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Executive Summary 

Work under this project has ultimately focused on the development and performance evaluation of a 
100kWht prototype heat exchanger. The design utilizes a commercially available heat exchanger product 
to create a unique latent heat PCM storage module. The novel ideal associated with this technology is the 
inclusion of an agitation mechanism that is activated during the discharge process to improve heat 
transfer.  

The prototype unit did not meet the performance goals estimated through modeling, nor did the estimated 
costs of the system fall in line with the goals established by DOE.  

Project Objective 

Design, validate at prototype level, and then demonstrate a full size, 800 MWht Thermal Energy Storage 
(TES) system based on Phase Changing Material (PCM) TES modules with round trip efficiency in 
excess of 93%. The PCM TES module would be the building block of a TES system which can be 
deployed at costs inline with the DOE benchmark of 2020. 

The development of a reliable, unsophisticated, modular, and scalable TES system designed to be mass-
manufactured utilizing the most advanced automated fabrication and assembly processes and field 
installed in the most cost-effective configuration could facilitate the attainment of the Levelized Cost of 
Energy (LCOE) of $.07/kWh by 2015. It is believed that the DOE targets can be attained by finding the 
best combination between the size of the TES module, its optimal integration in the power cycle, and the 
best PCM for the application. 

The technology researched in this project utilizes latent in molten salt heat to store solar energy for later 
use. By using large, flat plate based heat exchangers, individual, welded pockets are formed. HTF is 
pumped though a series of pockets which have an internal pattern to manipulate flow and maximize the 
time HTF spends in an individual pocket. As the cycle is discharged, a vibration system is activated to 
shake loose solid particles deposited on the heat exchanger, causing them to separate and fall to the 
bottom of the tank. As the discharging concludes, the tank of salt will be fully solidified. 

Background 

In current thermal energy storage configurations, molten salt is held in two tanks, one for cold salt and 
one for hot salt. The system is charged by transferring cold salt through heat exchangers to gain sensible 
heat, and then deposited in a hot tank for storage. To discharge the system, salt is pumped from the hot 
tank through consecutive shell and tube heat exchangers into the cold tank. Conventional two tank 
systems utilize sensible heat exclusively. These systems are vulnerable to salt solidification on the heat 
exchanging surfaces during the discharge phase, resulting in a rapid decrease in heat transfer efficiency.  

For comparison purposes, the proposed TES module concept is compared with what can be considered 
the current state of the art design reported by German Aerospace Center (DLR) Institute of Technical 
Thermodynamics in the DISTOR (Storage System for Solar Direct Steam Generation) Project. The basic 
design of the DISTOR latent and sensible heat storage system uses a parallel tube heat exchanger 
immersed in PCM placed into a non-pressured container. The tube heat exchanger is equipped with 
graphite fins (Steinman et al., 2008). The DISTOR project validated the concept of a fined heat exchanger 
immersed in a non-pressured nitrate salt bath as the most cost effective approach to PCM storage. 
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Results by Task 

The following section provides a detailed account of the Phase I tasks as defined in the Statement of 
Project Objectives (SOPO). The detailed account highlights the approach for each task as well as the 
subsequent results. 

Task 1.0 Heat transfer model and fluid dynamic analysis  

The first task of this project was to create heat transfer and fluid dynamic models. For a system level 
feasibility study and initial system design, the TRNSYS software package was used. TRNSYS is a 
software package with built-in components such as pumps, tanks, heat exchangers, and has the ability to 
operate with user created components.   

Further heat transfer and computational fluid dynamics modeling was performed with the MATLAB and 
COMSOL software packages. MATLAB was used to assist in sizing the system, designing the heat 
exchanger, and predicting its performance. COMSOL was used to evaluate the heat exchanger design 
from a fluid dynamics and finite element perspective. The phase change process was modeled to 
investigate the internal behavior of the PCM to visualize how heat will be transferred in the heat 
exchanger. A detailed modeling report was submitted to DOE and is attached in Appendix C.  

