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Abstract 12 

Phase change materials used for the storage of thermal energy can play a critical role in the efficient use 13 

and conservation of solar energy. The effect of the different types of phase change materials on the 14 

thermodynamic performance of a direct vapor generation solar organic Rankine cycle system is 15 

evaluated in this study. The system consists of an array of evacuated flat plate collectors, phase change 16 

material based thermal storage, expander, condenser, and organic fluid pump. The thermodynamic cycle 17 

model of the ORC system is integrated with phase change material heat storage tank that is modeled 18 

using the finite difference method in MATLAB. The thermodynamic performance of the system is 19 

analyzed by using 12 different phase change materials. Effect of phase change materials on the 20 

thermodynamic performance of organic Rankine cycle including the net power output, rise and fall in 21 

the working fluid temperature, and on the amount of energy stored and released are evaluated and 22 

compared for charging and discharging mode. The results indicate that MgCl2.6H2O has shown the 23 

highest overall system’s efficiency. However, KNO2-NaNO3 and Acetamide have resulted in maximum 24 

ORC and collector efficiency, respectively. Moreover, Acetamide, KNO2-NaNO3 and Mg(NO3)2.6H2O 25 

have shown maximum rise and fall in organic fluid temperature, maximum net power and maximum 26 

amount of energy stored and released during charging and discharging mode. Salt hydrates have shown 27 

overall better performance among the selected PCMs in terms of overall system efficiencies and the 28 

amount of energy stored and released.  29 
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1. Introduction 33 

The low-temperature and waste-heat to power conversion can significantly improve energy efficiency 34 

and reduce environmental pollution. There are several technologies for low-temperature and waste-heat 35 

to power conversion, including Kalina cycle [1], Goswami cycle [2], trilateral flash cycle [3], etc. The 36 

organic Rankine cycle [4] remains the most promising in practice. 37 

The working principle of the organic Rankine cycle is similar to a conventional steam Rankine cycle. A 38 

high molecular mass organic working fluid with a lower saturated boiling temperature is used as a 39 

working fluid in the organic Rankine cycle (ORC).  The higher molecular weight of organic fluid as 40 

compared to water results in an increase in the mass flow rate for the turbine of the same size [5]. Hence, 41 

the larger mass flow rate results in higher thermal efficiency. Moreover, the lower boing point 42 

temperature of organic fluid makes it suitable for the low-temperature application.  43 

Solar thermal energy is a relatively new application of the ORC system as compared to biomass, waste 44 

heat recovery, or geothermal energy sources. Since the temperature of about 100°C or slightly higher is 45 

sufficient to drive the ORC [6], solar thermal energy is a potential heat source for the organic Rankine 46 

cycle. There are two kinds of solar ORC systems reported in the past namely direct and indirect solar 47 

ORC systems [7]. The indirect solar ORC system (conventional solar ORC system) is one in which heat 48 

transfer fluid (HTF) is used to collect heat from solar collectors and then release it to the organic fluid 49 

through the intermediate heat exchanger. The direct solar ORC system does not employ an intermediate 50 

heat exchanger, and the working fluid flows through the collector and ORC system. Therefore, solar 51 

collectors serve as an evaporator in the case of a direct solar ORC system [8].  52 

In recent years, the direct solar ORC system (also known as direct vapor generation (DVG) solar ORC 53 

system) has gotten significant attention. Some researchers have conducted experimental work [9,10] 54 

while others have carried out theoretical studies [11–13]. The selection of working fluids and 55 

performance evaluation of the system has remained the top priority among the researchers. The direct 56 

vapor generation solar ORC system has shown a high thermal match with fluctuating solar radiation. 57 

Hence, it has relatively higher thermal efficiencies and net power output in comparison with the 58 

conventional solar ORC system [7].    59 

Solar collectors are an integral part of a solar ORC system. They are generally divided into concentrating 60 

and non-concentrating solar collectors. The concentrating collectors utilize beam (direct) radiation while 61 

non-concentrating collectors use both beam and diffuse solar radiation [14]. The selection of solar 62 

collectors for the DVG solar ORC system can be critical due to its high operating pressure inside the 63 

collector’s tube. Therefore, the solar collectors that are designed and tested to operate at high pressure 64 

can be employed in DVG applications. Apart from the widely used parabolic trough collectors (PTC) 65 

and the evacuated tube heat pipe collectors, U-type and Cylindrical-type CPC collectors, and evacuated 66 

flat plate collectors (EFPCs) are good candidates [15]. These collectors can work with high efficiency 67 



at a very high operating pressure [16,17]. For the evacuated flat plate collectors, they can offer work at 68 

over 50% efficiency at temperatures of 200ºC due to the high-vacuum inside. In contrast to concentrating 69 

systems, the collector can also utilize diffuse irradiation and without any tracking device [18]. Hence, 70 

non-concentrating, non-tracking and less-cleaning solar collectors are preferred for solar ORC systems 71 

[19,20].  72 

The selection of appropriate thermal storage for thermal power generation systems is a critical and 73 

challenging task. Two types of thermal storages have been reported in the past namely Sensible Heat 74 

Storages (SHS) and Latent Heat Storage (LHS) [20]. Phase Change Material (PCM) storage is one type 75 

of LHS. This kind of heat storage is found to be promising and efficient due to its high energy density 76 

as compared to SHS. It is observed that PCMs can store 5-14 times extra energy per unit volume in 77 

comparison with SHS [21]. Moreover, they are also beneficial due to maximum heat storage occurs at 78 

nearly isothermal temperature.  However, they have some disadvantages associated with them such as 79 

low thermal conductivity, flammability and sub-cooling [22]. 80 

The PCMs can be divided into three groups depending upon transition phases [23]. They are solid to 81 

liquid, liquid to gas and gas to the liquid phase transition. The solid to liquid phase transition being 82 

major classification is further subdivided into organic, in-organic and eutectics. There are many pros 83 

and cons of PCMs depending upon their classification [24]. For example, organic PCMs are 84 

advantageous because of their very high chemical stability, less sub-cooling and corrosion issues, good 85 

compatibility with different types of containers, and high availability in different temperature ranges. 86 

However, they have disadvantages of high flammability, low thermal conductivity and larger volume 87 

changes. Similarly, Inorganic PCMs are beneficial because of the higher amount of latent heat, high 88 

thermal conductivity, low volume changes, low cost and no flammability. However, there are some 89 

disadvantages associated with in-organic PCMs such as highly corrosive nature, high degree of sub-90 

cooling and non-compatibility with micro and nano capsulation techniques. Moreover, eutectic PCMs 91 

have advantages of high thermal conductivity, high energy density and sharp phase changes. However, 92 

this type of PCMs has limited availability and high cost [21,25]. The PCMs can also be divided into low 93 

temperature (<60oC), medium temperature (60-150oC) and high temperature (>150oC) ranges depending 94 

upon their melting point temperatures [26]. However, medium temperature range PCMs are suitable for 95 

the solar ORC system.  96 

The incorporation of PCMs with solar power plants can be a viable option [27]. The exergoeconomic 97 

performance of the PCM based solar power plant is carried out by Abbasi et al. [28,29]. It was found 98 

that the use of PCMs leads to the continuous operation of the power plant. The Levelized Cost of 99 

Electricity (LCoE) has shown a downward trend of concentrated solar plants. Recent studies are focused 100 

on the decreasing thermal resistance between heat transfer fluid and PCM to increase the heat extraction 101 

rate [30]. 102 



The integration of PCM with solar ORC system has gotten attention during the past decade as shown in 103 

Table 1.  104 

Table 1: Previously reported solar organic Rankine cycle system integrated with phase change materials storage 105 

Ref. PCM tested 
System 

description 
Objectives  and Findings 

[14,31] 

MgCl2.6H2O, 

NaCH3CO2·3H2O 

erythritol 

Cascade solar 

ORC system 

The two-staged PCMs are employed to increase heat transfer 

between PCM and working fluid. The melting point of 1st 

stage PCM is lower than 2nd stage PCM.  

