF streams are re-combined and pumped back to the 

solar field to be reheated.   
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Figure 3.1: LHTES system integrated with a CSP plant. 
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3.3.  LHTES with Embedded Thermosyphons: Conceptual Design    

 The LHTES unit of Fig. 3.1 must be carefully designed to promote effective heat 

transfer between the HTF and the solidifying PCM. In particular, a means to circumvent 

the undesirable effect of solid PCM growth on cold heat transfer surfaces during LHTES 

discharging is of primary concern. An additional design constraint is that variations in the 

steam conditions and flow rates delivered to the CSP power block are kept within an 

acceptably small range during LHTES operation. The outlet temperature of the HTF from 

the solar field is assumed to be 390°C (Herrmann et al., 2004).  

 The design considered here incorporates thermosyphons (Faghri, 1995) to 

promote heat transfer between the cold HTF and the solid-liquid interface of the hot 

PCM. As shown in Fig. 3.2, the LHTES unit might consist of a header (not shown) that 

partitions the cold HTF into a series of channels within the LHTES unit. Each HTF 

channel is studded with an array of thermosyphons that span between the HTF and PCM.  

As such, the HTF channels, along with the thermosyphons, are the surfaces upon which 

the PCM solidifies. For a given amount of solid PCM, (a) the surface area of the PCM’s 

solid-liquid interface is large compared to the case without thermosyphons, and (b) the 

mean distance between the cold surfaces and the PCM solid-liquid interface is small, 

compared to the case without thermosyphons. These dual effects ─ increased solid-liquid 

interface area and reduced distances between the solid-liquid interface and the cold HTF 

surface ─ will reduce the thermal resistance between the cold HTF and the solidifying 

PCM. At the LHTES unit exit, a second header (not shown) combines the individual 

heated HTF streams.  During charging, the direction of HTF flow through the LHTES 

unit is reversed and the HTF is cooled as it melts the PCM.  To reiterate, natural 
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convection occurs within the molten PCM that is adjacent to the hot surfaces during 

LHTES charging, resulting in a low thermal resistance between the HTF and the PCM’s 

solid-liquid interface relative to the conduction-dominated discharging process. 
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Figure 3.2: Cross-sectional views of a LHTES system with embedded thermosyphons 

during discharging. (a) Lengthwise view and (b) widthwise view.  The dashed box 

corresponds to a unit module. 
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 Thermosyphons are considered here (instead of heat pipes) because of their 

simplicity of construction and operation, as well as their lower cost (Faghri, 1995).  Also, 

for reasons discussed in Section 3.5.2.1, thermosyphons are preferred over extended 

surfaces or fins. Since thermosyphons operate only when the direction of heat transfer is 

opposite that of gravity, the evaporator sections of the thermosyphons must be at the 

lower end of the devices.  However, it is desirable that the integration of thermosyphons 

into the LHTES unit be done in a unique manner that allows operation during both the 

discharging and charging cycles.   

 For thermosyphons to assist in heat transfer regardless of the mode of operation 

(discharging or charging), they are assumed to penetrate the bottom wall of each HTF 

channel, as shown in Fig. 3.2. By carefully positioning the thermosyphons, they only 

need to be implanted into one HTF channel, reducing fabrication costs. The 

thermosyphons might be either press fit or inertia welded into the HTF channel wall 

before shipment to the construction site (Miner et al., 2010). Because the direction of heat 

transfer is upward during LHTES discharging, the configuration of Fig. 3.2 is expected to 

work well during PCM solidification.  

3.3.0.1 Discharging  

 During the discharging process, thermal energy is released from the PCM to the 

HTF through two different paths, as shown in Fig 3.3a.  Latent heat from within the PCM 

is transported into the HTF with the embedded thermosyphons, causing solidification 

fronts to expand out from the surface of the thermosyphons.  Additional thermal energy is 

conducted through the channel wall, causing a second solidification front to expand into 
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the molten PCM.  The arrows in Fig 3a show the direction of heat flow during the 

discharging process.  Given enough thermosyphons, all of the PCM between two adjacent 

HTF channels is solidified by the end of the discharging operation.   
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Figure 3.3: Side view of LHTES heat transfer paths. (a) Discharging and (b) charging.  

The arrows represent the direction of heat transfer.   
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3.3.0.2 Charging  

 During the charging operation, the direction of heat flow relative to the solid PCM 

is reversed from discharging, as shown by the arrows in Fig. 3.3b.  Like discharging, heat 

is transferred through the HTF channels walls and thermosyphons during charging.  Since 

the evaporator ends of the thermosyphon are not exposed to the hot HTF during charging, 

heat is primarily transferred through the HTF channel wall early in the charging process.  

Once the melting front moving out from the lower HTF channel wall reaches the ends of 

the thermosyphons, they begin to operate, transferring thermal energy deeper into the 

PCM.  Additionally, during the charging operation, thermosyphons create many fluid 

passages, which enhance natural convection currents and allows expanding molten PCM 

to flow towards internal voids, minimizing pressure forces in the LHTES unit (Robak et 

al., 2011).   

