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Abstract

Thermal energy storage technologies are gaining attention nowadays for uninterrupted 

supply of solar power in off-sunshine hours. An indigenized solar phase change material 

(PCM) system was developed and performance evaluated in the current study to efficiently 

store solar thermal power using a latent heat storage approach, which can be utilized 

in any subsequent decentralized food processing application. A 2.5 m2 laying Scheffler 

reflector is used to precisely focus the incoming direct normal irradiance (DNI) on a casted 

aluminum heat receiver (220 mm diameter) from where this concentrated heat energy 

is absorbed and conducted to the PCM unit by the flow of thermal oil (Fragoltherm-32 

thermo-oil). During the circulation around PCM pipes inside the PCM unit, thermal oil 

discharges heat energy to the PCM, which undergoes change of phase from solid to 

liquid. Computational fluid dynamics (CFD) analysis of the PCM unit were also performed 

according to the actual boundary conditions, which gave satisfactory results in terms 

of temperature and velocity distribution. With an average DNI of 781 W/m2, the highest 

temperature of the receiver surface during the trials was observed at about 155 C that 

produces thermal oil at 110°C inside the receiver and around 48°C of PCM in the PCM unit. 

The heat energy losses per unit time (W) due to the lack of reflectivity from the Scheffler 

reflector, out-of-focus radiations at the targeted area, absorptivity of heat receiver, piping 

system losses, and cylinder losses (in the form of conduction, convection, and radiations 

using 50 mm insulation thickness) were found to be 110 W (10 %), 99 W (9 %), 89 W (8 %), 

128 W (12 %), 161 W (15 %), and 89 W (8 %), respectively. These findings of CFD analysis 

and mathematical modeling were also consistent with real-time data, which was logged 

through an online Control and Monitoring Interface portal. The final energy available to 

the PCM was 414W with an overall system efficiency of 38 %, which can be improved by 

decreasing thermal losses of the system and using other PCM materials.

Key words: Latent heat storage, Mannitol, Computational fluid dynamics,  

Scheffler reflector, Solar heat receiver.
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1  Introduction

The global food loss along supply chain (harvest to consumption) is estimated to be 30 %, 

that is, around 1 trillion USD annually (FAO, 2013). Food security is directly correlated to 

industrialization which needs heavy energy inputs. The agricultural processing sector, 

in particular, dominantly consumes about 30 % of the total global energy production 

and emits around 10 billion Greenhouse gases (GHGs) (CO2 equivalent) per year (FAO, 

2011). Carbon dioxide (CO2) and methane (CH4) concentrations in the atmosphere are 

found to have increased signifi cantly by 31 % and 149 %, respectively, since the begin-

ning of the industrial revolution in the 1750s (Neftel et al., 1985; Akorede et al., 2012). 

The immense use of fossil fuels, as the primary energy source, has created a polluted 

environment; hence, this demands serious attention. The expanding industrialization 

needs to shift to renewable energy resources. Industrial processes operating between 

ambient to 180°C utilizes directly 24 % industrial heat which can be availed through 

appropriate solar concentrators (Garg and Prakash, 2006). In medium to high temperature 

range (60°C–280°C), most processes in the industries like drying, pasteurizing, sterilizing, 

hydrolyzing, extraction, etc. (Kalogirou, 2003) can also be performed by applying solar 

thermal energy. Solar heat concentration is the prominent technology being developed in 

various countries since the last few decades. Efforts are in process to apply solar energy 

to agricultural processing. Currently, solar collectors are widely used for drying and 

water heating whereas this technology can also be applied on perishable food products 

for farm gate processing (EESI, 2011). By introducing innovative solar thermal collectors, 

small-scale agricultural processing industries can be promoted which will contribute 

towards sustainable rural development, especially in the tropical regions. 

Concentrating solar power (CSP) provides a magnifi cent platform to meet the heat demand 

of industrial thermal processes. Among the available solar concentrating technologies, 

Scheffl er-fi xed focus concentrator is the best suitable option for generating heat energy 

in medium to high temperature range with a variety of refl ector sizes ranging from 2 m2 

to 60 m2 (Scheffl er et al., 2006; Panchal et al., 2018). The versatility of Scheffl er refl ector 

is to keep the focus fi xed on the heat receiver which provides a uniform temperature 

distribution on the heat receiver’s surface. The essential feature of a heat receiver is to 

absorb the maximum amount of concentrated solar energy and transfer it to the heat 

transfer fl uid (HTF) as heat energy which can be further utilized in any subsequent pro-

cess (Kumar and Reddy, 2007). Scheffl er refl ectors up to 50 m2 were successfully tested 

for the generation of about 700°C which shows tremendous potential of this technology 

in almost all types of high-temperature-range processing industries (Scheffl er et al., 
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2006). Up till now, the Scheffler reflectors are efficaciously employed to produce heat 

energy for domestic water heating (Patil et al., 2011; Akhade and Patil, 2015), cooking 

applications (Chandak and Somani, 2009; Dafle and Shinde, 2012), steam generation 

(Sudhir and Feroz, 2016), distillation (Afzal et al., 2017), desalination (Chandrashekara and 

Yadav, 2017), coffee making (Kamboj and Yadav, 2017), ceramic processing (Acharya and 

Chandak, 2013), and electricity generation (Ruelas et al., 2015).

