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Abstract 

 
EXPERIMENTAL INVESTIGATION OF THERMOPHYSICAL PROPERTIES OF 

ENHANCED NITRATE SALT NANOFLUIDS FOR THERMAL ENERGY STORAGE 

(TES) IN CONCENTRATED SOLAR POWER (CSP) SYSTEMS 

Vamsikiran Eruvaram, MS  

 

The University of Texas at Arlington, 2018 

 

Supervising Professor:  Donghyun Shin 

The main source for energy production right now is from thermal, nuclear energy. But in 

the near future we might have crisis of coal so we need alternate renewable source for 

energy production the solution for that is sun, since solar energy is renewable and 

abundantly available. Concentrated solar power (CSP) technologies is one of the best 

solution to overcome this energy crisis, because it works from solar energy. If the CSP is 

incorporated with thermal energy storage (TES) we can produce energy even during 

night. TES with 15-hour storage capacity (Gemasolar) is already commercialized to 

operate a CSP plant for 24 hours a day. When the sunlight is concentrated by mirrors into 

a small focal point, a heat transfer fluid transfers the collected heat to a turbine or an 

engine to produce electricity and any surplus heat to a TES unit for later use. Typical 

CSP plants used two different materials for heat transfer fluid and TES, and thus several 

heat exchangers were necessary between HTF and TES. These heat exchangers can 

cause a significant temperature drop due to the thermal heat transfer losses because of 

this efficiency of the cycle gets reduced. Thermo physical properties of the HTF are one 

of the important factors in transferring thermal energy. Different specific heat 

measurement techniques have been determined in this work for finding the optimum 

method for Cp measurement. One of the promising chemicals for the purpose of HTF  is 
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mixture of molten salts. However, low thermal properties of molten salts, such as specific 

heat capacity (Cp around 1.5 kJ/kg°C) constrains thermal performance of CSP systems. 

Recently, many studies have been conducted to overcome this difficulty, by adding 

minute concentration of nanoparticles. In this work, the selected molten salt eutectic is a 

mixture of LiNO3– NaNO3 by composition of (54:46 mol. %) plus dispersing Aluminium 

oxide (Al2O3) nanoparticles with 40nm particle size. A standard differential scanning 

calorimeter (SDSC) is employed to measure the Cp of pure and nanomaterial samples. 

The results from this work shows a 18.3% Cp enhancement. Economic analysis of CSP 

has been performed to know the effect of impact of specific heat enhancement on CSP 

by using System Advisor Model as base tool for simulation. 
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Chapter 1  

INTRODUCTION 

1.1 Introduction to Specific Heat 

Latent heat storage systems have gained importance for many applications like space-

based power plants, solar energy systems, and central air-conditioning systems and in 

energy-conserving buildings, due to their high energy density and isothermal behavior 

during charging and discharging [6]. The most difficult part of this is their selection or 

preparation of a suitable phase-change material (PCM) for a heat storage system. 

Specific heat describes the amount of heat per unit mass required to raise the 

temperature by one degree [2]. Some of the techniques discussed here for specific heat 

measurement are Modulated differential scanning calorimetry (MDSC), standard 

differential scanning calorimetry(SDSC) and T history method. 

1.2 Introduction to DSC 

Differential scanning calorimetry (DSC) is a thermal analysis technique which has been 

used for more than two decades to measure the temperatures and heat flows associated 

with transitions in materials as a function of time and temperature. Such measurements 

provide quantitative and qualitative information about physical and chemical changes that 

involve endothermic or exothermic processes, or changes in heat capacity. DSC is the 

most widely used thermal analysis technique with applicability to polymers and organic 

materials, as well as various inorganic materials. DSC has many advantages which 

contribute to its widespread usage, including fast analysis time (usually less than 30 

minutes), easy sample preparation, applicability to both solids and liquids, wide 

temperature range, and excellent quantitative capability[1].  

 

 



2 

1.2.1 Working DSC: 

In a typical heat-flux DSC cell, the sample and reference sit on raised platforms formed in 

a thermoelectric disk, which serves as the primary means of heat transfer to the sample 

and reference from a temperature-programmed furnace. Traditionally, the temperature of 

the furnace is raised or lowered in a linear fashion, while the resultant differential heat 

flow to the sample and reference is monitored by plate thermocouples fixed to the 

underside of the disk platforms. The thermocouples are connected in series and measure 

the differential heat flow using the  Ohm's Law[2] 

dQ=
ௗ்

ோ
 

dQ= difference in heat flow between sample and reference, 

 dT= temperature difference measured,  

 R = thermal resistance of the cell. 