 

[32] 

A164 

The indirect or 

conventional 

solar ORC 

system 

The modeling of PCM is done using the enthalpy method. 

Simulation is carried out for 10 days. The overall system 

performance has increased by using PCM container having a 

smaller diameter and longer length. 

 

[23] 

MgCl2.6H2O 

The indirect or 

conventional 

solar ORC 

system 

Simulation and modeling of PCM are carried out for 7 days. 

The efficiency of PCM is calculated on a weekly average 

basis. It is found to be 83% and 93% during charging and 

discharging mode, respectively.  

 

[33] 

Erythritol, 

MgCl2.6H2O 

 

The indirect or 

conventional 

solar ORC 

system 

Thermal analysis of PCM is carried out using a heat capacity 

method. Erythritol has stored 30% more energy as compared 

to MgCl2.6H2O. 

 

 

[5] 

Organic and 

Inorganic PCMs 

The indirect or 

conventional 

solar ORC 

system 

Different combinations of PCMs and water storage are 

employed in a small-scale solar ORC system. It is found that 

PCMs have shown 20% more daily electrical output per unit 

storage volume as compared to water storage 

 

[34,35] 

Solar salt 

The indirect or 

conventional 

solar ORC 

system 

A PCM storage tank is designed to employ it in a solar ORC 

system with a thermal capacity of 100 kW. It is found that the 

use of aluminum fins lower the temperature gradient across 

the PCM storage tank. 

[7,8] MgCl2.6H2O 

DVG and indirect 

solar ORC 

system 

Thermodynamic comparison of DVG and indirect solar ORC 

system is carried out. The thermal match between PCM and 

organic fluid is found to be stronger in comparison with PCM 

and water. 



The previous studies on PCM based solar ORC system were generally focused on simulation, modeling 106 

and performance evaluation. Furthermore, most of the studies were based on an indirect solar ORC 107 

system and a limited number of PCMs were investigated. However, the detailed research on the effect 108 

of different PCMs (organic, inorganic and ecutic) on the DVG solar ORC system has not yet been 109 

reported. The novelty of the present work lies in the performance evaluation of the DVG solar ORC 110 

system using 12 different PCMs. The contribution includes  111 

Development and validation of the model of the PCM storage tank with experimental and numerical 112 

data. 113 

Effect of evaporation temperature and working fluid mass flow rate on the system’s performance. 114 

The evaluation and comparison of variation in collector, ORC and system efficiency during charging 115 

and discharging mode of the PCM, respectively.  116 

The evaluation and comparison of net power output, amount of heat stored and released during charging 117 

and discharging mode.  118 

This study will serve as a bench reference for the future work in the area of solar ORC system with 119 

integrated thermal energy storage. It will facilitate the design engineers to choose the suitable phase 120 

change material based on the performance of the ORC system.  121 

2. The proposed system configuration 122 

The layout diagram of the proposed DVG solar ORC system is shown in Figure 1. The proposed system 123 

consists of an array of evacuated flat plate collectors, phase change material storage tank, organic fluid 124 

pump, condenser and turbine coupled with a generator. The array of EFPCs works as an evaporator 125 

(direct vapor generator) in the present system. The PCM storage tank operates in two-mode namely 126 

charging and discharging mode. Moreover, the basic solar ORC system is considered which does not 127 

require complicated control strategy.   128 



 129 

Figure 1: Configuration of the proposed solar ORC system 130 

In practical, there can be two modes of operation: 131 

(a) The system undergoes charging mode if the temperature of PCM is less than the evaporation 132 

temperature (Tevp>Tpcm). 133 

(b) The system undergoes discharging mode if the temperature of PCM is greater than the 134 

evaporation temperature (Tevp<Tpcm). 135 

The whole process consists of evaporation, expansion, condensation and pressurization. The working 136 

fluid is firstly heated up to specified evaporation temperature in an array of EFPC solar thermal 137 

collectors. The collectors collect heat from solar radiation and carry it to the working fluid. Then the 138 

working fluid passes through the PCM storage tank to either absorb heat during charging mode or extract 139 

heat during discharging mode. The working fluid then enters the expander in a saturated vapor phase to 140 

deliver power output while dropping the pressure. Afterward, it is cooled down in the condenser to the 141 

subcooled liquid phase. Finally, the working fluid is used to pressurize in the working fluid pump to 142 

transfer it back to the solar collectors.  143 

Hourly based climatic data of Hefei-China has been used for the current study. Typical meteorological 144 

year (TMY) data of Hefei is obtained by using Meteonorm software [36]. The data is imported in 145 

MATLAB to carry out dynamic simulation of PCM based DVG solar ORC system. It is assumed that 146 

the system starts working when the solar radiation received at the surface of the collector goes above 147 

400 W/m2. On the contrary, the system stops or undergoes to discharging mode. The initial temperature 148 

of PCM is assumed to be 10oC lower than the melting point of the PCM. This shows that PCM is not 149 

charged and in the solid phase at the beginning of the simulation process. The discharging limit of the 150 

storage tank is maintained to 20oC lower than the melting point of the PCM, which means that the system 151 

is allowed to discharge the storage in a sensible heat region. 152 



3. Thermodynamic modeling 153 

3.1 Solar radiation 154 

Solar radiation received by the sloped surface of the solar collectors is calculated by [37]. The 155 

solar collectors are titled at an angle equal to the latitude of Hefei city China. 156 
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 158 

3.2 Solar thermal collectors 159 

An array of the evacuated flat plate collectors is employed in the direct vapor generation solar ORC 160 

system. The evacuated flat plate collectors are advantageous because of high efficiency at high operating 161 

temperatures. They are also advantageous because of their non-tracking, non-concentrating and 162 

stationary nature. Moreover, they utilize both diffused and beam radiation which makes them beneficial 163 

in the areas having less solar resources [18]. The thermal efficiency of the solar collector is generally 164 

derived using a heat loss formula [4].  165 

2
,0( ) ( ) ( )cl cl amb amb

A B
T T T T T

G G
 = − − − −     (2) 166 

Where the optical efficiency  𝜂𝑐𝑙,𝑜 is 0.774, primary heat loss coefficient 𝐴 of solar collectors is 0.376 167 