Besides the tremendous scope of solar energy, one major limitation is its availability 

during day time only and the dependency on weather fluctuations and sunshine hours 

which varies additionally in different seasons. Supplementary energy derived from con-

ventional resources is generally provided in order to achieve continuous operation which 

adds both cost and complexity to the system. Thermal storage devices can therefore 

provide a good alternate solution to address this problem as they can store the extra 

energy all through day time which can be utilized during off-sunshine hours (Ahmet et 

al., 2008). It is estimated that about 7.5 % of total energy that is consumed in the European 

Union (EU) in a single year can be saved by utilizing thermal energy storage systems 

(Arce et al., 2011). For the last three decades, there has been a growing interest in latent 

heat thermal storage (LHTS) technique which is proved to be a better option over sensible 

heat storage (Jegadheeswaran, 2010) as LHTS offers high density energy storage and 

temperature fluctuation between storage and release of energy as compared to sensible 

heat storage (Farid et al., 2004). In LHTS units, phase change materials (PCM) are used 

which undergo change of phase (solid to liquid and vice versa) during the energy transfer 

process. The key feature of LHTS systems is that the equivalent amount of heat energy 

stored in PCM during melting can be retrieved during solidification (Castell et al., 2008). 

A variety of PCMs are available according to design-specific configurations of the system 

and their applications in various engineering fields (Zalba et al., 2003; Farid et al., 2004; 

Sharma and Sagara, 2005; Kenisarin and Mahkamoy, 2007).

Currently, solar energy is successfully utilized for steam generation and various cooking 

applications. Using of Scheffler reflector with a PCM heat storage system is a novel and 

promising area of research for the utilization of solar thermal energy in medium to high 

temperature range. By keeping all facts in view, the study has been initiated at the Solar 

and Irrigation Demonstration Plant, Witzenhausen, Germany to develop a decentralized 

solar PCM system for the storage of heat energy which can be utilized after sun hours 

or during cloudy weather. 
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2  Review of Literature

Energy indemnity has signifi cant importance in the escalating industrialized world. Mean-

while, immense use of depleting fossil fuel power generation is negatively affecting the 

global environment and creating a huge challenge for food security. This chapter briefl y 

describes an overview of food losses, role of industries in global warming, scope of CSP 

in agricultural processing, and existing solar PCM technologies.

2.1 Food Security in the Industrialized World

The world is predicted to be populated around 9.1 billion by 2050 which will require 

about 70 % increased food availability especially in developing countries, where urban 

population is increasing steadily and creating lengthy and complex food supply chain 

(FAO, 2009). Currently, the global food losses along supply chain (harvest to consumption) 

are estimated to be 30 % valuing around 1 trillion USD annually (FAO, 2011). Food losses 

show different patterns in different regions as depicted in Fig. 2.1. The quality-based 

food losses are dominant in industrialized countries whereas in developing countries, 

food scarcity risk is more due to higher percentage of post-harvest and processing losses 

(14 %–21 %) than developed ones (< 2 %) (FAO, 2011). There are many factors including 

inadequate energy resources and their utilization, conventional agriculture practices, 

lack of processing facilities, underdeveloped infrastructure, and limited access to inter-

national markets which cause food loss in the food supply chain in these countries (FAO 

2009; Rezaei and Liu, 2017). Food losses also adversely affect food security, economic 

and environment values along with the wastage of energy resources used during food 

loss which accounts for an annual 3.3 gigatons (Gt) of GHG emissions (CO2 equivalent). 

With these huge emissions, food wastage is ranked world’s third largest GHG emitter 

after China and the United States (FAO, 2013). 
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Figure 2.1: Percentage of losses for fruits and vegetables in different regions at 

different stages of processing 
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Source: Rezaei and Liu, 2017

On the other hand, after the industrial revolution started in the mid-seventeenth century, 