3.3.1 Detailed Design 

 Details of the conceptual design are considered now. First, the PCM will be 

specified, then the design of the thermosyphons will be presented, followed by a 

discussion of the integration of the LHTES with the steam generator. A model will then 

be presented that is used to quantify performance, and estimate costs. 

3.3.1.1 PCM Selection  

 Candidate PCMs are listed in Table 3.1.  Materials with melting temperatures less 

than approximately 340ºC result in a relatively low temperature HTF leaving the LHTES 

during discharging, which adversely affects the thermodynamic efficiency of the power 

(Rankine) cycle.  Alternatively, PCMs with a relatively high melting temperature, such as 
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the MgCl2/KCl/NaCl mixture, may lead to reduced heat transfer rates between the HTF 

and the PCM during charging because of the relatively small temperature difference 

between the two media (Michels and Pitz-Paal, 2007).  Therefore, a mixture of LiCl/KCl 

is selected for this study because its melting temperature (348°C) is approximately 

midway between the 280ºC LHTES HTF inlet temperature specified for modern CSP 

operation during discharging, and the 390°C HTF coming from the solar field during 

charging (Kelly and Kearney, 2006).   
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Table 3.1:  LHTES PCM candidates 

 

PCM   Melting Point (ºC) Heat of Fusion (kJ/kg) EstimatedCost 
(Wt. %)  (Kenisarin, 2010) (Kenisarin, 2010)  (US$/kg)* 

 
NaNO3   307   177    0.41 
 
NaOH/NaCl/Na2CO3 318   290    0.31 
(65.2/20.0/14.8) 
 
KNO3   335   88    0.62 
 
LiCl/KCl  348   170    0.50 
(44.0/56.0)  
 
KOH    360 (Faghri, 1995) 134 (Faghri, 1995)  1.00 
 
MgCl2/KCl/NaCl 380   400    0.46 
(60.0/20.4/19.6)           

             
*Estimates derived from Kensisarin, 2010, and general internet searches for bulk priced 
materials (Alibaba.com, 2011). 
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3.3.1.2 Thermosyphon design  

 The thermosyphons are assumed to be fabricated of carbon steel to minimize the 

potentially adverse effects of corrosion at the thermosyphon-channel (carbon steel) 

interface. The thermosyphon working fluid must be capable of operating between 

approximately 300ºC and 400ºC, and it is assumed each thermosyphon is filled to 10% of 

its internal volume with the working fluid.  Therminol VP-1, diphenyl, naphthalene, and 

potassium were considered as candidate thermosyphon working fluids.  The length and 

diameter of the thermosyphons are dependent on the particular LHTES application.  As 

will be explained later, thermosyphons with a total length of LTS = 0.58 m, and diameter, 

DTS = 0.024 m, with Therminol VP-1 as the working fluid were selected.  Currently, the 

same fluid is used as the HTF in CSP applications, suggesting its material compatibility 

and long-term stability. 

3.3.1.3 Steam Generation System  

 The thermodynamic efficiency of the power block is largely determined by the 

conditions exiting the steam generator.  Modern CSP plants are designed to operate (with 

HTF routed directly from the parabolic collectors during the day) at a steam inlet 

temperature and pressure of approximately 380ºC and 100 bars, respectively (Kelly and 

Kearney, 2006).  When TES is implemented, the system utilizes the same steam 

generation heat exchangers as for daytime operation, as shown in Fig. 3.1.  Since the 

overall heat transfer area of the steam generator is determined based upon daytime 

operation, the reduction in HTF temperature during TES operation leads to lower heat 

transfer rates and, in turn, generation of less steam at lower temperature.  To 



Chapter 3. LHTES Modeling and Economic Analysis 

60 
 

counterbalance this effect, the steam pressure is reduced when the TES is used (Miner et 

al., 2010).  By lowering the steam pressure, the water saturation temperature is reduced, 

increasing the temperature difference between the HTF and the steam, increasing heat 

transfer and steam generation rates. This effect will be accounted for when estimating the 

Rankine cycle efficiency and its dependence on the type of TES system utilized. 

 The ideal Rankine cycle efficiency for different CSP operations can be calculated 

with general thermodynamic relations (Moran and Shapiro, 2011).  Table 3.2 provides 

the Rankine cycle efficiency expected for steam generated from (a) HTF taken directly 

from the solar field during daytime operation, (b) HTF exiting a SHTES unit, and (c) 

HTF exiting the LHTES proposed here.  To calculate the steam pressures and Rankine 

cycle efficiencies of Table 3.2, a simple heat exchanger analysis is conducted, utilizing 

the following assumptions: 

• The power output of the plant is constant and equal to 50 MWe. 

• The steam generation system is comprised of three separate heat exchangers, a 

water preheater, a steam generator, and a superheater, operating in counter flow as 

shown in Fig. 3.1. 