Wm−2 °C−1 and the secondary heat loss coefficient B is 0.006 Wm−2 °C−2 [5,38]. The Eq. (2) is generally 168 

used for efficiency calculation of a single module that is commercially available having a surface area 169 

in a range of 1-2 m2.  However, in the case of hundreds of square meters of solar collector area, the 170 

temperature difference between adjacent collectors is small. Therefore, it is appropriate to suppose that 171 

the average operating temperature of the collector varies from one to another module. The organic fluid 172 

in the collectors' array is found to be in liquid and vapor phases respectively. The average temperature 173 

of the collector remains constant during the binary phase. Hence, the collector efficiency can be 174 

computed by using Eq. (2) [11]. In the case of the liquid region, the temperature varies across the 175 

collector. The surface area of the collector can be calculated by Eq. (3). 176 
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The thermal heat capacity of organic fluid can be computed by a first-order approximation  178 

,0 0( ) ( )p pC T C T T= + −     (4) 179 

By putting 1 /a A G= ， 2 /a B G= , the solar collector area can be computed by using Eqs. (2), (3) 180 

and (4)  181 
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Where, 1  and 2  are the arithmetical solutions of Eq. (6) 1 20, 0   . 183 

2
1 2 0o a a  − − =      (6) 184 

, ,0 0( )p a p ambC C T T= + −                                           (7) 185 

Solar collectors’ efficiency in the liquid phase can be computed by 186 

,
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l
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l
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Solar collectors’ efficiency having working fluid in the vapor phase and the thermal efficiency of the 188 

overall collector array is computed by Eq. (9) and Eq. (10), respectively. 189 
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3.3 Phase change material storage 192 

Figure 2 presents the layout diagram of the double pipe heat exchanger filled with PCM. The multi tubes 193 

are incorporated in the big cylindrical shell as shown in part (a) of Figure 2. Moreover, each tube is 194 

comprised of a small diameter tube (mini-tube) incorporated in a large diameter tube as shown in part 195 

(b) of figure 2. The larger cylindrical tube is filled with PCM while the organic fluid is passed through 196 

mini-tube.  The length of both of the tubes is kept the same. The diameter of the PCM tube is kept 10 197 

times larger than the diameter of the fluid tube [7].  The volume of PCM storage tank is assumed to be 198 

90 m3. The outside wall of the PCM tube and container is supposed to be insulated. The PCM storage 199 

tank operates in charging and discharging mode depending upon operating conditions. Heat transfer 200 

between organic fluid and PCM occurs through convection. However, heat transfer within PCM is 201 

assumed to be through conduction. The organic fluid transfers heat to PCM during charging mode. The 202 

temperature of the PCM increases from solid-phase until it approaches its melting point temperature. 203 

Afterward, the temperature of the PCM becomes constant during the whole melting process. The PCM 204 

changes into the liquid phase after the completion of the melting process.  205 



 206 

Figure 2: (a) Layout diagram of the PCM storage tank (b) The elemental unit (mini-tube) of the PCM storage tank 207 

Conversely, heat is transferred from PCM to organic fluid during the discharging mode. The PCM 208 

changes from liquid to solid phase by releasing heat to the organic fluid. The famous Enthalpy method 209 

is used to model the PCM storage tank [39,40]. To develop the mathematical model for the movement 210 

of heat through PCM few assumptions are made as follows: 211 

• Conductive heat transfer is considered to be the dominant mechanism within the PCM.  212 

• Only One-dimensional heat transfer is contemplated. 213 

• Thermo-physical properties of the PCM remains constant during each state. 214 

• Natural convections can happen due to density difference which is neglected in this model.  215 
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     (11) 216 

Where the total volumetric enthalpy is depicted by “H”. It is a combination of both the sensible and the 217 

latent heat of PCM at a given temperature [41]. Hence, at any given temperature, the total volumetric 218 

enthalpy of PCM can be computed by Eq. (12) 219 

( )

m

T

pcm pcm pcm pcm

T

dH C T LF  +=       (12) 220 

The latent heat of the PCM is related to the liquid fraction of the PCM “LF” and density of PCM “ pcm221 

”. To calculate the latent heat of the PCM, the liquid fraction LF must be known. Hence, LF can be 222 

calculated by the following relation 223 
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     (13) 224 



The PCM lies in the solid or liquid region is depicted by its LF value.  If the value of LF = 0 it means 225 

the PCM is in the solid phase. However, if the value of LF = 1 this shows the PCM in the liquid region. 226 

Moreover, the sensible enthalpy of the PCM can be calculated by Eq. (14)  227 

( )

m

T

pcm pcm pcm

T

h dT C T=       (14) 228 

From equation (11) and (13) the enthalpy of PCM can be computed by  229 

( )
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  (15) 230 

The Eq. (14) shows that if the PCM is lying in a solid region, it only contains sensible heat. However, 231 

if the PCM lies in the liquid region, it contains both latent and sensible heat. The volumetric enthalpy 232 

of the PCM can be used to derive the temperature of the PCM “Tpcm” as shown in Eq. (16) 233 
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  (16) 234 

Where λ is the latent heat of the PCM while ρpcm is the density of PCM. By employing Eq. (12) and Eq. 235 

(13) an alternative form of Eq. (10) for one-dimensional heat transfer within the PCM can be computed 236 

as follows: 237 

 ( ) )(pcm

h h LF

t y y t
 

   
= −
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     (17) 238 

Furthermore, the amount of heat stored by the PCM during charging and discharging mode is computed 239 

by multiplying the total mass of the PCM “ pcmM ” with the difference in specific enthalpy between a 240 

final and initial node of the PCM storage tank as depicted in Eq. (18)  241 

mx( )st pcm inQ M h h= −                  (18) 242 

Similarly, the amount of heat released during discharging mode is calculated by multiplying the 243 

difference in specific enthalpy between an initial and final node of the PCM storage tank with the total 244 

mass of the PCM “ pcmM ” as shown in Eq. (19) 245 

( )rel pcm in mxQ M h h= −      (19) 246 

The total mass of PCM can be calculated by using Eq. (20)  247 

2 2( )pcm pcm fluid pcm pcmM r r L = −       (20) 248 

https://www.sciencedirect.com/science/article/pii/S0038092X17309301#e0050


Where r is the radius, L is the length and  is the density, respectively. A reliable numerical 249 

simulation model of the PCM storage tank is developed using the finite difference method in 250 

MATLAB programming environment and results are validated against experimental results presented 251 

in the literature. The PCM model is then incorporated into the solar ORC system. Thermo-physical 252 

properties of the PCMs used in the present study are shown in Table 2. 253 

Table 2: Thermo-physical properties of the PCMs employed in DVG solar ORC system 254 

Compound 
Mass Ratio 

(%) 

Tm   

(oC) 

Latent heat of PCM 

(kJ/kg) 

Cpcm 

(kJ/kg-K) 

Kpcm 

(W/m2-K) 
pcm  

(g/m3) 