 

 Figure1.1  Heat flux DSC Schematic[4]  
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Figure1.2 Heat flux DSC Texas instruments 

In modulated DSC (MDSC), the same heat-flux DSC cell arrangement is used as that of 

standard DSC, but a different temperature (heating/cooling) profile is applied to the 

sample and reference via the furnace. Specifically, a sinusoidal ripple (modulation) is 

overlaid on the standard linear temperature ramp. Due to this, there are three heating-

related experimental variables, which can be used to improve DSC results. These three 

variables are heating rate, amplitude of modulation, and frequency of modulation. To 

appreciate the effects these variables can have, the general equation describing 

calorimeter response needs to be examined. One way to represent this heat flow 

mathematically is[5] 

dQ/dt = -
ௗ்

ௗ௧
 f(t, T) + [௣ +f'(t, T )ܥ] 

Reference pan 

Sample pan 
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dQ/dt = heat flow out of the sample, 

 dT/dt = heating rate, 

 Cp = sample heat capacity, 

 t = time,  

T = temperature, 

 f"(t, T) = thermodynamic heat flow component, 

f(t, T) = kinetically-limited heat flow 

 

Figure 1.3 Modulated DSC heating profile [5] 

1.3 Introduction to T-History 

T history method works on the principle of lumped heat capacitance method. For heat 

conduction in a solid body there are two thermal resistances: (1) the conductive 
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thermal resistance  ܴ௄ inside (2) the convective thermal resistance  ܴ஼ between 

the surface of the solid body and the neighboring fluid. An important limiting case 

relates to negligible conductive thermal resistance ܴ௄→ 0 or alternatively 

ܴ௄<<ܴ஼, in which there is a small temperature difference between the center and 

the surface in the solid body and a large temperature difference between the 

surface and the adjacent fluid. The unsteady heat conduction takes place in a 

“lumped” solid body whose mean temperature depends on time. This hypothesis 

gives rise to the powerful lumped capacitance model. The lumped capacitance 

model is a natural branch of the differential or distributed model in which the 

temperature in the solid body depends upon position and time unitedly. Lumped 

heat capacity is valid only when Bi<<1 [21, 22] 

Bi=
ோ಼
ோ಴

<<1. 

 

1.4 Introduction to Solar Energy 

 The main sources of energy production are crude oil, gas and coal. According to a model 

developed by Klass it is estimated that coal reserves are available up to 2112[6]. Wind 

Energy, Geothermal Energy, Solar Energy, Hydropower, Biomass Energy, Biodiesel and 

Advanced Biofuels are some of the example of renewable energy on the surface of earth. 

Solar Energy stands out. 400, 000, 000, 000, 000, 000, 000, 000, 000 watts of energy is 

produced by sun [chenglu1], it is estimated that it will last for around 5 billion years. The 

two technologies that is used for the production of electricity from sun are photovoltaic 

and concentrated solar power plant. 
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1.4.1 Photovoltaic Technology 

The semiconductor device that transforms solar light in electrical energy is termed as 

‘Photovoltaic cell’ , Solar cells are made of semiconductor materials, such as silicon. The 

solar cells has  a thin semiconductor wafer to form an electric field, P type semiconductor 

on one side and N type on  the other. When light energy (sunrays) strikes the solar cell, 

electrons are knocked out from the atoms in the semiconductor material producing 

electricity. The main advantage of this system is easy to install , easier conversion of 

solar energy , but the disadvantage with this technology is cost of production of electricity 

and its operational time.[7,8],The photovoltaic system works only in the presence of sun 

light , the electricity production cannot be done in the absence of the sunlight. In order to 

overcome this limitation concentrated solar power plants can be used. 

 

Figure1.4 Photo voltaic cell working [9] 

1.4.2 Concentrated solar power plant 

CSP use an array of mirror as optical elements which are used to concentrate solar 

energy and convert them to thermal energy [10]. The operating temperatures of these 

plants are around 3000C – 6000C. Thus using CSP, the energy is stored in the thermal 

energy storage tanks and then this energy is used to drive the generator, which produces 

electricity. CSP has four technologies that are used to produce electricity namely 
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Parabolic Trough Systems, Concentrated Solar Power tower, Fresnel Linear Technology 

and Dish stirling. 