• The heat exchange areas of the preheater, generator and superheater are calculated 

based upon daytime operation and steam outlet conditions of 380ºC and 100 bar, 

and it is assumed that nighttime operation at lower pressure corresponds to a 

higher steam flow rate. 

• Overall heat transfer coefficients in the heat exchangers are assumed to be 1,000 

W/m2
·K (Kelly and Kearney, 2006).   
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• Steam outlet temperatures are assumed to be 10ºC lower than the HTF inlet 

temperature (Kelly and Kearney, 2006). 

• The HTF temperature exiting the proposed LHTES unit is assumed to be 340ºC. 

• The HTF temperature at the outlet to the heat exchanger is assumed to always be 

280ºC, matching the HTF temperature entering the solar field (Kelly and Kearney, 

2006). 

• The outlet pressure of the steam turbine is assumed to be 0.1 bar. 
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Table 3.2:  Expected ideal Rankine cycle efficiencies for different HTF sources 

 

 

HTF Source  Temperature Temperature Pressure Rankine Cycle  
   HTF (ºC) Steam (ºC) Steam (Bar) Efficiency   

Solar Field   390  380  100  0.385 

 

SHTES   370  360  78  0.373 

 

Proposed LHTES 340  330  50  0.353 

             

  



Chapter 3. LHTES Modeling and Economic Analysis 

63 
 

 In the analysis, the heat exchange area of the steam generation system for daytime 

operation is initially calculated. Then, the HTF temperature is set to either 370°C or 

340°C to consider night operation with a SHTES or LHTES, respectively. Once this is 

done, the high steam pressure of the Rankine cycle is reduced from the daytime value 

until the required area of the steam generator heat exchange surface matches the area 

initially calculated. After the reduced value of the high pressure of the Rankine cycle is 

known, the Rankine cycle efficiency is calculated. As the HTF temperature is reduced 

from 390ºC to 370ºC with SHTES, the high pressure of the Rankine cycle falls from 100 

to 78 bars while the ideal Rankine cycle efficiency decreases from 0.385 to 0.373, 

matching previous SHTES calculations (Kelly and Kearney, 2006).  For the proposed 

LHTES, the calculated steam pressure is 50 bars and the Rankine cycle efficiency is 

determined to be 0.353. Once the Rankine cycle efficiency is known, the required size 

and features of the LHTES unit may be found. 

3.4. LHTES Modeling  

 To determine the size of an LHTES unit required to generate 50 MWe at night, an 

existing model (Shabgard et al., 2010) was modified to simulate the discharging process.  

Again, only discharging is considered in the design, since charging generally involves 

lower thermal resistances between the HTF and the PCM. Hence the charging period is 

less than this discharging period.  Specified parameters for the LHTES unit are the inlet 

and outlet HTF temperatures and HTF properties, the PCM properties, and the ideal 

Rankine cycle efficiency corresponding to the HTF flow conditions.  Other conditions are 

input and their values are changed in a parametric study that is described in more detail 

later. Varied parameters include (for a specified electric power output) the width and 
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height of the HTF channels, the HTF channel wall thickness, the HTF mass flow rate per 

channel, the dimensions of the thermosyphons (outside diameter, wall thickness, overall 

length, and evaporator section length), and the desired operational time of the storage 

system.  Based upon the input conditions and parameters, the model determines the 

overall length, width and height of the LHTES unit, the number and length of the HTF 

channels, and the number of thermosyphons needed.  Heat transfer to or from the PCM 

includes both the sensible and latent energy storage quantities.  Generally, the sensible 

energy component of the PCM storage is approximately 5% of the total energy stored.   

 Shabgard’s thermal network model for LHTES with embedded heat pipes 

(Shabgard et al., 2010) was modified and used here.  The LHTES system shown Figs. 3.2 

and 3.3 is composed of a number of unit cells, or modules, such as the one shown by the 

dashed lines in Fig. 3.2.  A representative module consists of two staggered rows of 

thermosyphons (into the page) and surrounding PCM, and is centrally-located in the 

LHTES unit. It is assumed that this module experiences HTF thermal conditions that are 

the average of the inlet and outlet temperatures, which are specified.  The PCM is 

initially assumed to be liquid at its solidification temperature.  Figure 3.4 provides a more 

detailed cross-sectional view of the LHTES module.  The thermosyphons are arranged in 

staggered rows to minimize the thermal resistance associated with forced convection heat 

transfer between the HTF and the condenser section of the thermosyphon (Shabgard et 

al., 2010). 
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Figure 3.4: Unit module, (a) side view and (b) top view.   
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 The network model (Shabgard et al., 2010) is used to determine the heat transfer 

from the solidifying PCM to the HTF. Included in this calculation (for which potential 

contact resistances at the solid PCM-metal interfaces are neglected since the main 

resistance to heat transfer is associated with the low thermal conductivity of the solid 

PCM) is the time variation of the radius of solid PCM that forms on the condenser 

sections of the thermosyphons. The network model simulation is curtailed at the specified 

discharging period. Once the final radius of solid PCM, DPCM,f, is determined, the number 

of thermosyphons that can be placed in the two staggered rows of the HTF channel (of 

specified width Wchan) is found using simple geometric arguments based upon Fig. 3.4b.  