GHG emissions have risen tremendously due to anthropogenic activities. The global emis-

sion of CO2 has increased from 2 to 36 Gt in the last century (Fig. 2.2) in which energy sector 

emissions contributed up to 72 % (World Resources Institute, 2017). These GHG emissions 

resulted in an increase of 1°C in the overall globe temperature (Quaschning, 2010) out of 

which 0.74 + 0.18°C has increased just between 1906 and 2005 (Barker et al., 2007). 
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Figure 2.2: Annual Global CO2 emission by region 
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The necessity of fossil fuels can never be overemphasized in the modern world, as they 

are extensively used for energy generation. The fossil fuel-based power plants used 

for the energy generation are the most notorious emitters of GHGs. In 2016, fossil fuel 

alone fulfilled 85 % of the world primary energy demand (Tverberg, 2018) and their use is 

expected to grow in absolute terms over the next 20–30 years. Fossil fuels are considered 

as non-renewable resources of energy because they are formed in millions of years by 

the anaerobic decomposition of buried dead organism and being utilized at a faster 

rate. By depleting the reserves of fossil fuels at the same rate, the world will be facing a 

challenging situation having insufficient non-renewable energy resources at the end of 

the twenty-first century (Höök and Xu, 2013).

Food security is directly correlated to industrialization which needs heavy energy inputs. 

Particularly the agricultural processing sector, which dominantly consumes about 30 % 

of total global energy production and emits GHGs around 10 billion (CO2 equivalent) per 

year (FAO, 2011), needs to be addressed well to tackle food scarcity and climate change 

issues in an efficient, integrated and sustainable way by exploiting alternate reserves of 

nature i.e., renewable energies.

-- ICDD WP26_Munir_04.indd   8 05.09.19   08:51



ICDD |  Solar Thermal Energy Storage System using phase change material

9

2.2 Scope of CSP in the Processing Sector

The industrial sector shows a tremendous scope of CSP as most of the industrial processes 

require heat energy in 80°C–240°C temperature range (Kalogirou, 2003). Globally, China, 

Malaysia, Turkey, United States (US), and Germany utilize 70 %, 45 %, 35 %, 33 %, and 27 %, 

respectively, of their total energy production directly in industrial processing (Abdelaziz 

et al., 2011; Lauterbach et al., 2012). Nature has blessed mankind with enormous potential 

of renewable energy resources and solar energy is one of them. Generally, solar energy 

is considered for electrical power generation, but it also may be applied in agricultural as 

well as industrial processes for heat generation through various CSP technologies (IEA, 

2011). Surprisingly, the conversion efficiency (ratio of energy produced by the collector to 

the energy of the sunlight) of a solar thermal energy-based system (70 %) is reported much 

higher than the electricity producing photovoltaic panels (17 %) (Jaisankar et al., 2011).

The International Energy Agency (IEA) avowed the CSP as a very promising but untapped 

technology which can be applied to industrial applications (IEA, 2008). In 2016, the total 

global installed capacity of CSP has been grown to 4.8 GW in which 80 % shares are held by 

the US and Spain. Accompanying to this escalation in CSP installation, the shifting trend of 

CSP technologies towards developing countries has also been seen from 2015 which further 

continues in 2016 with an investment of 57.5 billion USD in solar-based technologies. CSP 

technologies are getting more economic attraction day by day as their costs have declined 

by 18 % from 2010 to 2016 which sets up the levelized cost of energy (LCOE) to USD 0.27/

kWh (REN21, 2017). The LCOE of CSP for different regions of the world is given in Fig. 2.3.

Figure 2.3: LCOE for CSP in 2016
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2.3 Scheffler Reflector

In the past decades, many technological developments have been made for the utili-

zation of solar energy in heat generation such as linear Fresnel (line focus), parabolic 

trough (line focus), heliostat field and parabolic dish (point focus each) but are rarely 

employed in industries due to focus is not fixed and tracking problems exists in them 

(EESI, 2011). Among the available concentrating solar collectors, there is a versatile 

elliptical concentrator i.e., Scheffler fixed focus concentrator, which not only provides a 

precise automatic sun tracking but also a fixed focus away from the path of incident beam 

radiations (Scheffler et al., 2006). These reflectors are equipped with a daily tracking 

(automatic) as well as seasonal tracking system (manual/automatic) to give a fixed focus 

throughout the year even with the changing solar declination angle. Scheffler reflector 

also offers an economically viable solution to meet the heat requirements of post-harvest 

processing operations for decentralized applications in far-flung areas, where there is no 

availability of fossil fuels or not even connections to conventional electric grid system. 