1.4.2.1 Parabolic Trough System 

This system has cylindrical and parabolic reflector, which is used to focus the sun’s 

radiation on to a vacuumed glass tube. The vacuum tube consists of absorption tube 

which is used to absorb the heat from the sun’s energy this absorption tube has high 

absorptivity and low emissivity, this property helps in reduction of heat loss. High 

temperature fluid or heat transfer fluid is allowed to flow inside the absorption tube, which 

gets heated up by absorbing heat reflected by the reflectors. The heat transfer fluid 

generally used in this system is mineral oil. This system can reach up to temperature of 

4000C. The heated fluid is transferred to heat exchanger by pumps and in the heat 

exchanger heat transfer takes place and converts into steam. The steam generated is 

used to run the turbines to produce electricity. 

 

Figure 1.5 Parabolic trough system [11] 
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1.4.2.2 Power Tower 

This system consists of several reflecting mirrors called as heliostats. The heliostats have 

a surface area of around 100m2 on average. The heliostats are mounted around a central 

receiver in which high temperature fluid is allowed to flow which could be a molten salt, 

like liquid water, air or sodium in liquid state. These heliostats are has its own sun 

tracking system along two axis. The heliostats are usually flat. The receiver is usually 

located on to a tower, which is around 80m – 100m in height. The main advantage of 

having a solar power tower is it’s point focus system which is good when compared to 

line focusing as that of parabolic trough system. Huge amount of radiation is allowed to 

focus on to the receiver, which is helpful in increasing the efficiency of the system and 

also it reduces the heat losses, due to this we can increase the operating temperature of 

plant which increases the efficiency of Rankine cycle. 

 

Figure 1.6 Power tower system [12] 
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1.4.2.3 Fresnel Linear Technology 

Fresnel Linear system consists of mirrors, which can be parabolic or flat in shape. The 

mirrors are used to reflect the sun’s irradiation on to towards the tube. The tubes contain 

water running in it. The water is heated and it’s converted to steam. This pressure 

created by steam is used to run the turbine to produce electricity. 

 

Figure 1.7 Fresnel System [13] 

1.4.2.4 Dish stirling Technology 

Dish stirling is point focus system. This system consists of parabolic shaped dish, which 

reflects the sun’s radiation to a single receiver; the single receiver is this is stirling engine, 

which is heat engine. The stirling engine generally absorbs heat energy and converts it to 

mechanical work. In this system, a parabolic shaped dish is used to reflect sun’s radiation 

on to a single receiver, which in this case is a Stirling engine, which is nothing but a heat 

engine. An alternator attached to the engine shaft, which converts mechanical work to 

electricity. Parabolic dishes are usually coated with reflective material such glass, 

aluminum, plastic.  
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Figure 1.8 Dish stirling system [13] 

1.5 Thermal Energy Storage System and energy storage systems 

The sun energy is only available during the daytime but not the night or in some cloudy 

conditions. This is one of the difficulty associated with the use of solar energy to produce 

electricity, to encounter this problem we need an energy storage system which can store 

energy during the daytime and can be used when required. Energy storage systems are 

divided in to three categories namely sensible heat storage system, Latent heat storage 

system and chemical energy storage. 

1.6 Eutectic nitrate/nitrite mixture 

Eutectic mixture of LiNO3 and NaNO3 are used here attributing to their low melting point. 

At present the industrial energy storage material, which is binary mixture of KNO3 and 

NaNO3 also known, has solar salt, has freezing point of 2220C. Various methods such as 

circulating heat transfer fluid during the nighttime through solar field and using auxiliary 

heater to maintain certain temperature are used to prevent freezing of salt. 
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1.7 Introduction to SAM and Gemasolar plant 

SAM is developed by the national renewable energy laboratory (NREL) with funds from 

the United States department of energy.. The System Advisor Model (SAM) is a 

performance and financial model designed to facilitate decision making for people 

involved in the renewable energy industry. SAM makes performance predictions and cost 

of energy estimates for grid-connected power projects based on installation and 

operating costs and system design parameters that you specify as inputs to the model. 