The length (in the direction of HTF flow) of the module, Lmod, can be computed in a 

similar manner. 

 In addition to PCM solidification on the thermosyphon condenser sections, the 

network model computes the thickness of solid PCM that freezes on the four cold HTF 

channel surfaces.  The module width, Wmod, is determined based upon the specified 

channel width, Wchan, plus twice the thickness of solid PCM around the sides of the HTF 

channels.  The module height, Hmod, is found by adding the thickness of PCM along the 

top of the HTF channel with thermosyphon overall length, and HTF channel wall 

thickness.  With the module width, length, and height determined, the overall size of the 

LHTES system can be computed as follows. 

   The total length (in the direction of the HTF flow) of each HTF channel is based 

upon the heat transferred in one module to the HTF from the solid PCM over the 

discharging period. Thus, with the mass flow rate of the HTF per module (or channel) 

specified, along with the HTF properties, the increase of the HTF temperature through a 
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single module can be computed.  The number of modules (in the direction of the HTF 

flow) is then calculated based upon the temperature increase per module and the overall 

temperature increase over the entire LHTES. Hence, the total length of the LHTES can 

then be determined.  Subsequently, the total number of HTF channels required is 

determined by calculating the thermal energy storage required of the LHTES unit, based 

on the specified electric power production of the Rankine cycle, and the efficiency that 

was determined and reported in Table 3.2.  Finally, (a) the total size of the LHTES unit is 

found from knowledge of the total number of HTF channels and (b) the required number 

of thermosyphons is found from the total number of modules, the module size, the 

thermosyphon dimensions, and the thickness of the PCM solidified on the thermosyphons 

over the discharging period. 

3.4.1. Cost Calculations  

 Once the physical details of the LHTES design are determined, the capital costs of 

the major components can be estimated based upon their size and mass.  Capital costs for 

the LHTES unit are associated with four main system components: (1) the exterior 

storage container, (2) the PCM, (3) the thermosyphons, and (4) the internal architecture 

of the LHTES unit such as the HTF channels.  Manufacturing and assembly cost 

estimates are included in the analysis and are based upon publically-available information 

(for example, Herrmann et al., 2004; Kelly and Kearney, 2006). In addition to the costs of 

the 4 major system components, a 10% overhead is added to the total capital cost. This 

overhead covers secondary components such as instrumentation, wiring, piping, valves, 

and insulation, and matches the rate used in a two-tank SHTES economic analysis 

(Herrmann et al., 2004). Specifics regarding the main system components follow. 
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3.4.1.1. LHTES Storage Container Cost  

 As noted previously, the length of a HTF channel is determined by the thermal 

network model. If the storage container height is specified, the width of the storage unit 

can be determined.  Ultimately, the desired height and width of the storage container is 

associated with a low overall cost. To calculate the overall cost of the storage container, 

several assumptions are made. First, the shell of the storage container is assumed to be 

constructed of carbon steel, with an average wall thickness of 38 mm, which is consistent 

with values used in two-tank SHTES designs (Herrmann et al., 2004; Kelly and Kearney, 

2006).  Second, the assembly cost of the storage tank is based on the weight of the carbon 

steel needed for its construction. To be consistent with a previous SHTES analysis, the 

cost of materials and construction of the storage container is set at $4.40/kg of carbon 

steel (Kelly and Kearney, 2006).  In addition, the storage container foundation is assumed 

to be of the same construction as modern SHTES units, priced at $688/m2 (Kelly and 

Kearney, 2006).  Also, calcium silicate insulation ($200/m2) is assumed to cover the 

outside of the storage container, with an average thickness of 380 mm (Kelly and 

Kearney, 2006).  

3.4.1.2. PCM Cost 

 The mass of the LiCl/KCl PCM is calculated from knowledge of the empty 

volume of the PCM storage container, which is found by subtracting the volume of the 

heat transfer equipment within the container from its overall volume.  The liquid density 

of the PCM is used to calculate the required mass (to account for expansion during 
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melting). The unit cost of the PCM is not well-established and is subject to change. As 

such, a range of unit costs will be considered in Section 3.5. 

3.4.1.3. Thermosyphon Cost 

 The thermosyphons consist of a metallic shell and an internal working fluid.  The 

overall length and diameter of the thermosyphons are treated as variables, and the impact 

of these dimensions on the overall cost is discussed in the preliminary cost analysis of 

Section 3.5.1. It is assumed that the thermosyphons have a 2-mm-thick carbon steel shell. 

The Therminol VP-1 working fluid is priced at $2.10/kg.  A stainless steel screen wick is 

included to reduce resistance within the film of working fluid along the inner wall of the 

thermosyphon.  As noted previously, the thermosyphons are fixed in the HTF channel 

wall using either a press fit or an inertia weld (Miner et al., 2010).  In addition, the ends 

of the thermosyphons are welded shut, at a cost of $5.84/m (SSAB, 2010).  The overall 

cost of each thermosyphon therefore varies with its length, diameter, and the bulk price of 

carbon steel. Note that in the sensitivity analysis of Section 3.5.2, the thermosyphon cost 

is de-coupled from the material costs for simplicity. 