Throughout the modeling process, the focus was to satisfy the performance requirements of this storage 
concept. Modeling results suggested this concept had the ability to reduce the amount of storage material 
required, and that the round trip efficiency of a PCM storage system has the potential to exceed 93%. 
Heat transfer and fluid dynamic analysis assisted in the design and modeling of the heat 
exchanger/storage tank. These analyses suggested that the 100 kWht prototype heat exchanger/storage 
tank would be capable of being charged in approximately 2 hours. Results from the experimental testing 
with the prototype unit were used to refine the models for larger scale predictions.  

 

Task 1.1 PCM TES module design and the 100kWht lab unit fabrication  

A commercially available product was used for fabrication of the heat exchanger surface walls as well as 
the vessel. The product utilized is described as a Flat-Panel Open Tank Heat Exchanger. This type of heat 
exchanger is made using two symmetric pieces of stamped sheet metal to form an enclosed plate heat 
exchanger. The 100kWht unit would require multiple heat exchanger sections and would ultimately be 
configured in a fashion similar to Figure 2. 
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Figure 1 – Commercially available Flat-Panel Open Tank Heat Exchanger. 

 

 

Figure 2 – Commercially available Flat-Panel Open Tank Heat Exchanger bundle. 

 



DE-FC36-08GO18158 
Indirect, Dual-Media, Phase Changing Material Modular Thermal Energy Storage System  

DOE – Golden Field Office 

ACCIONA PROPRIETARY AND CONFIDENTIAL  8  

The 100kWht prototype was developed through extensive collaboration with the heat exchanger 
manufacturer. Test loop operating parameters were shared with the manufacturer as well as lithium nitrate 
salt properties and mineral oil heat transfer fluid properties. The manufacturer then calculated a surface 
area needed to charge and discharge the 100kWht of latent heat within the unit at a heat transfer rate 
within the confines of the test loop equipment. For example, the heater skid purchased for the test loop 
provides HTF at a temperature of 550°F and a flow rate of 35GPM. These values limit the rate at which 
the PCM can be charged. 

The end result from the heat exchanger manufacturer agreed with the calculation developed in house. The 
heat exchanger is comprised of a bank of double embossed plate heat exchanger sheets which are 42-7/8” 
x 47”, and have a surface area of 31.6 ft2 each. The bank is hydraulically separated into two series halves, 
each using 6 plate heat exchanger units plumbed in parallel. This was done to maximize HTF time in salt 
and minimize pressure drop though the unit.  

The rectangular tank was designed with a volume of 28.6 ft3 with dimensions of 50” long x45” tall x 22” 
wide. The walls of the tank were fabricated using single embossed plate heat exchanger material, with the 
smooth surface facing inward. This extra heat exchanger surface area could be used to supplement heat 
transfer, however it has not be included in the surface area calculation for the design and will not be used 
as such for unit demonstration. Photographs of the heat exchanger and tank are inserted below as Figures 
3 and 4.  

 

 

Figure 3 – 100kWht prototype HEX bank made of 12 Flat-Panel Open Tank Heat Exchanger. 
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Figure 4 – 100kWht prototype enclosure made of Flat-Panel Open Tank Heat Exchanger panels. 

 

In order to evaluate the 100kWht prototype, a test loop was designed and constructed. Design 
requirements for the test loop included safety, fitment on the test pad foot print, robustness, and budget 
constraints. A P&ID for the test loop is shown in Figure 5. 
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Figure 5 – Basic layout and instrumentation identification for 100 kWht unit test loop 

 

The loop utilized a heater skid that consisted of: an HTF storage tank, a pump, a control valve to regulate 
flow, and an electric heater. The loop also included the thermal storage unit, and a liquid–to–air heat 
exchanger to serve as a cooler. The heat transfer fluid selected for this project was a pure mineral oil. This 
oil was selected because it has minimal effects on the environment and is very easy to work with. Lithium 
nitrate (LiNO3) was selected based on its melting temperature of 254 °C (489 °F). Using a lower melting 
temperature salt required a smaller heater and placed less thermal stress on the pump seal. Although large 
scale installations will require a PCM with a higher melting temperature, LiNO3 could still be used to 
simulate the freeze/thaw behavior being investigated. A 3D layout simulation of the test loop is shown in 
Figure 6. 
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Figure 6 – 3D representation of the test loop equipment and layout. 