Gemasolar, located in Fuentes de Andalucía, Spain, about 40 miles east of Sevilla, is the 

first commercial-scale plant in the world to apply central tower receiver and molten salt 

heat storage technology. The plant has a capacity of 19.9 MWe (gross) and covers 

slightly less than 200 hectares. The Gemasolar power plant consists of 2,650 heliostats 

distributed in concentric rings around the tower, with a total reflective area of 304,750 m2, 

in an immense 185-hectare circle. The 115 m2 heliostats developed by SENER use 

proprietary technology to track the sun’s location in order to maximize the collection of 

thermal energy, and their location was established by the SENSOL software. These 

heliostats reflect and concentrate sun radiation on a 120 MWth [18] solar receiver located 

on the upper part of 140 m tower. Molten salt is pumped from a cold storage tank through 

the receiver where is heated and then stored into a hot tank. From the hot tank the salt is 

pumped to a steam generation system. The superheated steam produced drives a 19.9 

MWe (gross) Siemens SST-600 two-cylinder reheat steam turbine, which is connected to 

a generator that produces electricity. The plant uses a wet-cooling system to condense 

the steam back to liquid. The Gemasolar power plant has a thermal storage system 

which stores part of the heat produced in the solar field during the day in a molten salt 

mixture of 60% sodium nitrate and 40% potassium nitrate [18]. A full storage tank can be 
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used to operate the turbine for about 15 hours at full-load when the sky is overcast or 

after sunset. The plant also utilizes a 15% fossil fuel back-up from a natural gas heater. 

1.8 Objective of the Study 

The aim of this study is to discuss different techniques for the measurement of specific 

heat, investigate the effect of nanoparticle dispersions on binary nitrate molten salt as 

advance thermal energy storage material by doping the base nitrate molten salt with 

Aluminum oxide nanoparticle in very minute concentration, and discuss the economic 

impact of incorporating nanoparticles in thermal energy storage system by the help of 

System Advisor Model (SAM). 

1.9 Significance of the Study 

The significance of this study is to develop advanced nanomaterials for heat transfer and 

thermal storage applications to be used in CSP. The output from this study support the 

use of nanomaterials for heat capacity enhancement and act as a potential substitute to 

the existing heat transfer fluids with a great reduction in cost. 
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CHAPTER 2  

EXPERIMENTAL PROCEDURE 
 

2.1 Synthesizing procedure for solar salt: 

A binary eutectic mixture of  NaNO3 – KNO3 is considered here for purpose of study of 

specific heat of molten salt. The composition, which forms the eutectic mixture of NaNO3 

– KNO3 by mixing is (60-40) in mass fraction (wt. %). The salts used in procedure were 

procured from Alfa Aesar Corporation. NaNO3, KNO3 procured were 99.0 % pure of 

LiNO3, 80 mg of KNO3 and 120 mg of NaNO3 were mixed using a microbalance 

(Sartorius, CPA225D). The mixture is prepared in 25 ml glass vial. The glass vial is filled 

with 20 ml water and allowed to sonicate for 200 minutes in an ultra sonicator (Branson, 

1510), procured from Branson Ultrasonic Corporation. The sonication is used to make 

eutectic mixture. The sonicated vials were evaporated in furnace plate at temperature of 

2000C for 8 hours. 

 
Figure 2.1 Synthesis of Solar Salt [17] 
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2.2 Synthesizing procedure for pure and nano sample of LiNO3-NaNO3 

A binary eutectic mixture of LiNO3- NaNO3 is considered here for purpose of study. The 

composition, which forms the eutectic mixture of LiNO3 – NaNO3 by mixing is (54:46) in 

molar mass . The salts used in procedure were procured from Alfa Aesar Corporation. 

LiNO3 NaNO3 procured were 99.0 % pure. Aluminium oxide (Al2O3) nanoparticles used 

were procured from Meliorum Technology. 40nm. 101.422 mg of LiNO3, 96.577 mg of  

NaNO3 and 2mg of Al2O3 were mixed using a microbalance (Sartorius, CPA225D). The 

mixture is prepared in 25 ml glass vial. The glass vial is filled with water up to 20 ml and 

allowed to sonicate for 30 minutes in an ultra sonicator (Branson, 1510), procured from 

Branson Ultrasonic Corporation. The purpose of the sonication is that all the elements 

are mixed homogenously for uniform dispersion of the nanoparticles and minimum 

agglomeration. The sonicated vials were evaporated on hot plate at temperature of 

1500C for 10 hours. After complete removal of water, the remaining solution is allowed to 

solidify and heated at lower temperature of 1000C to remove any trace of moisture from 

the sample. 