It also provides options to set the reflector in a standing position or in a laying position 

rotating along the same axis of rotation. For standing reflectors, the targeted focus is 

just near the ground level whereas in case of laying reflectors, the focus point is well 

above the ground level. The laying reflectors are useful for cooking purposes because 

they eliminate the use of secondary reflector and provide direct focus at the bottom of 

the heating container (Scheffler et al., 2006). A heat receiver can also be used to supply 

the high temperature heat to utilization end. It absorbs the heat energy from the focus 

point and transfers it to the HTF which delivers the absorbed energy to any useful process 

(Kumar and Reddy, 2007).
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2.4 PCM Heat Storage

PCM-based LHTS systems offers a suitable solution to cover up the gap between energy 

source and demand, if the source is intermittent and time dependent like solar thermal 

energy (Jegadheeswaran, 2010). Solar thermal energy can be stored by using the latent 

heat of a PCM. PCM absorbs the excessive energy almost at constant temperature during 

high radiation periods which cause PCM to change its phase such as from liquid to gas 

or from solid to liquid. As the phase change chemical reaction is totally reversible, when 

low intensity of solar radiation decreases the input temperature, the stored energy in 

PCM is discharged and the PCM used for storage gains its initial form. In this way, PCM 

present high latent heat storage; moreover, a small volume of PCM is required as the 

melt and solidification are done at nearly constant temperature (Bennamoun, 2013). 

Selection of PCM is of paramount importance for the successful storage and retrieval of 

thermal energy and long-term reliability of the system. An ideal PCM should have good 

thermal conductivity and large latent heat. Moreover, it should be chemically stable, 

non-toxic and non-corrosive in nature (Farid et al., 2004). Sharma et al. (2009) and Bal et 

al. (2010) have presented a comprehensive work related to the classification of various 

PCMs, classified as inorganic (salt hydrates, metallics), organic (paraffins, non-paraffins) 

and eutectics materials with the detail of several physical properties such as latent heat, 

melting and freezing point range, and heat of fusion. Farid et al. (2004) and Zalba et al. 

(2003) also reported comprehensive details of various PCMs and their applications like 

drying, space and water heating. Accordingly, a lot of research work has been reported on 

the study of LHTS thermal behavior in many fields of agricultural processing e.g., drying, 

steam generation, etc. (Sharma and Sagara, 2005; Kenisarin and Mahkamoy, 2007).

The above-cited literature reveals that the world needs to be shifted from conventional 

fossil-fuel based sources of energy to renewable energy resources to avoid future food 

scarcity and global warming issues. Scheffler reflectors provide a better option for medium 

to high temperature range processing and emphasis should be made to use PCM-based 

storage systems in combination of these reflectors for enhanced utilization of CSP.

-- ICDD WP26_Munir_04.indd   11 05.09.19   08:51
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3   Materials and Methods 

The study is conducted to develop a decentralized system to utilize concentrated solar 

power after sunshine hours with a suitable PCM heat storage system, which is installed 

at the solar and irrigation demonstration plant at Witzenhausen (51°20’32”N 9°51’28”E), 

Germany. The PCM technology is a practical and adoptable solution in rural areas for 

various operations like cooking, drying, space heating, etc. The present study is focused 

to fabricate a solar heat storage system with PCM from which the excessive stored energy 

can be utilized during off sunshine hours. The developed system comprised a laying 

Scheffl er refl ector (2.5 m2 surface area), heat receiver (220mm in diameter), PCM heat 

storage and a thermal oil reservoir to collect the utilizable heat energy coming from PCM. 

The schematic diagram and working principle of the solar PCM system is shown in Fig. 3.1.

Figure 3.1: Schematic diagram of solar PCM system

The incoming direct normal irradiance (DNI) strikes at the surface of the Scheffl er refl ec-

tor and converged towards the targeted focus, i.e., surface of the solar heat receiver to 

produce a temperature greater than 250°C. By circulation of heat transfer fl uid (HTF) with 

a solar powered pump (Heizungs-Umwälzpumpen, EVENES Typ HE-HL+, Light) in the 

system, heat energy produced at the receiver surface is taken by HTF and conducted to 

the PCM unit where it is stored. An expansion bellow is also connected in the oil circuit 
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to release the extra pressure generated in the system which is closed to atmosphere and 

prevent it from any damage. After discharging the heat energy, HTF is circulated back to 

the heat receiver to again absorb and convey heat energy from the heat receiver to the 

system. In this way, the solar PCM system operates continuously to generate the useful 

heat from solar thermal energy throughout the day. Thermocouple (12), pyranometer 

and many types of sensors with a digital data logger are also installed in the system at 

different points to record the real-time data which is being monitored through Control 

and Monitoring Interface (CMI) online portal.

3.1  Description of Scheffler Reflector for Phase Change Material 
(PCM) Heat Storage System

Scheffler reflector is used to concentrate and focus the incoming DNI on the heat receiver 

to produce heat energy as shown in Fig. 3.2. The fabrication of Scheffler reflector was 

carried out in the Agricultural Engineering workshop, University of Kassel, Witzenhausen, 

Germany, for the development of the solar PCM system prototype. The main components 

of the Scheffler reflector are an elliptical reflector frame, a rotating support, tracking 

channel, reflector stand, and daily and seasonal tracking devices. The l Scheffler reflector 

was laid by taking the lateral part of a specific paraboloid, and the semi-major and 

semi-minor axis of an elliptical frame of Scheffler reflector were taken as 210cm and 

150cm, respectively. The crossbars were distributed along the minor axis in such a way 

that one crossbar was installed exactly at the centre of the elliptical frame and the other 

ones were at equal distance from the preceding one on both sides from the central cross-

bar to make the desired section of the paraboloid. The elliptical surface of the Scheffler 

reflector was made by fixing highly reflective aluminum sheets on the crossbars. The 

rotating support was fabricated with a steel pipe and equipped with a photovoltaic 

powered GPS-assisted tracking device to rotate the primary reflector for daily tracking. 