Acetamide 82 260 2.5 0.35 1160 

Erythritol 117 340 2.42 0.53 1450 

HDPE 130 255 2.38 0.46 952 

Urea 134 250 1.95 0.7 1320 

Mg(NO3)2.6H2O 89 140 2.78 0.58 1640 

C2H2O6 105 264 2.5 0.8 1653 

MgCl2.6H2O 116.7 150 2.6 0.6 1570 

Urea–NaCl 90-10 112 230 1.87 0.71 1372 

Urea-KCl 89-11 115 227 1.83 0.71 1370 

LiNO3-KNO3 34-66 133 150 1.26 0.74 2018 

KNO3-NaNO2 56-44 141 97 1.46 0.65 1994 

KNO2-NaNO3 48-52 149 124 1.34 0.55 2080 
 255 

3.4 Validation of the numerical model 256 

The numerical simulation model is developed to evaluate the performance of PCM storage containers. 257 

The results obtained by the present model is then validated by experimental and numerical results of 258 

Nallusamy et al. [42] and Mosaffa et al. [43], respectively. Figure 3 shows the comparison between the 259 

experimental results of Nallusamy et al. [42] and the current computational model. An insulated 260 

cylindrical PCM storage tank was having a capacity of 47 liters (460 mm height and 360 mm diameter) 261 

was used to carry out the performance test. There were 264 spherical capsules uniformly placed inside 262 

the container. The paraffin having melting point temperature 60oC was used as PCM and water worked 263 

as HTF. The results of the experiment by Nallusamy et al. [42] are reproduced using a current 264 

computational model. The results are reproduced for a case when HTF and PCM temperatures were 265 

taken at x/l (dimensionless axial distance from the top of the PCM storage tank) = 1.0. There is a good 266 

agreement found between the numerical and experimental results as shown in Figure 3. The 267 

thermophysical properties of the PCM used to experiment by Nallusamy et al. [42] are presented in 268 

Table 3.  269 



Table 3: Thermo-Physical properties of Paraffin used by Nallusamy et al. [42] 270 

Melting Point (oC) 60 

Latent heat  (kJ/kg) 213 

Density (kg/m3) 
Solid 861 

Liquid 778 

Thermal conductivity (W/m2-K) 
Solid 0.4 

Liquid 0.15 

Specific heat capacity (kJ/kg-K) 
Solid 1.85 

Liquid 2.384 

 271 

 272 

Figure 3: Comparison of the PCM modeling results with Nallusamy et al. [42] for the melting of PCM 273 

The results of the current computational model are also validated against the theoretical results of 274 

Mosaffa et al. [43]. CaCl2.6H2O was used as PCM. The PCM had a melting point of 29oC and air worked 275 

as HTF. Thermo-physical properties of the PCM used by Mosaffa et al. [43] are shown in Table 4. The 276 

results are reproduced for CaCl2.6H2O using the current computational model and compared with the 277 

results of Mosaffa et al. [43] as shown in Figure 4.  278 

Table 4:  Thermo-Physical properties of CaCl2. 6H2O 279 

Melting Point (oC) 29 

Latent heat  (kJ/kg) 187 

Density (kg/m3) 
Solid 1710 

Liquid 1530 

Thermal conductivity (W/m2-K) Solid 1.09 



Liquid 0.53 

Specific heat capacity (kJ/kg-K) 
Solid 1.4 

Liquid 2.2 

 280 

 281 

Figure 4: Comparison of the PCM modeling results with Mosaffa et al. [43] for the melting of PCM. 282 

It is observed that results obtained by using the current computational model have shown good 283 

agreement with the results of Mosaffa et al. [43].  284 

3.5 Organic Rankine cycle 285 

The basic and subcritical ORC is considered in this study because of its low cost, less technical demand 286 

and suitability for low-medium temperature applications. Evaporation and condensation processes are 287 

assumed to be isobaric while expansion and pressurization processes are adiabatic. There are some 288 

assumptions and operating conditions chosen for present work as shown in table 5. 289 

Table 5: The operating and boundary conditions assumed for the ORC system  290 

Parameter Value 

Turbine efficiency for initial cycle design [15] 80% 

Pump efficiency for initial cycle design [44] 60% 

Generator efficiency 85% 

Condensation temperature 30oC 

 291 



R123 has been widely accepted as a suitable working fluid for low-temperature ORC applications but 292 

no working fluid is perfect and ideal. R123 has a suitable evaporator, condenser pressure, safe for use, 293 

0 ODP but has a GWP, which allows the further search of a better-working fluid in the low-temperature 294 

range [11]. The expander power output and power consumption by the pump are computed by Eq. (21) 295 

and Eq. (22), respectively. 296 

, ,( )= −t t i t ow m h h                                                                 (21) 297 

, ,( )= −p p o p iw m h h                                                               (22) 298 

The expander and pump isentropic efficiency can be computed by Eq. (23) and Eq. (24), respectively.  299 
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Where the ideal thermodynamic process is presented by os. The amount of energy utilized in the heating 302 

process of the ORC is computed by multiplying the mass flow rate of organic fluid with a rise in the 303 

enthalpy of organic fluid from the pump to the expander.  304 

        , ,( )t i p oq m h h= −                                                              (25) 305 

Finally, the ORC efficiency can be computed by dividing the net power output to the amount of heat 306 

supplied as shown in Eq. (25). 307 
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The overall electricity efficiency of the DVG solar ORC can be computed by 309 

sys ORC cl  =                                                                 (27) 310 

The thermodynamic performance of the DVG solar ORC system during both modes of operation using 311 

12 different PCMs have been shown in table 6. 312 

Table 6: The thermodynamic performance of the DVG solar ORC system during charging and 313 

discharging mode 314 

Compound Charging mode (Tevp=Tm+10oC) Discharging mode (Tevp=Tm-10oC) 

 Tm 

(oC) 

cl  

(%) 

tw  

(kW) 

pw  

(kW) 

ORC

(%) 

sys
 

(%) 

Pow 

(kW) 

stQ

(TJ) 

cl  

(%) 

tw  

(kW) 

pw  

(kW) 

ORC

(%) 

sys

(%) 

Pow 

(kW) 

relQ

(TJ) 

Acetamide 82 76.9 23.1 0.54 9.38 7.4 19.1 5.7 77.4 18.5 0.35 7.84 6.22 15.4 13.9 

Erythritol 117 72.8 34 1.29 12.5 9.36 27.6 4.49 75.8 29.6 0.92 11.4 8.83 24.3 9.34 

HDPE 130 69.5 37.4 1.69 13.4 9.54 30.1 2.04 74.1 33.3 1.22 12.3 9.39 27.1 4.91 

Urea 134 68 38.4 1.83 13.6 9.51 30.8 2.76 73.4 34.4 1.33 12.6 9.51 27.9 6.35 

Mg(NO3)2.6H2

O 89 76.5 25.4 0.65 10.1 7.93 20.9 8.44 77.3 20.9 0.44 8.66 6.87 17.3 17.3 

C2H2O6 105 74.8 30.5 0.98 11.6 8.9 24.9 6.47 76.7 26 0.69 10.3 8.11 21.4 13.1 



MgCl2.6H2O 117 72.9 33.9 1.28 12.5 9.35 27.5 5.09 75.8 29.6 0.91 11.3 8.82 24.2 10.2 