 
Figure 2.2 Synthesis of Nanomaterial [17] 

 



15 

2.3 Properties of salt used 
Table 2.1 Large Table in Landscape Orientation 

Properties Sodium Nitrate Potassium nitrate Lithium Nitrate 

Molar Mass 84.99gm/ mole 101.1gm/ mole 68.95gm/ mole 

Melting Point 3060C 4000C 2510C 

Boiling Point 3800C 3340C 6000C 

Decomposition 
Temperature 

>4000C 3800C >6000C 

Flash Point Nonflammable Nonflammable Nonflammable 

 
2.4 Testing procedure in Modulated DSC: 

A modulated protocol is used in the Differential Scanning Calorimeter (DSC) to measure 

the specific heat capacity. Two pans are loaded in MDSC empty pan and sample pan. 

Three calibrations has to be done before testing the sample namely baseline slope and 

offset calibration, enthalpy (cell) constant calibration, Heat capacity calibration.  
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Figure 2.3 baseline slope and offset calibration 

Figure 2.4 Indium for enthalpy (cell) constant calibration 
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Figure 2.5 Saphire Heat capacity calibration 

2.4.1 Protocol is used for testing in MDSC: 

   The empty pan is used for reference initially the samples are maintained at a 

temperature of 400C and then the temperature is ramped up to 5600C at the rate of 

50C/min. The samples are maintained at that temperature for 5 minute i.e. the samples 

are at isothermal state. Gradually the samples are allowed to cool down. Results of 

specific heat capacity are obtained from software from TA Universal Analysis (TA 

Instruments) [17] 

2.5 Testing procedure in SDSC: 

  The standard T-zero hermetic pan was fixed with a lid (TA Instruments, Inc.) and 

hermetically sealed. Before testing the samples in the pan, the empty pan/lid and the 

pan/lid with a sapphire reference (25.412 mg) were mounted in a differential scanning 

calorimeter (Q20, TA Instruments, Inc.) to obtain a baseline and a reference data. The 
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standard DSC test method (ASTM-E1269) was used for the measurement of specific 

heat. [23] 

 

Figure 2.6 SDSC ASTM-E1269 for specific heat measurement [23] 

2.5.1 Protocol is used for testing in SDSC: 

The temperature was initially held at 150 °C for at least 4 min. to evaporate any adsorbed 

moisture. The temperature was then ramped up to 560 °C at 20 °C/min. and held for 

another 4 min. The DSC was then cooled down to room temperature. 

2.6 Testing procedure of specific heat by T-History method: 

The fundamental of T-history method is the lumped capacitance assumption, in which the 

conduction within the sample is negligible [21, 22]. 

Bi ൌ
hୟ୧୰ܮ஼
݇

ൌ
hୟ୧୰ ୱܸୟ୫୮୪ୣ

ୱ୳୰୤ୟୡୣ݇ܣ
 

The volume and height of the sample in the vial is determined by the mass of sample 

filled. In our setup, 1.0-inch diameter vial was used to carry the salt sample with a height 
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of 1.25 inch. The characteristic length is calculated to be Volume/Area = 0.178 in = 

0.0045 m. Assuming the natural convective heat transfer coefficient to be 5 W/m2-K and 

thermal conductivity to be 0.5 /m-K, the Biot number is calculated to be 0.045 which 

meets the lumped capacitance method requirement 

Table 2.2 Specifications and considerations for T-History method 

Specifications and considerations 

Vial diameter 1 inch 

Height of salt in vial 1.25 inch 

Volume/Area of Vial 0.178inch 

Thermal conductivity 0.5W/m-k 

Heat transfer co-efficient 5 W/m2-K 

 

2.6.1 Validation of temperature distribution: 

The validation has been done by using two vials filled with NaNO3 salts with same mass. 

The samples are heated in furnace from same initial temperature, two set of tests were 

performed with different initial temperature. 

 Equilibrate at 250°C and ramp up to 500°C 

 Equilibrate at room temperature (25°C) and ramp up to 500°C 

2.6.1.1 Equilibrate at 250°C and ramp up to 500°C: 

In this first the salt is allowed to equilibrate at 2500C and then the temperature is ramped 

to 5000C and time Vs temperature is recorded with the help of DAQ  
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2.6.1.2 Equilibrate at 25°C and ramp up to 500°C: 

In this first the salt is allowed to equilibrate at 250C and then the temperature is ramped 

to 5000C and time Vs temperature readings are recorded with the help of DAQ  

 

Figure 2.7 T-History experimental setup 
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Figure 2.8 Time Vs Temperature for validation-1 

 

Figure 2.9 Time Vs Temperature for validation-2 
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2.6.2 Test protocol for T-History method: 

 30 gms of pure molten solar salt and 30 g of NaNO3 salt were weighed in each vial 

respectively. Both the samples are placed adjacently inside furnace and allowed to 

equilibrate at 250°C and then allowed to ramp. The temperature change with respect to 

time is recorded with the help of K type thermocouples which are hooked to TA data 

acquisition system; the furnace air temperature is also monitored during the whole 

process. 