 

This layout rendering was used to develop the final installation layout, which is show in Figures 6 
through 12. Work included: anchoring of the heater skid and air cooler to the concrete containment pad, 
fabrication a vibration isolation foundation for the 100kWht prototype, fabrication and installation of the 
pipe supports, field running of the pipe, sensor wells and valves, and fabrication of the heat exchanger lid. 
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Figure 7 – Initial layout of the test loop equipment. 
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Figure 8 – Test loop equipment anchored with piping, valves, and instrument wells installed. 
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Figure 9 – Test loop equipment anchored with piping, valves, and instrument wells installed. 
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Figure 10 – Test loop equipment anchored with piping, valves, and instrument wells installed. 
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Figure 11 – Test loop equipment anchored with piping, valves, and instrument wells installed. 
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Figure 12 – Test loop equipment anchored with piping, valves, and instrument wells installed. 

 

 

The instrumentation and data acquisition system purchased for the test loop is shown in Figures 13 
through 15. 
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Figure 13 – Test loop instrumentation. 
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Figure 14 – Manufacturer drawing of the multi-measurement thermocouples.  
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Figure 15 – Campbell Scientific CR1000 Data Logger and AM16/32B Multiplexer. 

 

After the main equipment and piping were installed, instrumentation and insulation were installed. 
Figures 16 through 22 show the loop progress. 

 

Figure 16 – The test loop before instrumentation and insulation. 
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Figure 17 – The test loop after instrumentation and insulation. 

 

 

Figure 18 – Another angle of the test loop before instrumentation and insulation. 
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Figure 19 – Second angle of the test loop after instrumentation and insulation. 

 

 

Figure 20 – The prototype heat exchanger before instrumentation and insulation. 
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Figure 21 – The prototype heat exchanger after instrumentation and insulation. 
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Figure 22 – The data acquisition system mounted in the enclosure. 

 

With the installation of the instrumentation and insulation complete, oiling in the test loop and salting in 
the heat exchanger could begin. The first issue encountered involved clumping of the lithium nitrate. 
Discussions with the manufacturer revealed that this is a common issue due to the tendency of the product 
to absorb moisture in the air. The manufacturer suggested a couple of techniques to break up the clumps 
including striking the packaging with a mallet. These techniques proved to work very well and reduced 
the time require to add one drum from two hours to 30 minutes.  

The next issue encountered involved moisture in the test loop HTF system. How the moisture ended up in 
the system is not clear but it is believed to have resulted from the prototype heat exchanger manufacturer 
using water to hydrostatically test the unit before shipping it. Regardless, the moisture in the system 
proved very difficult to remove. A couple of modifications were performed to the loop in an effort to 
reduce the volume of water and speed up boiling off any remaining in the loop. The loop was drained and 
force evacuated and new fluid was purchased. The expansion vessel was raised 12 inches and two high 
point vents were installed on the heat exchanger. Both sets of modifications are shown in Figure 23 
though 26.  
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Figure 23 – Expansion vessel elevation before test loop modifications. 

 

 

Figure 24 – Expansion vessel elevation after test loop modifications. 
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Figure 25 – Prototype heat exchanger before test loop modifications. 
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Figure 26 – Prototype heat exchanger after test loop modifications. 

These physical modifications along with new HTF greatly increased the ability to boil off moisture in the 
system. Commissioning resumed followed by a complete melt of the initial salt inventory in the heat 
exchanger. This process was repeated two more times until the quantity of salt required for 100kWht was 
present.  