Daily tracking device rotates the reflector along an axis parallel to the polar axis of the 

earth with an angular velocity of one revolution per day to counter balance the effect of 

earth rotation. The reflector stand was placed horizontally on the site in laying position 

facing towards the sun to utilize maximum DNI during summer. 
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Figure 3.2: Laying Scheffler reflector (2.5 m2) with GPS assisted daily tracking system.
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3.2 Heat Receiver

A 220 mm diameter heat receiver comprises a cast aluminum plate surface mounted 

on the stand of the Scheffler reflector in such a way that the Scheffler reflector targets 

the incoming DNI exactly at the surface of the heat receiver. Outlet and inlet valves are 

provided in the heat receiver and attached with 40 mm diameter insulated steel pipes for 

the flow of HTF (Fragoltherm-32 thermo-oil). All the receiver parts are fixed in a stainless 

steel (SS) casing which is insulated with 50 mm thick rock wool insulation and wrapped 

with aluminum foil to prevent heat losses from the receiver. The heat generated at the 

receiver surface is absorbed and conducted to the PCM heat storage by the flow of HTF 

inside the receiver. The heat receiver (without insulation) fixed at the laying Scheffler 

reflector is shown in Fig. 3.3 and complete properties of HTF are given in Appendix-a.
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Figure 3.3: Heat receiver mounted on 2.5 m2 laying Scheffler reflector (without insulation)
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3.3 PCM Heat Storage Unit

The PCM heat storage unit consists of 38 number of tubes of silver steel rings having 

30 mm diameter and 870 mm length. The tubes are filled with Mannitol (Roquette) and 

fixed vertically in a circular iron plate inside a closed cylindrical MS container which 

is insulated with 50 mm thick layer of rockwool and wrapped by another 50 mm thick 

insulation layer. HTF absorbs the heat energy from the heat receiver and flows through 

a 5.3 m long insulated pipe into the PCM unit. Inside the PCM unit, HTF flows around the 

PCM tubes and transfer the excessive heat energy to PCM through conduction which is 

utilized later during off sunshine hours. The installation pattern of PCM tubes and insu-

lated PCM unit are shown in Figs 3.4 and 3.5, respectively, and technical specifications 

of PCM are given in Appendix-B.

Figure 3.4: Installation pattern of PCM tubes
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PCM (Mannitol)
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Figure 3.5: Insulated PCM unit
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3.4 Expansion Bellow and Accessories 

Stainless Steel Expansion Joint, also known as metal bellows, bellows expansion joint, 

is the compensating element for thermal expansion and relative movement in pipelines, 

containers, and machines. They consist of one or more metal bellows, connectors at both 

ends, and tie rods that depend on the application. They are differentiated according to the 

three basic types of movement—axial, angular, and lateral expansion joints. Stainless Steel 

Expansion Joint is an elastic vessel that can be compressed when pressure is applied to the 

outside of the vessel or extended under vacuum. When the pressure or vacuum is released, 

the bellows will return to its original shape (provided the material has not been stressed 

past its yield strength). In addition to expansion bellow, there are mountings, fittings, valves, 

controllers which are directly connected to the system for operation and data acquisition. 

Figure 3.6: Pressure relief bellow
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3.5 Hot Oil Container

The hot oil container is installed to use stored energy in the PCM and the flow of 

HTF towards hot oil container is controlled with the help of a valve. Hot HTF flows 

into the hot oil container where it conducts the stored energy to utility end. After 

that, HTF flows back from the hot oil container to PCM unit. In this way, the contin-

uous circulation of HTF is carried out for transfer of useful energy throughout the 

day. Presently, the hot oil container is installed for experimental purposes because 

this finally available heat energy can be utilized in various decentralized applications. 

 

 

Figure 3.7: Insulated hot oil container
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4   Results and Discussion

The solar PCM system was developed to enhance the solar thermal energy utilization 

using PCM heat storage for decentralized applications in tropical countries. The design 

of the system is simple and fl exible to produce maximum amount of energy for differ-

ent post-harvest and food-processing applications at farm level. The performance of 

the system was evaluated for the estimation of available energy after sunshine hours. 