 

Figure 2.10 Solar slat and NaNO3 after melting 

 

 

 

 

 

Solar Salt 
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2.7 SAM performance inputs for Gemasolar 

Table 2.3 Input parameters of Gemasolar [18] 

Parameter Variable Gemasolar input 

Climate Location Sevilla (EPW) 

Heliostat Field 

Heliostat width 10.9 m 

Heliostat height 10.9 m 

Max heliostat distance to 
tower 

8 

Solar field land area 
multiplier 

1.4 

Tower and Receiver 
 
 

Receiver height 140 m 

Receiver diameter 
 

8.89 m 

Number of panels 
 

16 

Required HTF outlet temp 
 

565 ºC 

Solar multiple 
 

2.5 

Tower height 
 

140 m 

Power Cycle 
 

Design turbine gross output
 

19.9MW 

Estimated gross to net 
conv 

 
0.875 

Design HTF inlet 
temperature 

 
565 ºC 

Aux heater outlet set temp 
 

570 ºC 

Min turbine operation 
 

0.20 

Condenser type 
 

Evaporative 

Ambient temp at design 
 

20 ºC 

Thermal Storage 
 

Full load hours of TES 
 

15 

Initial hot HTF temp 
 

565 ºC 
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2.8 HTF parameters for SAM  

Parameters like specific heat, kinematic viscosity, dynamic viscosity has been taken from 

National renewable energy laboratory of the U.S. Department of Energy. 

Table 2.4 Input parameters of HTF (Solarsalt ) in system advisor model[19] 

Temperature 

[C] 

Specific heat 

[kJ/kg-K] 

Dynamic viscosity 

[Pa-s] 

Kinematic 

viscosity [m^2-s] 

260 1.488 0.004343 2.26E-06
277.9 1.491 0.003818 2E-06
295.8 1.494 0.003361 1.77E-06
313.7 1.497 0.002967 1.57E-06
331.6 1.5 0.002629 1.4E-06
349.5 1.503 0.002344 1.26E-06
367.4 1.506 0.002106 1.13E-06
385.3 1.509 0.00191 1.04E-06
403.2 1.512 0.001751 9.55E-07
421.1 1.515 0.001624 8.91E-07
438.9 1.518 0.001523 8.41E-07
456.8 1.522 0.001445 8.03E-07
474.7 1.525 0.001383 7.73E-07
492.6 1.528 0.001332 7.50E-07
510.5 1.531 0.001289 7.30E-07
528.4 1.534 0.001247 7.11E-07
546.3 1.537 0.001201 6.89E-07
564.2 1.54 0.001147 6.62E-07
582.1 1.543 0.001078 6.27E-07

600 1.546 0.000992 5.80E-07
800 1.546 0.000992 5.80E-07
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Specific Heat capacity measurement 

 

3.1.1 Specific heat capacity by MDSC 

Table 3.1 Results of Specific heat capacity by MDSC 

Heat capacity(kJ/kg°C) NaNࡻ૜-KNࡻ૜(SOLAR SALT) 

Heat capacity Experimental Reference[20] 

Repeat #1 1.55  

 

1.45-1.55 

 

 

 

Repeat #2 1.54 

Repeat #3 1.56 

Average 1.55 

Standard deviation 0.01 

 

 

Figure 3.1 Specific heat capacity of Solar Salt 
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The experimental results shows that the specific heat capacity of solar salt is 

1.55(kJ/kg°C) which matches the reference value. 

3.1.2 Specific heat capacity by SDSC 

Table 3.2 Results of Specific heat capacity by SDSC 

Heat capacity(kJ/kg°C) NaNࡻ૜-KNࡻ૜(SOLAR SALT) 

Heat capacity Experimental Reference[20] 

Repeat #1 1.61  

 

1.45-1.55 
Repeat #2 1.62 

Repeat #3 1.62 

Average 1.61 

Standard deviation 0.01 

 

Figure 3.2 Raw data for Specific heat capacity measurement of Solar Salt 
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Figure 3.3 Processed data for Specific heat capacity measurement of Solar Salt 

The experimental results shows that the specific heat capacity of solar salt is 

1.61(kJ/kg°C) which is greater than the reference value. This error might be due to high 

ramping temperatures or improper placement of pan in the DSC cell (that is the surface 

contact of the pan and cell). 