Prototype performance was tested by first making a baseline measurement. For the baseline test, the 
temperature of the test loop and prototype were raised uniformly until the salt had completely melted, 
reaching a temperature over 489° F. The heater was then turned off and HTF flow was diverted to the air 
cooler to remove heat from the system until the inlet to the cooler reached 462 °F. A cutoff temperature 
value is important because although energy could continue to be extracted from the prototype, the energy 
would be of little value due to its low temperature. 
 
After the baseline measurement test was complete, an agitated performance test was conducted. The 
agitation test was performed using the same methodology as the baseline, with the addition of activating 
the heat exchanger agitator during the heat extraction phase (discharge). A summary of the results is 
shown below: 
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Table 1 – Test Results 

Type of Test Baseline Agitation 

Date of Test 12/2/2011 12/8/2011 

HTF Outlet Start Temperature (°F) 493.7 490.8 

HTF Outlet Temp at Finish (°F) 462.5 462.3 

Duration of Test (min) 24 24.5 

Total Energy Transferred (kWht) 33.5 36.5 

Energy used for Agitation (kWh) 0 0.25 

Average Heat Rate Salt to HTF (kWt) 83.6 89.1 

 

Agitation increased the heat rate from salt to HTF during the discharge phase from 83.6 kWt to 89.1 kWt. 
The total amount of energy extracted was 36.5 kWht, which is below the 100 kWht goal. This is likely due 
to uncertainty of thermal properties for the molten salt. The main focus of the test was to gather 
information regarding any performance gains due to agitation. As noted in the data above, agitation 
increased the total energy released by 9%. Data recorded during both tests are shown in Figures 27 and 
28. 
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Figure 27 – Baseline performance test data. 
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Figure 28 – Agitation performance test data. 

 

Task 1.2 Salt selection and vibration system design 

Four salt mixtures, Sodium Nitrate (NaNO3), Potassium Nitrate (KNO3), Potassium Hydroxide (KOH) 
and Lithium Nitrate (LiNO3) were reviewed for their potential use in this project. All of these mixtures 
are readily available with the former three currently in use in the solar industry. Table 2 below highlights 
properties of these four salt mixtures.  

Table 2 – Candidate Salt Properties. 

Salt Type  Melting Temp.  Density (at 20⁰C) 
Specific 

Heat  
Latent Heat  Cost 

- °C  kg/m3  kJ/kg-K  kJ/kg  $/kg 

NaNO3  306 2261 1.100 172 9.07 

KNO3  335 2109 0.953 95 11.77 

KOH  360 2040 1.340 134 8.52 

LiNO3 254 2380 1.631 370 16.75 
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Of the four candidate salts LiNO3was selected for testing with the 100kWht prototype for several reasons 
highlighted in a detailed report submitted to DOE and attached in Appendix D.  

Part of the technology theorized for this project was the inclusion of a mechanism to enhance heat transfer 
of the heat exchanger during storage system discharge. One issue that arises during the extraction of latent 
heat from a PCM is that the material begins to solidify on the heat exchange surface as it cools. 
Development of a solidified crust on the heat transfer surface has a direct impact on heat exchanger 
performance. By mechanically removing any solidified salt, it is theorized that an increase in heat 
exchanger efficiency can be achieved.  

Two concepts were identified in research: mechanical agitation, and mechanical scraping. These two 
techniques were performed in a laboratory with the results being scalable to the 100kWht prototype. The 
laboratory testing setup description as well as the methodology of determining agitation was the best 
choice were described in a detailed report submitted to DOE and attached in Appendix D. 

 

Task 1.3 Final PCM TES System Basic Design 

Utilizing the performance and cost data from the 100kWht prototype, system performance and cost for a 
larger system on the order of 800MWht could be extrapolated. The estimated cost of such a system is 
shown below: 

 

 

 
The end result is a system cost of $831.5/kWht. It is believed that several measures could be taken to 
reduce this cost:  

 Use a lower cost salt, LiNO3 is one of the most expensive salts available ($7.60 per lb). 