3.4.1.4. HTF Channel Cost 

 The carbon steel HTF channels are included in the overall LHTES system capital 

cost.  The price of carbon steel used in this study is explained further in Section 3.5. The 

HTF channels walls are assumed to be 10 mm thick, and the weight of the HTF channels 

is calculated based upon their dimensions and the density of carbon steel.  It is assumed 

that the channels would be delivered in 12 m long sections, which need to be welded 

during their assembly at an estimated cost of $20.45/m (SSAB, 2010).   
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3.4.1.5. SHTES Cost 

 To compare the SHTES and LHTES systems, the primary contributors to the 

capital cost of the SHTES also need to be identified.  These are the solar salt, the molten 

salt heat exchanger and pumps, and the two storage containers and are taken primarily 

from Herrmann et al. (2004), who attributed roughly half of the total cost for SHTES to 

the inventory of solar salt needed.  

3.5. Results and Discussion 

 As will become evident, an economic comparison between the SHTES and 

LHTES systems is subject to variability in the costs of the major components. Therefore, 

to compare SHTES to LHTES, ranges of different unit prices (in U.S. dollars) for each of 

the major components (excluding the storage containers for SHTES and LHTES, as well 

as the salt pump and the salt heat exchanger for the SHTES, which are fixed) are first 

identified. The costs included in Table 3.3 are estimated as follows.  For SHTES, 

Herrmann et al. (2004) used a solar salt unit cost of $0.46/kg.  Today, this is generally 

regarded as a low estimate, hence a minimum cost of $0.50/kg is specified.  The 

maximum unit cost for solar salt is $1.50/kg, which is near the $1.74/kg cost identified by 

Kenisarin (2010). In lieu of more specific information, the cost of the PCM for LHTES is 

taken to be the same as for the SHTES solar salt.  The unit cost of carbon steel, used to 

calculate the cost of the heat transfer channels and thermosyphons, ranges from $0.80/kg 

(the current market price for bulk carbon steel) (Steelonthenet.com, 2011) to $2.20/kg, 

which is the price used by Kelly and Kearney (2006).  Although the shells of the 

thermosyphons are fabricated of carbon steel, the cost of carbon steel has been decoupled 
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from the cost of the thermosyphon for portions of the following analysis since additional 

thermosyphon costs are involved.  The unit cost of the thermosyphons is varied between 

$3.00/TS for the minimum cost to $6.00/TS for the maximum cost.  Unit costs for the 

thermosyphons are derived from the material costs (shell, working fluid, and wick), along 

with estimated manufacturing costs (welding).   
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Table 3.3: Material unit cost ranges for major cost contributors to both SHTES and 

LHTES 

 

 

Material  Minimum Cost Average Cost  Maximum Cost 
   ($/Unit)  ($/Unit)  ($/Unit) 
 

Solar Salt (SHTES) 0.50   1.00   1.50 
 
PCM (LHTES) 0.50   1.00   1.50  
 
Carbon Steel  0.80   1.50   2.20 
 
Thermosyphon 3.00   4.50   6.00 
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 A preliminary cost analysis is initially conducted to determine the approximate 

influence of various physical parameters on the overall capital cost of the energy storage 

systems. From the preliminary analysis, a set of desirable dimensions and parameters are 

identified, using the approach outlined in Section 3.4. Using these dimensions and 

parameters, a sensitivity analysis is then performed to estimate the influence of various 

costs noted in Table 3.3. Since neither the preliminary cost analysis nor the sensitivity 

analysis provides an optimized LHTES design, a LHTES system’s ultimate cost is 

expected to be substantially less than reported here.  

3.5.1. Preliminary Cost Analysis 

 The base case parameters used in the preliminary cost analysis (identified from a 

number of initial simulations) are included in Table 3.4. Table 3.5 summarizes the 

required size of the LHTES storage unit and number of thermosyphons for a 9 hour 

storage period for 50 and 10 MWe CSP plants, using the base case values of Table 3.4.  

The overall model suggests that a HTF channel of width Wchan = 1.0 m and height Hchan = 

0.08 m is appropriate, as is a HTF mass flow rate per channel of HTFm&  = 2 kg/s. Likewise, 

the preliminary cost analysis ultimately suggests that a thermosyphon of diameter DTS = 

0.024 m and length LTS = 0.58 m is economically-competitive, so those base case values 

are reported in Table 3.4.  Using these dimensions, a HTF channel length of 44.9 m is 

required (Table 3.5). For 50MWe output, a storage system that is 28.6 m wide and 13.6 m 

tall is appropriate, containing approximately 30,000 metric tons of PCM and 3.3 million 

thermosyphons.  A smaller, 10MWe system would require the same storage container 

length due to energy balance and heat transfer considerations, however its width and 

height would be less than that of the 50 MWe unit. The mass of PCM and the number of 