Computational fl uid dynamic (CFD) analysis was performed to analyze temperature 

distribution in the PCM and the total available energy with system losses were also 

determined to optimize the system.

4.1 CFD Analysis of PCM Unit

CFD software was used to simulate temperature distribution using ANSYS workbench 

which provides a comprehensive suite for modeling fl uid fl ow and other related physical 

phenomena. In order to avoid the geometry complexity, the targeted part (PCM con-

tainer) of the system was designed and simulated. Figure 4.1 shows complete layout of 

the system along with simulated outcomes in the form of temperature profi les of the 

oil container with PCM pipe. For boundary conditions, pipe containing hot oil towards 

PCM unit was taken as inlet which received heated oil coming from heat receiver. Data 

acquired through CMI portal was used to defi ne the boundary conditions. From the 

temperature profi le within the container (fl uid and PCM pipes), 45 % to 50 % of input oil 

temperature was absorbed in the PCM pipes. In order to visualize temperature distribu-

tion in PCM pipes more effectively, the maximum temperature scale was decreased to 

49°C. The temperature change of PCM pipes is almost uniform. As hot oil entered into 

the container and fl owed around the PCM pipes, the heat was transferred. This process 

continued until the oil in the container reached at uniform temperature (up to 95 C). At 

earlier stage, rate of heat transfer at the top of container could be estimated more (due 

to large temperature difference between oil and PCM) than at the down side as can be 

observed from the temperature contours around the PCM pipes. The velocity contour 

within the PCM unit is also shown in Fig. 4.2.
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Figure 4.1: CFD analysis of PCM unit 
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Figure 4.2: Velocity profile of HTF inside the PCM unit
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4.2 Energy Analysis of the Solar PCM System

The solar PCM system was also optimized by taking into account different sources of 

energy losses. The available energy and losses in different components of the entire 

system are evaluated at five main points including the Scheffler reflector, heat receiver, 

PCM storage unit, hot oil container, and piping system as represented in Fig. 4.3. The 

energy analysis is described comprehensively in the following sub-sections.

Figure 4.3: Available energy and losses in different components of solar PCM system
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4.2.1 Available Power from the Scheffler Reflector and Its Distribution

The incoming solar radiations are the sum of diffused radiations (Gd) and useful DNI 

(Gb) among which only the DNI are of useful energy that are falling of the elliptical 

surface of the Scheffler reflector. The surface of the Scheffler reflector is inclined at an 

angle of (43.23+α/2) to the falling DNI due to the lateral part of a paraboloid where the 

solar declination angle (α) is being positive (+) for northern hemisphere and negative 

(–) for southern hemisphere. Therefore, the aperture area of the Scheffler reflector (Af) 

is dependent on solar declination angle and is taken as Af× cos (43.23 ± α/2). For the 

acquisition of DNI data, a pyranometer is installed on the surface of Scheffler reflector 

in such a manner that it faces directly towards the sun for measuring the intensity of 

the incoming DNI the whole day. In this way, the total input energy available (Ep) at the 

surface of the Scheffler reflector is the DNI recorded by pyranometer times this fraction 

of the area Af*cos (43.23 ± α/2) and is given in the mathematical form.

  (4.1)

also

  (4.2)

where As is the available aperture area of the Scheffler reflector at any day of the year.

As the Scheffler reflector is elliptical, the surface area can also be expressed in terms of 

semi-minor axis and semi-major axis. Eq. (4.2) can also be expressed as:

  (4.3)

where a and b are the semi-minor axis and semi-major axis of the elliptical frame of the 

Scheffler reflector and α is the solar declination.

The solar declination angle (α) is calculated by the equation given by Duffie and Beckman 

(2006) with the least error (Error < 0.035°).

 

 (4.4)

where “n” is the day of the year and “α” is solar declination angle.

Solar declination angle (α) varies from –23.5° on Winter solstice (December 21) to +23.5° 

on Summer solstice(June 21). A simplified view of sun’s trajectory on the sky on different 

Solstices and Equinox is shown in Fig. 4.4. 
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Figure 4.4: Sun’s trajectory at Winter Solstice, Summer Solstice and Equinox

Source: Noosphere, 2012

The variation of solar declination (α) and aperture area for a 2.5 m2 laying Scheffler 

reflector in northern hemispheres during the entire year is shown in Fig. 4.5. It is evident 

from Fig. 4.5 that the aperture area of the laid Scheffler reflector increases with increase 

in solar declination angle and vice versa, hence showing a direct correlation between 

them. The aperture area is maximum on winter solstice (1.44 m2), minimum on summer 

solstice (2.13 m2) and found to be similar at equinox (m2) in the northern hemisphere for 

the laying reflectors. For a specific size of laying Scheffler reflector, more energy can be 

obtained with the same DNI in summer season as compared to winter season. The laying 

Scheffler reflectors are more suitable to get maximum power as they directly focus on 

the sun light on targeted area and eliminates the necessity of secondary reflector.
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Figure 4.5: Variation of solar declination and aperture area of Scheffler reflector in   

the northern hemisphere (valid for 2.5 m2 laying reflectors)
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The surface of the Scheffler reflector is made of highly reflective aluminum (specific 

reflectance > 90 %) sheets which converge the incoming useful DNI towards heat receiver. 