 Optimize heat exchanger design to reduce required surface area and increase heat transfer 
coefficient 

 Increase the heat exchanger size to reduce the number of tanks required 
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Figure 29 – Cost breakdown of 800MWht system. 

 

 

Next Steps  

Based on the performance of the 100kWht prototype and the estimated full system costs, this technology 
is not feasible. Research should not continue. 

Patents 

No patent applications filed. 

Government Property 

No government owned property resulted from Phase I of this contract. 

Publications 

The following was submitted to and accepted by the American Society of Mechanical Engineers (ASME) 
for conference presentation and publication as part of the conference proceedings: 
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Title: DESIGN OF A MODULAR LATENT HEAT STORAGE SYSTEM FOR SOLAR THERMAL 
POWER PLANTS 

Publication Location:  Proceedings of the 5th Energy Sustainability Conference 

Date: August 7-10, 2011, Washington, Washington D.C., USA 

Paper Number:  ESFuelCell2011-54426 

 

Presentations during Phase I 

Date & Location Presentation Presenter Purpose 

9/9/2009, Boulder 
City, NV 

Kick-off Meeting Newmarker Initial kickoff meeting 

2/9/2010, 
Albuquerque, NM 

DOE CSP Program Review Newmarker
Annual review meeting with 
DOE/NREL/SNL 

5/26/2010, 
Washington, D.C. 

Solar Energy Technologies 
Program Peer Review 

Newmarker DOE peer review meeting. 

5/18/2011, Denver, 
CO 

DOE CSP Program Review Newmarker
Annual review meeting with 
DOE/NREL/SNL 

 

Travel during Phase I 

Date & Destination Purpose Participant 

9/9/2009, Boulder City, NV Kick-off Meeting George, Chris 
11/9/2009, Boulder City, NV TRNSYS Training George, Chris 

2/9/2010, Albuquerque, NM DOE CSP Program Review 
Newmarker, Marc 
Campbell, Mark 

5/26/2010, Washington, D.C. 
Solar Energy Technologies Program Peer 
Review 

Newmarker, Marc 

5/18/2011, Denver, CO DOE CSP Program Review 
Newmarker, Marc 
Campbell, Mark 
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Major Task Schedule – Phase I 

Task 
# 

Task Description Task Completion Date Progress Notes 

Original 
Planned 

Revised 
Planned 

Actual % 
Complete 

1.0 Heat transfer model 
and fluid dynamic 
analysis 

2/1/2010 5/31/2011 5/31/2011 100% Basic analysis 
complete. 

1.1 PCM TES module 
design and the 100kWh 
lab unit fabrication 

5/1/2010 3/31/2011 3/31/2011 100% Unit Fabrication 
Complete 

1.2 Salt selection and 
vibration system design 

8/1/2010 3/31/2011 3/31/2011 100% Agitator received 

1.3 Final PCM TES 
System Basic Design 

11/1/201
0 

12/31/2011 12/9/2011 100%   

1.4 Project Management 
and Reporting 

- - - 100%   

1.4.1 The heat transfer 
model confirms that 
the system can store 
and discharge the 
necessary amount of 
heat with a size not to 
exceed the size of a 2 
tank molten salt 
storage system when 
compared using a 
volume of storage 
material divided by 
MWe output. 

9/1/2010 12/31/2011 12/9/2011 100%   

1.4.2 The lab scale prototype 
should function to at 
least the level predicted 
in the models, with a 
minimum goal of 93% 
round trip efficiency 
for heat storage and 
removal. 

9/1/2010 12/31/2011 12/9/2011 100%   

1.4.3 Material performance 
and cost will be 
evaluated to determine 
if this design is feasible 
on a large scale. 

9/1/2010 12/31/2011 12/9/2011 100% Cost analysis 
shows this type of 

system is not 
feasible on a large 

scale. 