Chapter 3. LHTES Modeling and Economic Analysis 

74 
 

thermosyphons are reduced in proportion to the power output.  For comparison, a 9 hour, 

50MWe SHTES system as reported by Herrmann et al. (2004), has two very large 

cylindrical storage tanks, each approximately 45 m in diameter and 14 m high, each of 

which intermittently house a total of 42,000 tons of solar salt.  Hence, the LHTES 

reduces the required overall tank volume by approximately 65%, and reduces the TES 

medium mass by approximately 30%.   
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Table 3.4:  Base case parameters  

 

 

Parameter     Base Case Value  

 HTF Channel Height (Hchan)   0.08 m 
  
 HTF Channel Width (Wchan)   1.0 m 
  

 HTF Channel Mass Flow Rate ( HTFm& ) 2 kg/s 

  
 Thermosyphon Length (LTS)   0.58 m 
  
 Thermosyphon Diameter (DTS)  0.024 m 
  
 Storage Time     9 h 
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Table 3.5:  LHTES with thermosyphons for 9 hour storage capacity 

 

 

Electric  Container Container Container PCM   Thermosyphon 
Power  Length (m) Width (m) Height (m) Mass (ton) Number  
Capacity  

50 MW 44.9  28.6  13.6  30,000  3,300,000 
 
10 MW 44.9  14.3  5.5  6,000  660,000 
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 Table 3.6 presents a comparison between the estimated capital costs of the 

LHTES (with thermosyphons) and a SHTES (Herrmann et al., 2004) for a 50MWe unit 

with 9 hour storage (see Table 3.3), using the minimum costs identified in Table 3.3 

(thermosyphon unit cost is coupled to the carbon steel cost for this portion of the study, 

giving a unit thermosyphon cost of $3.40).  Note that the minimum costs of Table 3.3 are 

used in order to be consistent with the study of Hermann et al. (2004) which utilized a 

low solar salt cost estimate. Overall, the LHTES system is estimated to have an 

approximate capital cost of $36 MM, compared with $42 MM for a SHTES system.  

Most of the savings is associated with reduced expenditures for the energy storage 

medium and the storage container (Table 3.6, lines 1 and 2).  However, LHTES has two 

capital costs which do not exist for SHTES; the thermosyphons, and the HTF channels 

(Table 3.6, lines 3 and 4). But, the SHTES requires a molten salt-HTF heat exchanger 

and molten salt pumps ($7 MM, Table 3.6, lines 5 and 6).  In addition the SHTES 

requires operation of salt pumps (550 kW), meaning SHTES has an additional operating 

cost relative to LHTES (Herrmann et al., 2004).  In total, the economic calculations 

suggest that at least 15% capital cost savings over SHTES can be realized using an 

LHTES design.   
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Table 3.6:  Capital costs for LHTES and two-tank SHTES (Herrmann et al., 2004) 

 
 

Equipment    LHTES Cost   SHTES Cost  
     (US$ MM)   (US$ MM) 

Energy Storage Material*  14.9    21.0 
 
Storage Container   4.8    10.4 
 
Thermosyphons   11.1    - 
 
HTF Channels    1.6    - 
 
Molten Salt Heat Exchanger  -    5.4 
 
Molten Salt Pump   -    1.6 
 
Overhead (10%)   3.3    3.9 

Total     35.7    42.3 
 
 
*Required mass of LHTES salt is 30,000 tons.  Total SHTES salt inventory required is 

42,000 tons (Herrmann et al., 2004).  Heat capacity of SHTES solar salt is calculated to 

be 127.7 kJ/kg, based upon a liquid specific heat of 1.5 kJ/kg·K and a temperature 

difference of 85 K (Herrmann et al., 2004).   
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 Figure 3.5 includes the estimated capital cost of LHTES and SHTES for different 

storage periods, based upon 50MWe output using the base case values.  As the storage 

time increases, the difference in capital cost between SHTES and the proposed LHTES 

grows larger, due to the increased mass of the energy storage materials required.  

Therefore, this particular LHTES design may be more useful for large scale energy 

storage with a long storage time.   
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Figure 3.5: Capital costs for the LHTES compared with a SHTES for different storage 

times. The power generation is 50MWe. 
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3.5.1.1 Influence of HTF Channel Dimensions and HTF Mass Flow Rate 

 Figure 3.6 shows the dependence of the LHTES cost on the HTF channel height, 

HTF channel width, and HTF flow rate per HTF channel.   As the height of the HTF 

channel, Hchan, is increased with all other parameters held at their base case values (Fig. 

3.6a), the capital cost of the LHTES system increases modestly, whereas when the width 

of the channel, Wchan, is increased with all other parameters at their base case values (Fig. 