Urea–NaCl 112 73.8 32.6 1.16 12.2 9.21 26.5 4.1 76.2 28.2 0.82 10.9 8.55 23.1 9.64 

Urea-KCl 115 73.2 33.4 1.24 12.4 9.31 27.2 3.91 76 29 0.88 11.2 8.72 23.8 9.14 

LiNO3-KNO3 133 68.4 38.1 1.79 13.5 9.52 30.6 4.29 73.6 34.1 1.3 12.5 9.48 27.7 9.88 

KNO3-NaNO2 141 64.8 39.9 2.09 13.9 9.31 31.9 3.77 72 36.1 1.53 13.1 9.65 29.2 8.47 

KNO2-NaNO3 149 59.4 41.5 2.43 14.3 8.77 32.9 3.2 69.8 38 1.78 13.5 9.69 30.6 7.61 

 315 

4. Results and Discussions 316 

In this section, firstly, the dynamic performance of the PCM based DVG solar ORC system is evaluated. 317 

MgCl2.6H2O has been chosen as a case study. Weather data of Hefei city of China obtained by 318 

Meteonorm software is incorporated in MATLAB to carry out the simulation process. The time chosen 319 

for the simulation period is 24 hours. Hottest day of the year is taken as a reference day to simulate the 320 

performance of PCM storage tank.  321 

During the coldest day, the solar radiation (G < 400 w/m2) and ambient temperature are very low. Hence, 322 

the energy available from solar collector array is not enough to run PCM storage tank. The proposed 323 

system does not work under such a condition. Therefore, the performance of the system during coldest 324 

day is not presented in this study.   325 

Secondly, the instantaneous impact of the 12 PCMs on the performance of the DVG solar ORC system 326 

concerning their melting point temperature is evaluated and compared during the charging and 327 

discharging mode, respectively. The variation in the solar collector efficiency, the ORC efficiency, 328 

overall system efficiency, and the net power output of the system with PCM melting point temperature 329 

at given evaporation temperatures and mass flow rates are analyzed and discussed. Moreover, the effect 330 

of melting point temperature of PCM on the rise and fall of organic fluid temperature, and the amount 331 

of energy stored and released during charging and discharging mode is also analyzed.  332 

4.1 The dynamic performance of the PCM based DVG solar ORC system during the 333 

hottest week 334 

4.1.1 Variation in the phase change material temperature and solar radiation with time  335 

To check the dynamic performance of the storage tank, MgCl2.6H2O is selected as a case study. Figure 336 

5 shows the change in PCM temperature and solar radiation with time. The initial temperature of the 337 

PCM is selected to be 10oC lower than the melting point of the PCM. In the beginning, PCM temperature 338 

decreases till 8:00 AM, then it increases till 4:00 PM afterward it decreases again till midnight. 339 

Moreover, it is found that PCM storage is enough to run the system for the whole day.  340 



 341 

Figure 5: The change in PCM temperature and solar radiation revived at collector surface with time 342 
4.1.2 Variation in collector and ORC efficiency with time 343 

The performance of the PCM based DVG solar ORC system is analyzed. Figure 6 presents the change 344 

in collector and ORC efficiency with time. It has been found that ORC efficiency remains in the range 345 

of 10 to 12 %. However, solar collector efficiency remains in the range of 48 to 75 %. Hence, the solar 346 

ORC system works well for 24 hours.  347 

 348 

Figure 6: Variation in collector efficiency and ORC efficiency with time 349 

4.2 Instantaneous performance evaluation of the DVG solar ORC system at given 350 

evaporation temperature 351 

A basic subcritical ORC is considered in this study. The performance of the solar ORC system is 352 

evaluated at different levels of evaporation temperature.  The evaporation temperature is kept 10oC, 353 

20oC and 30oC higher and lower than PCM melting point temperature to keep the system under charging 354 



and discharging mode, respectively. The standard value of irradiance of 1000 Wm-2 and ambient 355 

temperature of 25oC is selected for simulation process.  356 

4.2.1  Impact of melting point temperature on ORC efficiency at given evaporation temperature 357 

ORC efficiency is one of the most important parameters to evaluate the performance of the organic 358 

Rankine cycle system. The variation in ORC efficiency with the melting point temperature of 12 359 

different PCMs is shown in Figure 5. The ORC efficiency generally increases with increment in the 360 

melting point temperature, at a given evaporation temperature.  361 

The PCMs are having higher melting point temperatures have shown the least increment with the 362 

increase in evaporation temperature while PCMs of lower melting points have shown maximum 363 

increment in ORC efficiency. For example, KNO2-NaNO3 has shown a minimum increment in ORC 364 

efficiency of 0.4% and 0.8% with the increase in evaporation temperature while Actemide has achieved 365 

a maximum increment of 1.46% and 1.1% during charging and discharging mode, respectively.  366 

Relative increment in ORC efficiency is higher during discharging mode as compared to charging mode. 367 

For example, the ORC efficiency of KNO2-NaNO3 is 5.6% higher than Actemide during discharging 368 

mode while its value becomes 4.9% during charging mode. Conclusively, PCMs having higher melting 369 

points have shown overall better performance by achieving higher ORC efficiencies.   370 

 371 
Figure 5:  Influence of melting point temperature of PCM on ORC efficiency, left: Charging mode, 372 

right: discharging mode 373 

4.2.2 Impact of melting point temperature on collector efficiency at given evaporation temperature 374 

The collector efficiency is another parameter which directly impacts overall system performance. 375 

Hence, it is necessary to check the impact of PCM melting point temperature on collector efficiency. 376 

Figure 6 shows the variation in collector efficiency concerning the melting point temperature of the 377 

PCMs at a given evaporation temperature. The collector efficiency generally decreases with an increase 378 

in melting point temperature at a given evaporation temperature.  379 

PCMs having higher melting point temperatures have shown higher decrement in the collector efficiency 380 

with an increase in evaporation temperature while PCMs having lower melting points have shown lesser 381 

decrement. For instance, KNO2-NaNO3 has shown a maximum decrease in collector efficiency of 382 



38.21% and 4.45% with the increase in evaporation temperature while Actemide has shown a maximum 383 

increment of 1.69% and 0.5% during charging and discharging mode, respectively.  384 

The decrement in collector efficiency is much higher during charging mode than discharging mode. For 385 

example, the decrease in the collector efficiency of KNO2-NaNO3 is found to be 38.21% and 4.45% 386 

during charging and discharging mode, respectively. This can happen because when evaporation 387 

temperature becomes closer to the critical point temperature of the organic fluid, decrement in collector 388 

efficiency increases. In contrast to ORC efficiency, PCMs having lower melting points have shown 389 

overall better performance by achieving higher collector efficiencies.  390 

 391 
Figure 6: Influence of melting point temperature of PCM on collector efficiency, left: Charging mode, 392 

right: discharging mode 393 

4.2.3 Impact of melting point temperature on system efficiency at given evaporation temperature 394 

System efficiency is the indicator that indicates the overall performance of the system. It is a multiple 395 

of ORC and collector efficiency. Variation in collector efficiency concerning the melting point 396 

temperature of the PCMs at a given evaporation temperature is shown in Figure 7.  397 