1.4.4 NREL Solar Advisor 
Model (SAM) analysis 
will be performed to 
verify cost reduction. 

9/1/2010 12/31/2011 12/9/2011 100% Overall plant cost 
reduction cannot 
be realized using 
this technology. 
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Final Spending Summary – Phase I 

 

Calendar 
Quarter 

Year From To Federal 
Share 

Cumulative 
Federal 
Share 

Recipient 
Share 

Cumulative 
Recipient 

Share 

Q3 2009 7/1/2009 9/30/2009 $12,329.63 $12,329.63 $3,083.07  $3,083.07 

Q4 2009 10/1/2009 12/31/2009 $3,134.03 $15,463.66 $783.68  $3,866.75 

Q1 2010 1/1/2010 3/31/2010 $4,319.29 $19,782.95 $1,080.06  $4,946.81 

Q2 2010 4/1/2010 6/30/2010 $10,671.55 $30,454.50 $2,668.46  $7,615.27 

Q3 2010 7/1/2010 9/30/2010 $32,048.73 $62,503.23 $8,013.91  $15,629.18 

Q4 2010 10/1/2010 12/31/2010 $21,553.53 $84,056.76 $5,389.55  $21,018.73 

Q1 2011 1/1/2011 3/31/2011 $36,521.69 $120,578.45 $9,132.39  $30,151.12 

Q2 2011 4/1/2011 6/30/2011 $24,135.37 $144,713.82 $6,035.15  $36,186.27 

Q3 2011 7/1/2011 9/30/2011 $70,336.19 $215,050.01 $17,587.85  $53,774.12 

Q4 2011 10/1/2011 12/31/2011 $7,834.43 $222,884.44 $1,959.03  $55,733.15 

Totals          $222,884.44    $55,733.15
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Final Spending Summary SF424 

 

Recipient: Acciona Solar Power, Inc. 
DOE Award #: DE-FG36-08GO18158 

Spending Summary for SF 424A Budget Forms 
Object Class Categories Approved Phase 1 

Budget  
Project Expenditures 

Per SF 424a   This 
Quarter 

Cumulative to 
Date 

 a. Personnel  $371,195 $4,293  $72,236 

 b. Fringe Benefits  $92,799 $1,073  $18,059 

 c. Travel  $3,000 $0  $1,209 

 d. Equipment  $125,000 $1,855  $49,901 

 e. Supplies  $1,883 $2,572  $49,492 

 f. Contractual  $6,851 $0  $74,535 

 g. Construction $24,300 $0  $0 

 h. Other $0 $0  $13,183 

 i. Total Direct Charges (sum of a to h) $625,027 $9,793  $278,615 

 j.  Indirect Charges 

 k.  Totals (sum of i and j)  $625,027 $9,793  $278,615 

DOE Share $500,000 $7,834  $222,882 

Cost Share $125,027 $1,959  $55,733 

Calculated Cost Share Percentage 20.00% 20.00% 20.00%

 

Final Cost Share Contributions – Phase I 

 

Funding Source 
Approved Cost Share This Quarter Cumulative to Date 

Cash In-Kind Cash In-Kind Cash In-Kind 

ACCIONA   $125,027 $1,959 $55,733 

          

          

Total   $125,027 $1,959 $55,733 

  
Cumulative Cost Share Contributions  $55,733 
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Appendix A 

ACRONYMS 

DOE Department of Energy 
HEX Heat exchanger 
HTF Heat transfer fluid 
kWht Thermal kilowatt-hour 
PCM Phase Change Material 
TES Thermal energy storage 
SAM Solar Advisor Model 
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Appendix B 

Molten Salt Two Tank System Cost Analysis 
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Appendix C 

Modeling Report 
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Appendix D 

Salt Selection Report 
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