3.6b) the cost decreases.  Therefore, it is concluded that HTF channels with Wchan/Hchan > 

1 are desirable.  In essence, large, flat HTF channels provide more area for insertion of 

thermosyphons. From the parametric study, it is found that HTF channels of 

approximately 0.08 m in height and 1 m in width (identified as open symbols in the 

figures; the same as the base case values) lead to desirable performance and cost 

competitiveness.  
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Figure 3.6: LHTES capital cost dependence on (a) HTF channel height, (b) HTF channel 

width, and (c) HTF mass flow rate.  The white diamonds represent base case conditions. 
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 The HTF mass flow rate per channel also impacts the capital cost of the LHTES.  

Figure 3.6c shows the sensitivity of the capital cost for the proposed LHTES design to the 

HTF mass flow rate, with all other parameters at their base case values.  High mass flow 

rates correspond to smaller increases in the HTF fluid temperature per unit HTF channel 

length and, in turn, longer storage tanks. This increases storage container and storage 

foundation costs. On the other hand, lower HTF flow rates lead to shorter, more 

numerous HTF channels which can be stacked in the vertical direction, reducing the 

overall cost.  Again, the base case value is identified as the open symbol. 

3.5.1.2 Influence of Thermosyphon Dimensions 

 The thermosyphons are crucial in promoting effective heat transfer between the 

PCM and the HTF.  Figure 3.7a shows the influence of the thermosyphon diameter on the 

capital costs.  As DTS increases with all other parameters at their base case values (wall 

thickness is kept at 2 mm), the cost of the LHTES increases steadily.  Although lower 

costs are associated with the smaller diameter thermosyphons, the number of 

thermosyphons increases beyond the already large number associated with the selected 

values. A thermosyphon diameter of approximately 0.024 m is used as the base case in 

this study to reduce the required number of thermosyphons, keeping overall costs down.  

Note however, that larger diameter thermosyphons may be needed if different working 

fluids are considered in order to avoid the sonic limit for operation (Faghri, 1995).   
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Figure 3.7: LHTES capital dependence on (a) thermosyphon diameter, and (b) 

thermosyphon evaporator length.  The white diamonds represent base case conditions. 
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 The thermosyphon length also influences overall cost, and an optimum 

thermosyphon length is suggested (Fig. 3.7b). An optimum length exists because a very 

short thermosyphon occupies volume that would otherwise be taken by PCM that could 

be solidified by the cold HTF channel surface. Hence, an expense is incurred with little 

benefit by using short thermosyphons. Alternatively, the heat transfer through a 

thermosyphon of any length includes a thermal resistance associated with forced 

convection between the HTF and the condenser section of the thermosyphon. Beyond a 

certain length, adding more thermosyphon surface area (i.e. increasing the thermosyphon 

length) becomes ineffective since the thermosyphon heat transfer rate begins to be limited 

by the forced convection thermal resistance between the HTF and the condenser.  Ideally, 

the distance vertically and horizontal between HTF channels would be maximized within 

cost and heat transfer limitations to allow for a greater volume of PCM within the storage 

container.  From the preliminary cost analysis, a thermosyphon evaporator length of 0.5 

m (0.58 m total length) represents the lowest cost configuration.  

3.5.2. Sensitivity Analysis  

 The preliminary analysis has focused on the influence of geometrical and 

operating parameters on the overall cost of the LHTES system, assuming fixed values for 

various unit costs.  However, since unit costs of the solar salt, PCM, thermosyphons, and 

carbon steel are inexact and subject to change, results of a sensitivity analysis are 

presented in this section.  Again, the price ranges for the major cost components in 

SHTES and LHTES are provided in Table 3.3.  Note that thermosyphon costs have been 

decoupled from carbon steel costs in this part of the study.   
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3.5.2.1. Impact of PCM, Thermosyphon, and Carbon Steel Unit Price on Overall 

LHTES Capital Cost 

 In the results reported in Fig. 3.8, all unit costs are either the minimum or 

maximum values of Table 3.3, except for the single quantity being varied along the 

abscissa. Figure 3.8a shows the estimated LHTES capital cost as the PCM unit cost is 

varied between $0.50/kg and $1.50/kg. The SHTES capital cost using the minimum 

(maximum) solar salt cost of Table 3.3 is represented by the solid (dashed) lines.  For a 

LiCl/KCl PCM, a unit price of approximately $0.75/kg is the break-even point when the 

bases of comparison are the minimum cost values of Table 3.3. Alternatively, when the 

comparison is made using the maximum costs of Table 3.3, the LHTES system is always 

less expensive than the SHTES system.  
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Figure 3.8: Minimum and maximum LHTES and SHTES capital cost with various (a) 

PCM unit costs (b) thermosyphon unit costs and (c) carbon steel unit cost.   
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 The impact of the thermosyphon unit cost is shown in Fig. 3.8b.  LHTES with 

embedded thermosyphons remains economically competitive with a comparable 

minimum cost SHTES system for thermosyphon unit costs up to approximately $5.  