In contrast to both ORC and collector efficiency, the system efficiency initially increases and then starts 398 

decreasing with an increase in evaporation temperature. Therefore, it means that ORC efficiency is 399 

dominant at lower evaporation temperature while collector efficiency becomes dominant at higher 400 

evaporation temperature.  401 

The PCMs having higher melting point temperatures have shown the least increment or even decrement 402 

in the system efficiency with an increase in evaporation temperature. However, the PCMs having lower 403 

melting points have achieved maximum increment in system efficiency with an increase in evaporation 404 

temperature. For example, KNO2-NaNO3 has shown a 0.05% increase in system efficiency during 405 

discharging mode while 5.35% decrease in system efficiency during charging mode with an increase in 406 

evaporation temperature. The salt hydrates PCMs have shown overall better performance by achieving 407 

higher system efficiencies.  408 



 409 

 410 
Figure 7: Influence of melting point temperature of PCM on system efficiency, left: Charging mode, 411 

right: discharging mode 412 

4.2.4 Impact of melting point temperature on net power output at given evaporation temperature 413 

Figure 8 depicts the effect of the melting point temperature of 12 different PCMs on net power output 414 

at a given evaporation temperature. Net power output is obtained by subtracting pump power from the 415 

expander power. It generally increases with an increase in evaporation temperature. 416 

Following the trend shown by ORC efficiency, the PCMs having higher melting point temperatures have 417 

shown the least increase with the increase in evaporation temperature while PCMs of lower melting 418 

point temperatures have shown maximum increment in net power output. For example, KNO2-NaNO3 419 

has achieved a minimum increment in net power output of 0.36 kW and 2.6 kW with an increase in 420 

evaporation temperature while Actemide has achieved a maximum increment of 4 kW and 2.72 kW 421 

during charging and discharging mode, respectively. Moreover, similar to the trend shown by ORC 422 

efficiency, relative increment in net power output is higher during discharging mode as compared to 423 

charging mode. For example, the net power output of KNO2-NaNO3 is 13.7 kW higher than Actemide 424 

during charging mode while its value becomes 15.18 kW during discharging mode. Conclusively, PCMs 425 

having higher melting points have shown overall better performance by achieving higher net power 426 

output. 427 

 428 
Figure 8:  Influence of melting point temperature of PCM on net power output, left: Charging mode, 429 

right: discharging mode 430 



4.2.5 Impact of melting point temperature on rise and fall in organic fluid temperature at given 431 

evaporation temperature 432 

The organic fluid temperature increase and decrease during charging and discharging mode, 433 

respectively.  It can be computed by subtracting the maximum temperature of organic fluid from 434 

minimum temperature. The drop and rise in working fluid temperature generally decrease with an 435 

increase in evaporation temperature. 436 

The PCMs having higher melting point temperatures have shown the least decrement in the rise and fall 437 

of organic fluid temperature with an increase in evaporation temperature while PCMs having lower 438 

melting point temperatures have shown maximum decrement. For example, KNO2-NaNO3 has shown 439 

minimum decrement in rise and fall in organic fluid temperature of 0.12oC and 5.81oC with an increase 440 

in evaporation temperature while Actemide has shown maximum decrement of 4.39oC and 10.89oC 441 

during charging and discharging mode, respectively. 442 

The relative decrement in the rise and fall of organic fluid temperature is almost the same during 443 

charging and discharging mode. For example, the relative decrement in the rise and fall of organic fluid 444 

temperature of KNO2-NaNO3 and Actemide is found to be 5.6oC and 7.15oC during charging and 445 

discharging mode, respectively.  446 

Conclusively, PCMs having lower melting points have shown overall better performance by achieving 447 

higher variation in rise and fall of organic fluid temperature. 448 

 449 
Figure 9: Influence of melting point temperature of PCM on rise and fall in organic fluid temperature, 450 

left: Charging mode, right: discharging mode 451 

4.2.6 Impact of melting point temperature on energy stored and released by PCMs at given 452 

evaporation temperature 453 

The amount of energy stored and released is one of the core criteria to evaluate the performance of PCM 454 

storage. It can be computed by multiplying the change in latent heat of PCM with a mass of PCM. It 455 

generally decreases with an increase in evaporation temperature during charging and discharging mode. 456 

In contrast to all previous indicators, energy stored and released by PCMs has not shown a regular trend. 457 

However, the PCMs having higher melting point temperatures have shown the least increment in energy 458 

stored with the increase in evaporation temperature and released while PCMs having lower melting 459 

point temperatures have shown higher increment. For example, KNO2-NaNO3  has shown minimum 460 



decrement in energy stored and released of 1.49 TJ and 25.20 TJ with the increase in evaporation 461 

temperature while Mg (NO3)2.6H2O has shown a maximum increment of 11.45 TJ and 25.20 TJ during 462 

charging and discharging mode, respectively. 463 

At an evaporation temperature of 10oC higher than melting point temperature of the PCM, The amount 464 

of energy stored by PCMs during the charging mode is lower than the energy released in discharging 465 

mode at an evaporation temperature of 10oC lower than melting point temperature of the PCM. 466 

When the evaporation temperature of 10oC higher than melting point temperature of the PCM, the 467 

evaporation temperature of working fluid becomes closer to its critical point temperature. At this point, 468 

thermal conductivity of the working fluid decrease. Hence, it results in less heat transfer from working 469 

fluid to PCM. Therefore, amount of energy stored by PCM is decreased.  470 

Conversely, the thermal conductivity of working fluid increase when the evaporation temperature moves 471 

away from the critical point temperature of the working fluid. Hence, it results in the higher heat transfer 472 

between PCM and working fluid.  Therefore, amount of energy released by PCM is increased.  473 

 For example, the amount of energy released by Mg (NO3)2.6H2O during discharging mode is 23.71 TJ 474 

higher than the amount of energy stored during the charging mode. Finally, PCMs having higher thermal 475 

conductivity and energy density have shown overall better performance because of the higher amount 476 

of energy stored and released respectively. Moreover, salt hydrates are found to best pest performers in 477 

terms of energy stored and released during charging and discharging mode, respectively.  478 

 479 
Figure 10:  Influence of melting point temperature of PCM on energy stored and released by PCMs, 480 

left: Charging mode, right: discharging mode 481 

Figure 10 only represent the instantaneous charging and discharging characteristics of the PCM 482 

materials subjected to specific operating conditions. This does not account the dynamic response of the 483 

PCM. In order to ensure continuous operation of the PCM, it is essential to include the dynamic model 484 

and appropriate control strategy, which authors aim to include in their future work.  485 