Some part of the incoming radiation is absorbed by the surface of the Scheffler reflector, 

therefore the available energy after the Scheffler reflector (Epr) is given by:

  (4.5)

where, Rp is the reflectivity of the surface of the Scheffler reflector.

Generally, out-of-focus radiation is also taken into account from the Scheffler reflector but 

as the present one is developed in a highly precise manner, the fraction of out-of-focus 

radiation (Ff) is considered as only 5 %. The remaining radiation is the useful power 

available at the surface of heat receiver and calculated as:

  (4.6)
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4.2.2 Energy Distribution and Losses at Solar Heat Receiver

Infrared camera was also used during the experiments for capturing the thermal images 

of solar heat receiver to observe power distribution as well as to measure the fraction 

of power available from converged DNI at the heat receiver. During the experiment on 

September 5, 2018 at 01:25 p.m., the position of Scheffler reflector is shown in Fig. 4.6. 

It was visually observed that the Scheffler reflector perfectly focus the incoming DNI at 

the surface of the heat receiver for power generation throughout the day as shown in 

Appendix-D. At the same time thermal images by infrared camera shows a temperature 

of 153.19 C at the centre of the heat receiver surface as represented in Fig. 4.7. It is clear 

that the temperature decreases gradually towards the outer edges of the heat receiver 

surface. This is due to the fact that the Scheffler reflector produces maximum intensity of 

focused DNI in the middle of the focus area. Overall, a good temperature distribution was 

observed on the surface of the heat receiver which allows efficient heat transfer to the 

HTF flowing inside the heat receiver. These results are also consistent with theoretically 

calculated results which provide the justification for the design configuration of the 

Scheffler reflector and appropriate heat receiver.

Figure 4.6: Position and targeted focus of 2.5 m2 laying Scheffler reflector in southern 

hemisphere on September 5, 2018 at 01:25 p.m. with 781 W/m2 DNI
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Figure 4.7: Infrared thermal image of temperature distribution on heat receiver on   

September 5, 2018 at 01:25 p.m. with 781 W/m2DNI

Along with the power generation, heat energy is also lost from the outer side walls, back 

side and pipe-fittings of the heat receiver as it was not insulated. The outer side wall and 

back side surface temperature, and the temperature of pipe-fittings of the heat receiver 

were observed to be 88°C and 52°C, respectively, as shown in Fig. 4.8. 

Figure 4.8: Infrared thermal image of temperature distribution on side walls and back   

side surface, and pipe-fittings of heat receiver of solar PCM system
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The results have shown that significant heat losses were taking place from the receiver 

due to improper insulation. This huge heat loss (> 50 %) was reduced by insulating the 

sides and back of the heat receiver with 50mm-thick layer of rockwool insulation wrapped 

with 50mm aluminum foil; the reduction in thermal losses were calculated.

4.2.3 Thermal Losses Calculations for the Solar PCM System

The heat absorbed per unit time by HTF flowing inside a receiver was dependent on the 

specific heat of HTF (Cph), HTF mass flow rate (mf), and entry temperature (Ti) and exit 

temperature (Tf) of HTF. The energy absorbed by the HTF (Qh) is calculated as under 

(Duffie and Beckman, 2006):

  (4.7)

The steady state heat transfer (φ) through a cylindrical layer that is exposed to convection 

on both sides to fluids is given as (Cengel, 2006):

  (4.8)

where Tin, Tamb, Rcond and Rconv are inside oil temperature, ambient temperature, 

conduction resistance, and convection resistance, respectively.

Thermal conduction resistance for the cylindrical part is determined using following 

relation (Cengel, 2006):

  (4.9)

where λ, L, rext, and rint are the thermal conductivity of the material used, lateral length 

of the cylindrical surface, external and internal radius of the cylinder, respectively.

The conduction resistance for a plane surface is determined using the following relation 

(Cengel, 2006):

  (4.10)

where t and R are the thickness and cross-sectional area of surface, respectively.
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With insulation, the conductive resistance for the multilayered cylindrical and plane walls 

is determined by adding the conductive resistance for all layers and is generalized as:

  (4.11)

where “i” indicates any layer of any material with their respective thermal conductivity 

and thickness.

Convection resistance is determined using the following relation:

  (4.12)

where h is the natural convection coefficient and S is the external surface area.