 

3.1.3 Specific heat capacity by T-History method: 

The specific heat is calculated by using following equation[21,22] 
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Figure 3.4 Time VS Temperature plot for SS, Ambient and NaNO3 

SS=Solar salt 

Ambient=Furnace air temperature 

NaNܱଷ=Sodium nitrate 

Under same convective heating condition, the solar salt salt sample (with smaller cp) 

heats up faster than the NaNܱଷ	sample heats (with large cp). 
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Table 3.3 Results of Specific heat capacity by T-History 

Heat capacity(kJ/kg°C) NaNࡻ૜-KNࡻ૜(SOLAR SALT) 

Heat capacity Experimental Reference[20] 

Repeat #1 1.78  

 

 

1.45-1.55 

Repeat #2 1.76 

Repeat #3 1.75 

Average 1.76 

Standard deviation 0.01 

 

The experimental results shows that the specific heat capacity of solar salt is 

1.76(kJ/kg°C) which is greater than the reference value. This error might be due to 

improper placement of thermocouples inside the vials the advantage of this method is 

that it’s cost effective and it can be used to find specific heat in bulk quantity whereas 

DSC is used only for small sample amounts. 

 

3.2 Specific Heat capacity results of nitrate salts 

The result from the SDSC gives the specific heat enhancement for the particular sample. 

The specific heat capacity is measured with SDSC since according to guidelines of Texas 

instrumentation if new sample is tested for specific heat SDSC should be used . The pure 

sample are tested first followed by the nanoparticles. The comparison is completely 
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evaluated in the liquid state. Pure samples are prepared in large number and are tested 

individually. The mean of the specific heat capacity that is measured is fixed to be the 

standard and it is close with the literature value from earlier experiments. The mean 

obtained from the experiments is close to about 1.8 KJ/KgºC and the literature value for 

is close to 1.89 KJK/gºC. The standard deviation is measured for the values obtained 

with repeated testing of the pure salt. The standard deviation gives the measure of the 

deviation between the mean and the expected value. 

Table 3.4 Results of Specific heat capacity of Pure LiNࡻ૜-NaNࡻ૜ 

Heat capacity(kJ/kg°C) Pure LiNࡻ૜-NaNࡻ૜ 

Heat capacity Experimental Reference[24-25] 

Repeat #1 1.74  

 

 

1.89 

Repeat #2 1.8 

Repeat #3 1.87 

Average 1.8 

Standard deviation 0.07 
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Figure 3.5 Raw data for Specific heat capacity of Pure LiNࡻ૜-NaNࡻ૜ 

 

 

Figure 3.6 Processed data for Specific heat capacity of Pure LiNࡻ૜-NaNࡻ૜ 
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Table 3.5 Results of Specific heat capacity of LiNࡻ૜-NaNࡻ૜-Al2O3 

Heat capacity(kJ/kg°C) LiNࡻ૜-NaNࡻ૜-Al2O3 

Heat capacity Experimental 

Repeat #1 2.06 

Repeat #2 2.21 

Repeat #3 2.11 

Average 2.13 

Standard deviation 0.08 

 

Figure 3.7 Raw data for Specific heat capacity of LiNࡻ૜-NaNࡻ૜-Al2O3 
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Figure 3.8 Processed data for Specific heat capacity of LiNࡻ૜-NaNࡻ૜-Al2O3 
 

 
 

Figure 3.9 Processed data for Specific heat capacity of Nano VS pure 
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3.3 Proposed Mechanisms of enhanced specific heat capactiy of nanofluid 

According to literature the specific heat enhancement might be due to three independent 

competing inter-molecular interaction mechanisms (or modes) [17].  

3.3.1 Mode I (Enhanced specific heat capacity of nanoparticle due to higher 

specific surface energy):  

 Literature reports show that the specific heat capacity of particles can be enhanced up to 

25% (compared to bulk property values) due to the high surface energy per unit mass of 

the nanoparticle. The surface atoms in the lattice of the nanoparticle are less constrained 

due to the less number of bonds. Since the bonds can be ‘‘visualized’’ to act like springs 

– the surface atoms vibrate at a lower natural frequency and higher amplitudes – 

resulting in higher surface energy. Hence, the phonon spectrums of nanoparticles are 

quantized and have discrete values which are constrained by the size of the 

nanoparticle[17]. 