4.3 Instantaneous performance evaluation of the DVG solar ORC system at a given 486 

mass flow rate of the organic fluid 487 

Mass flow rate is another parameter that significantly impacts the performance of the solar ORC system. 488 

The performance of the system is evaluated at different levels of the mass flow rate of the organic fluid.  489 

The mass flow rate of organic fluid is kept 0.5, 0.75 and 1 kg/s during charging and discharging mode, 490 

respectively. Moreover, ORC efficiency is the ratio of net power output to the input. As the mass flow 491 

rate remains the same for input and out. Hence, ORC efficiency does not vary with the variation in the 492 

mass flow rate. 493 

4.3.1  Impact of melting point temperature on collector efficiency at a given mass flow rate of 494 

organic fluid 495 

The mass flow rate of working fluid is an indicator that significantly affects the collector efficiency. 496 

Figure 11 shows the influence of the melting point of the 12 different PCMs on collector efficiency at a 497 

given mass flow rate of the organic fluid. The collector efficiency generally decreases with an increase 498 

in the melting point temperature of the PCM.  499 

PCMs having higher melting point temperatures have shown the least increment in the collector 500 

efficiency with an increase in mass flow rate while PCMs of lower melting point have shown higher 501 

increment. For instance, KNO2-NaNO3 has shown the least increment in collector efficiency of 30.68% 502 

and 35.89% with an increase in mass flow rate while Actemide has shown a maximum increment of 503 

39.45% and 39.70% during charging and discharging mode, respectively.  504 

The trend is found to be similar in both modes of operation. However, at the very low mass flow rate, 505 

relative decrement in collector efficiency becomes very less. For example, relative decrement in the 506 

collector efficiency of Actemide and KNO2-NaNO3 is 3.81% during the discharging mode. Finally, 507 

PCMs having lower melting points have shown better performance in terms of collector efficiency. 508 

 509 
Figure 11: Influence of melting point temperature of PCMs on collector efficiency, left: Charging 510 

mode, right: discharging mode 511 



4.3.2  Impact of melting point temperature on system efficiency at a given mass flow rate of organic 512 

fluid 513 

The mass flow rate of organic fluid significantly impacts the overall system efficiency of the solar 514 

organic Rankine cycle system. The impact of the melting point temperature of the PCMs on overall 515 

system efficiency at a given mass flow rate of organic fluid is shown in Figure 12. The system efficiency 516 

initially increases and then starts decreasing with an increase in melting point temperature.  517 

The PCMs having higher melting point temperatures have shown higher decrement in the system 518 

efficiency with a decrement in mass flow rate as compared to the PCMs having lower melting point 519 

temperatures. For example, the system efficiency of KNO2-NaNO3 decreases by 4.38% and 4.84% 520 

during charging and discharging mode, respectively. While, the system efficiency of Acetamide 521 

decrease by 3.72% and 3.08% during charging and discharging mode, respectively. 522 

It is found that system efficiency starts decreasing when the melting point of PCM reaches near to the 523 

critical temperature of the organic fluid. However, salt hydrates PCMs have shown better performance 524 

as compared to others because of higher system efficiency.  525 

 526 

Figure 12: Influence of melting point temperature of PCMs on system efficiency, left: Charging mode, 527 
right: discharging mode 528 

4.3.3 Impact of melting point temperature on net power output at a given mass flow rate 529 

Net power output is one of the core criteria to check the performance of any power generation system. 530 

The impact of the melting point temperature of PCMs on net power output at the given mass flow rate 531 

is shown in Figure 13. The net power out is found to be a strong function of the melting point temperature 532 

of the PCM. 533 

Power output generally increases with an increase in melting point temperature. PCMs having higher 534 

melting point temperatures have shown a maximum increase in net power output with increment in mass 535 

flow rate while PCMs of low melting point temperatures have shown minimum increment. For example, 536 

KNO2-NaNO3 has shown a maximum increment of 16.4 kW and 15.2 kW in net power output with an 537 

increase in mass flow rate while Actemide has shown a minimum increment of 9.4 kW and 7.7 kW 538 

during charging and charging mode, respectively. 539 



The relative increment in net power output of the PCMs decrease with a decrease in mass flow rate. For 540 

example, at a mass flow rate of 1 kg/s, the net power output of KNO2-NaNO3 is 10.4 kW and 11.3 kW 541 

higher than Actemide during charging and discharging mode respectively. While, at a mass flow rate of 542 

0.5 kg/s, the net power output of KNO2-NaNO3 is 3.5 kW and 3.7 kW higher than Actemide during 543 

charging and discharging mode respectively. PCMs having higher melting points have shown overall 544 

better performance due to the higher net power output.  545 

   546 

 547 
Figure 13: Influence of melting point temperature of PCMs on net power output, left: Charging mode, 548 

right: discharging mode 549 

4.3.4 Impact of melting point temperature on rise and fall in organic fluid temperature at a given 550 

mass flow rate 551 

The rise and fall in organic fluid temperature while passing through a PCM storage tank is an important 552 

parameter to measure the performance of a heat storage tank which further impacts overall system 553 

performance. The impact of melting point temperature of PCMs on rise and fall in organic fluid 554 

temperature at a given mass flow rate is shown in Figure 14. The rise and fall in organic fluid temperature 555 

generally decrease with an increase in the melting point temperature of the PCM. 556 

PCMs having higher melting point temperatures have shown less decrement in the rise and fall of 557 

organic fluid temperature with an increase in mass flow rate while PCMs of low melting point have 558 

shown higher decrement. For example, KNO2-NaNO3 has shown a minimum decrement of 0.23 oC and 559 

0.3oC with an increase in mass flow rate while Actemide has shown a maximum decrement of 0.54oC 560 

and 0.49oC during charging and discharging mode, respectively. 561 

At a given mass flow rate, the relative decrement in rising and fall of organic fluid temperature is higher 562 

during charging as compared to discharging mode. For example, at a mass flow rate of 1 kg/s, the relative 563 

decrement in the rise and fall of organic fluid temperature of KNO2-NaNO3 and Actemide is found to 564 

be 1.4oC and 2.07oC during charging and discharging mode, respectively.  565 

The PCMs having lower melting point temperatures have shown overall better performance due to 566 

higher values of rise and fall in organic fluid temperature during charging and discharging mode, 567 

respectively. 568 

 569 



 570 
Figure 14: Influence of melting point temperature of PCMs on rise and fall in organic fluid 571 

temperature, left: Charging mode, right: discharging mode 572 

4.3.5 Impact of melting point temperature on energy stored and released by PCMs at a given mass 573 

flow rate  574 

The amount of energy stored and released are the major criteria to evaluate the performance of a heat 575 

storage tank. Therefore, Figure 15 depicts the impact of the melting point temperature of PCMs on the 576 

amount of energy stored and released during charging and discharging mode at a given mass flow rate. 577 

In contrast to all other parameters, there is no specific trend shown by energy stored and released by the 578 