Alternatively, when maximum costs are used in the comparison, the LHTES cost is less 

than that of the SHTES cost over the entire range of TS cost considered.  It is also noted 

that, in many applications, fins or other extended surfaces are utilized to enhance heat 

transfer (Bergman et al., 2011). However, thermosyphons are often cost-competitive with 

solid metallic fins of the same exterior dimensions, due to their hollow interior which 

reduces metal usage (Toth et al., 1998).  Moreover, it has been shown that heat pipes 

thermally outperform fins in a LHTES (Robak et al., 2011).  Since thermosyphons are 

potentially less expensive than fins and perform better thermally, it is concluded that 

thermosyphons can offer an important advantage over fins from both the economic and 

heat transfer perspectives.   

 The effect of carbon steel cost on LHTES capital cost is shown in Fig. 3.8c.  As 

the price of carbon steel increases from $0.80/kg to $2.20/kg, the LHTES capital cost 

slowly increases toward the SHTES capital cost scenarios.  Even at $2.20/kg, the LHTES 

capital cost remains below that of the SHTES, suggesting that the cost of carbon steel 

within the LHTES does not have a large influence on the total capital cost relative to the 

thermosyphon and PCM components.   

5.2.2. Low and High Cost Scenarios for LHTES and SHTES 

 Table 3.7 provides a summary of the capital costs for the low, average, and high 

unit price scenarios of Table 3.3.  The lowest capital cost LHTES system is 
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approximately $34 MM (slightly lower than the value listed in Table 3.6 since the 

thermosyphon unit cost is decoupled from carbon steel cost in this portion of the 

analysis), compared with $42 MM for SHTES, a difference of approximately 20%.  For 

the average and high cost scenarios listed in Table 3.3, the differences between LHTES 

and SHTES decrease to approximately 8% and 4%, respectively.   
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Table 3.7: Minimum, maximum, and average capital cost scenarios for SHTES and 

LHTES 

 

Storage Type  Minimum Capital Average Capital Maximum Capital  
   Cost ($ MM)  Cost ($ MM)  Cost ($ MM) 

SHTES   42   63   84 
 
LHTES   34   58   81  
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 Although the results of Fig. 3.8 and Table 3.7 suggest that LHTES is not as 

economically attractive under high cost scenarios, it is reiterated that the LHTES system 

designs considered here have not been optimized. Therefore, the cost reductions 

achievable through use of the LHTES with thermosyphons, which is already significant 

under low-cost scenarios, will become larger as optimized LHTES designs are identified. 

3.6. Conclusions 

 A new LHTES design has been proposed to reduce the size and amount of 

materials needed for TES in CSP.  Using a thermal network model, it was shown that 

while accounting for the difference in the Rankine cycle efficiency between the various 

designs, a large scale LHTES system utilizing embedded thermosyphons can be cost 

competitive with two-tank SHTES systems.  Potentially, a 15% reduction in capital cost 

might be realized for the proposed LHTES over the corresponding SHTES.  It should be 

emphasized that the LHTES system with thermosyphons considered here does not 

represent an optimized design and that, ultimately, cost reductions could be significantly 

greater than reported in this study. 

 A wide variety of different PCMs and thermosyphons could be adapted to the 

proposed LHTES concept outlined in this study. For example, the PCM considered here 

may require use of metal such as stainless steel to minimize the effects of corrosion, 

increasing the cost of the thermosyphons.  Hence, some combinations will increase the 

LHTES capital costs, but others may reduce LHTES capital costs beyond those reported 

here.  Use of cascaded LHTES systems with finned thermosyphons based on the 

proposed LHTES concept has the potential to further reduce the amount of PCM and 



Chapter 3. LHTES Modeling and Economic Analysis 

92 
 

construction materials through better utilization of the energy storage capacity of PCMs 

at different melting temperatures.  Finally, long-term corrosion and weld reliability 

testing for the LHTES system with thermosyphons is warranted.   
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C  free convection constant 

D  diameter  

cp   specific heat 

Et  thermal energy 

Fo  Fourier number, αst/Hs
2 

g  gravitational acceleration 

h  heat transfer coefficient 

H  height  

k  thermal conductivity  

L  length  

m  mass 

m&   mass flow rate 

n  free convection constant 

Nu  Nusselt number, hHℓ/kℓ 

Ra  Rayleigh number, 3 /g TH vβ α∆
l l l

 

Ste  Stefan number, Eqs. 2.1 and 2.5 

t  time, thickness 

T  temperature 

W  width  

Greek Symbols 

α  thermal diffusivity 

β  thermal expansion coefficient 

ε  effectiveness 
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η  efficiency 

λ  latent heat of fusion 

ν  kinematic viscosity 

ρ  density 

Subscripts 

BM  benchmark 

c  charging 

chan  channel 

crit  critical 

dc  discharging 

e  electric 

f  final 

Fin  fin 

HP  heat pipe 

HTF  heat transfer fluid 

HX  heat exchanger 

i  initial 

in  inlet 

ℓ  liquid 

LH  latent heat 

LS  large scale 

m  melt 

mod  module 
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out  outlet 

PCM  phase change material 

s  solid 

SS  small scale 

TS  thermosyphon 

∞  ambient 

Superscripts 

i  index 

n  summation limit 

~  modified value 
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