 

Figure 3.10 Mode I 
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3.3.2Mode II (Solid–Fluid interaction energy): 

 Extremely high surface area per unit mass of nanoparticles cause an anomalous 

increase in the interfacial thermal resistance between the nanoparticles and 

surrounding liquid molecules, which is usually negligible in macro scale. This 

high interfacial thermal resistance should act as additional thermal storage due to 

the interfacial interaction of the vibration energies between nanoparticle atoms 

and the interfacial molecules[17]. 

 

Figure 3.11 Mode II 
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3.3.3Mode III (Layering of liquid molecules at surface to form semi-solid layer): 

  In addition, liquid molecules adhering on the surface of the nanoparticles have a 

semi-solid behavior. The thickness of this ‘‘adhesion layer’’ of liquid molecules 

would depend on the surface energy of the nanoparticle. These semi-solid layers 

usually have higher thermal properties than the bulk liquid and therefore 

contribute to increasing the effective specific heat capacity of nanofluid[17].  

 

 

Figure 3.12 Mode III 
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3.4 Economic analysis of specific heat enhancement in CSP 

Table 3.6 SAM Validation with respect to literature[18] 

Validation of model 

Metric SAM Value Reported value Difference(%) 

Annual Energy  107,354,640kWh 110,000,000 kWh 2.4% 

Capacity Factor 70.4%   74%   3.6% 

Total Land Area 438.18 acres   457.00 acres 4.1%   

 

The simulation gave energy output of approximately 107.4 GWh/year. The reported 

output for Gemasolar is estimated at 110 GWh/year from literature, giving a 2.4% 

difference in the actual and simulated values.  4.1% difference was found in between the 

simulated and reported values for the total land of the plant. The specific heat 

enhancement values shown in below table are obtained from the literature 

Table 3.7 Enhancement of specific heat of nanoparticle size with respect to literature 

Enhancement of specific heat based on nanoparticle size[20] 

Base salt NaNO3-KNO3 NaNO3-KNO3 NaNO3-KNO3 NaNO3-KNO3 

Nanoparticle SiO2 SiO2 SiO2 SiO2 

Nanoparticle size 5nm 10nm 30nm 60nm 

Enhancement 10% 13% 21% 28% 
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Figure 3.13 Performance of Nano particle size VS Enhancement 

 

Table 3.8 TES cost with respect to enhancement[16,19] 

 Enhancemnt(%) TES cost($/Kg) ݌ܥ

0 26.22 

10 24.12 

13 23.17 

21 21.8 

28 20.71 

 

 

Figure 3.14 Performance of Enhancement VS TES costs 
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Table 3.9 Over all TES cost with respect to enhancement 

(%)Enhancement ݌ܥ Over all Installation TES cost 

reduction (%) 

0 - 

10 8 

13 11.6 

21 16.5 

28 21.02 

 

 

As the specific heat increases there will be reduction in thermal energy storage cost this 

might be due to due to reduction of insulation , construction cost of tanks, smaller tank 

size.  

 

Figure 3.15 Performance of Cp Enhancement VS cost reduction 
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Figure 3.16 The annual energy flow of different processes in the system 

The above graph depicts the annual energy based on difference losses from different 

processes throughout the system in concentrated solar power plant. 
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CHAPTER 4 

CONCLUSION AND FUTURE WORK 

4.1 Conclusion 

In this study different methods of specific heat measurement techniques has been 

performed for solar salt to find its heat capacity and MDSC showed the heat capacity 

equal to that of reference value, binary nitrate salt eutectic (LiNO3–NaNO3, 54:46 

mol. %) doped with Alumina nanoparticles (1% wt., 40nm) is investigated as a 

potential candidate to be used in thermal energy storage media in concentrated 

solar power systems. Specific heat capacity (ܥ௣) measurement is performed using 

a modulated differential scanning calorimeter. The result of the specific heat 

analysis shows 18.3% ܥ௣enhancement compared with the pure salt eutectic. The 

enhanced specific heat capacity of a TES fluid can significantly reduce the 

material and structure cost of TES in a CSP system. The economic impact on the effect 

of specific heat capacity enhancement has been conducted by using System Advisor 

model for simulation. It was proven that by enhancing specific heat of 10%, 13%, 21%, 

28% we can reduce the overall cost of TES about 8%, 11.6%, 16.5%, 21.02%. 

4.2 Future work 

The future work for the binary nitrate mixture can be as following:  

1. Verifying the Thermal and Chemical Stability at higher temperatures. 

 2. Viscosity measurement.  

 3. Checking the effect of additional nitrate with the base salt like ternary or quaternary 

nitrate mixtures.  
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