PCMs employed in the system. However, the amount of energy stored and released generally decreases 579 

with an increase in melting point temperature.  580 

The PCM having higher melting point temperature has shown the least decrement in the amount of 581 

energy stored and released with a decrease in mass flow rate as compared to PCMs having lower melting 582 

point temperature. For example, KNO2-NaNO3  has shown minimum decrement in energy stored and 583 

released of 0.82 TJ and 2.6 TJ with a decrease in mass flow rate while Mg(NO3)2.6H2O has shown 584 

maximum decrement of 2.37 TJ and 6.28 TJ during charging and discharging mode, respectively. 585 

At a given mass flow rate, the amount of energy absorbed by PCMs during charging mode is found to 586 

be less than the amount of energy released during discharging mode. For example, at a mass flow rate 587 

of 1 kg/s, the amount of energy absorbed by KNO2-NaNO3 during the charging mode is 1.8 TJ less than 588 

the amount of energy released during discharging mode. 589 

Finally, Salt hydrates PCMs have shown overall better performance because of the higher amount of 590 

energy stored and released during charging and discharging mode, respectively.   591 

 592 



 593 
Figure 15: Influence of melting point temperature of PCMs on energy stored and released by PCMs, 594 

left: Charging mode, right: discharging mode 595 
 596 

5. Conclusions 597 

A direct vapor generation solar ORC system is considered in this study. An array of evacuated flat plate 598 

collectors is used to transmit heat to the system. A PCM storage tank is coupled with the system for the 599 

stability of power generation.  Moreover, 12 different phase change storage materials are employed to 600 

evaluate the overall performance of the system. The whole system is modeled in MATLAB program to 601 

simulate charging and discharging mode. The simulation period is kept 24 hour during both modes for 602 

each PCM employed in the system. 603 

The impact of evaporation temperature and mass flow rate on ORC, collector and overall system 604 

efficiency is analyzed during charging and discharging mode. At given operating conditions, the PCMs 605 

having a higher melting point temperature have shown higher ORC efficiency. Conversely, the collector 606 

efficiency is higher for the PCMs having low melting point temperature. However, the salt hydrates 607 

PCMs have shown better performance in terms of overall system efficiency. For example, at given 608 

evaporation temperature and mass flow rate, KNO2-NaNO3 and Actemide have achieved maximum 609 

ORC and collector efficiency, respectively during both modes of operation. However, MgCl2.6H2O has 610 

shown the highest overall system efficiency at given evaporation temperature and mass flow rate during 611 

both modes of the operation.  Moreover, ORC efficiency is found to be in the range of 9% to 15%, the 612 

collector efficiency lies between 23% to 76% and overall system efficiency remains in 3% to 9% during 613 

both modes of operation. 614 

The effect of evaporation temperature and mass flow rate on net power output, variation in organic fluid 615 

temperature and amount of energy stored and released during charging and discharging mode is also 616 

evaluated. At given evaporation temperature and mass flow rate, the PCMs having a higher melting 617 

point temperature have shown higher net power output. Conversely, the rise and fall in organic fluid 618 

temperatures are higher for the PCMs having low melting point temperature. However, the salt hydrates 619 

PCMs have shown better performance in terms of energy stored and released during charging and 620 

discharging mode. For example, KNO2-NaNO3 and Actemide have shown maximum net power output 621 



and variation in organic fluid temperature, respectively, at given evaporation temperature and mass flow 622 

rate. Furthermore, net power output is found to be in the range of 9 kW to 34 kW, the rise and fall in 623 

organic fluid temperature lies between 1.5oC to 16oC and energy stored and released remains in 0.52 TJ 624 

to 75 TJ during both modes of operation. 625 

Finally, salt hydrates PCMs have shown better performance in terms of overall system efficiency and 626 

the amount of energy stored and released. However, Mg (NO3)2.6H2O is found to be most suitable 627 

among the selected PCM because of its all-round better performance.   628 

The dynamic aspect and control of the PCM based of the ORC system has not been considered in present 629 

study. In order to ensure the continuous operation of the PCM based ORC system, it is essential to 630 

develop appropriate control strategy and develop the dynamic model that can provide a detail insight to 631 

the performance of the PCM over the time (at least weekly or monthly simulation). The evaluation of 632 

the annual performance of the system would lead to a more robust performance prediction and, 633 

consequently, to an iterative re-design of the system components in order to define the optimal design 634 

for a given reference geographic position. 635 
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Nomenclature 642 

Symbols 643 

tw    Work done by expander, W 644 

pw    Work done by pump, W 645 

,t ih    Enthalpy at expander inlet, kJ/kg 646 

,t oh    Enthalpy at expander outlet, kJ/kg 647 

,t osh    Enthalpy of expander at ideal thermodynamic process, kJ/kg 648 

m               Working fluid mass flow rate, kg/s 649 

t    Efficiency of expander, % 650 

p    Efficiency of pump, % 651 

g    Efficiency of generator, % 652 

ORC    Efficiency of organic Rankine cycle, % 653 

A   Area, m2 654 

G   Irradiation, W/m2 655 



    Angle 656 

Q   Amount of energy, J 657 

T   Temperature of collector, oC 658 

Tc   Critical temperature, oC 659 

Ta   Ambient temperature, oC 660 

pc    Specific heat, / ( )J kg K  661 

,f oT    Temperature of fluid at collector outlet, oC 662 

,f iT    Temperature of fluid at collector inlet, oC 663 

lS    Surface area of collector in liquid phase, m2 664 

bS    Surface area of collector in binary phase, m2 665 

,lc    Efficiency of collector in liquid phase, % 666 

,vc    Efficiency of collector in binary phase, % 667 

,l oh    Enthalpy at liquid phase outlet, kJ/kg 668 

,l ih    Enthalpy at liquid phase inlet, kJ/kg 669 

,b oh    Enthalpy at binary phase outlet, kJ/kg 670 

,b ih    Enthalpy at binary phase inlet, kJ/kg 671 

fm    Working fluid mass flow rate, kg/s 672 

c    Efficiency of collector system, % 673 

o    Maximum Efficiency, % 674 

sys    System thermal efficiency, % 675 

rho     Density , g/m3 676 

Abbreviations 677 

GWP    Global Warming Potential 678 

ODP   Ozone Depletion Potential 679 

ORC    Organic Rankine Cycle 680 

DVG   Direct vapor generation 681 

FPC   Flat plate collector  682 

CPC   Compound parabolic concentrator 683 

ETC   Evacuated tube collector 684 

PTC   Parabolic trough concentrator 685 

CHP   Combined heat and power 686 

HTF   Heat transfer fluid 687 

DSG   direct steam generation 688 



CSP   Concentrated solar power 689 

PCM   Phase change material 690 

G   Generator 691 

P   Pump 692 

Subscript 693 

ORC   Organic Rankine Cycle 694 

Opt   Optimum 695 

max   maximum 696 

Sys   System 697 

c   critical 698 

i   inlet 699 

o   outlet 700 

0   Reference state 701 

m    Melting point     702 

evp   evaporation 703 

amb   ambient 704 

st    stored 705 

rel   released 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 



 722 

 723 

 724 

 725 
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