Radiation heat losses are determined using the following relation:

  (4.13)

where ε is the emissivity, σ is the Stephen Boltzmann constant, Tspace is the space 

temperature (K), Text is the external surface temperature (K) and is determined by the 

following formula:

  (4.14)

By substituting the value of Text in Eq. 3.24, the total radiation heat losses are determined. 

By adding all the losses, the total losses of the system can be calculated.

4.2.4 Determination of natural convection coefficient

The value of “h” depends on the properties of the fluid (air), geometry and position of the 

component. In order to calculate the actual values of natural convectional coefficients, 

the following equations are used (Jannot, 2003).
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  (4.16)

  (4.17)

where

  (4.18)

  (4.19)

where Prandtl No. (Pr) is given as under:

  (4.20)

where Cais the air heat capacity (1009 J kg–1 K–1), μa is the dynamical viscosity of air 

(0.000020500 Pa s), λaIS the thermal conductivity of air (0.0295 W m–1 K–1).

By substituting this value in Eq. 3.29, we get Pr = 0.7011694915

This value of Pr will remain constant as it comprises of only parameters regarding atmos-

pheric air.

Also,

  (4.21)

where Tamb is the air ambient temperature (20 ℃), ρ is the density of air (1.050 Kg/m3). 

By substituting the values of ρ, μ, Text and Tamb in Eq. 3.30, the value of Gr is calculated. 

Thereafter, the value of the product “GrPr” is calculated.

The heat storage potential of the phase change materials (PCM) is important and the 

energy storage for a range of temperature including the melting point is:

  (4.22)

Where Qs is the total amount of energy stored (J), mis the mass of the medium (kg), Cpis 

the specific heat of the medium (solid below Tm, liquid over), potentially temperature 

dependent (J/kg.K), his the latent heat (J/kg), Tm is the melting temperature, and T1 and T2 

are the initial and final temperatures of the relevant range (K), respectively (Mussard, 2013).
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4.3 Output of Mathematical Modeling

An algorithm has been developed using design configuration and available parameters of 

the solar PCM system. For a case study, the predicted output on a sunny day of September 

5, 2018 with DNI of 781 W/m2 using mathematical model for the thermal losses in solar 

PCM system is shown in Fig. 4.9.

Figure 4.9: Predicted values of thermal losses per unit time from solar PCM system (for 

the laying reflectors in the northern hemisphere for 781 W/m2 on September 5, 2018)
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Fig. 4.9 shows the heat energy losses from the solar PCM system. In the present input data 

set, solar PCM system was run in solar and irrigation campus, Witzenhausen, Germany 

on September 5, 2018 with DNI of 781 W/m2 under similar conditions. The heat energy 

losses per unit time (W) due to the lack of reflectivity from the Scheffler reflector, out of 

focus radiations at the targeted area, absorptivity of heat receiver, piping system losses, 

and cylinder losses (in the form of conduction, convection and radiations using 50 mm 

insulation thickness) were found to be 110W, 99W, 89W, 128W, 161W, and 89W, respectively. 

Their corresponding percentage losses are found to be 10 %, 9 %, 8 %, 12 %, 15 %, and 8 %, 

respectively. The final available energy in the PCM was found to be 414 W (38 %). In terms 

of components of solar PCM system, the heat losses from the Scheffler reflector, heat 

receiver, and the entire piping system were found to be 209W, 217W, and 161W with their 

percentage 19 %, 20 %, and 15 %, respectively. Available energy per unit time at different 

components during the performance evaluation on September 5, 2018 is shown in Fig. 4.10.
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Figure 4.10: Power distribution sequence and available power in the solar PCM system 

(predicted results for solar and irrigation demonstration plant, Witzenhausen on 

September 5, 2018)
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At Scheffler reflector 1098 W

It can be seen from Fig. 4.10 that the total available energy on Scheffler reflector was 

1098W and after all losses, final available energy to PCM was 414W. The efficiency of the 

system was found to be 37.76 %. These results of mathematical modeling were found 

similar to the experimental results under the same conditions. Therefore, the model 

can be applied in the northern hemisphere under the existing condition of the system. 

However, the DNI will vary according to latitude of the location. 
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4.4 Energy available for PCM

The graphical presentation of total DNI power, power available at the Scheffler reflector 

and final available power for the PCM against 800 W/m2 for summer solstice, equinox, 

and winter solstice (for the laying reflectors in the northern hemisphere) is given in Fig. 

4.10. From the mathematical model, power available at the 2.5 m2 Scheffler reflector for 

summer solstice, equinox, and winter solstice were found to be 1310W, 1124W, and 882W, 

respectively at 800 W/m2 DNI for laying reflectors in the northern hemisphere. With the 

same intensity of DNI, the power absorbed by PCM in summer solstice, equinox, and 

winter solstice were found to be 494W, 424W, and 333W, respectively, which can be 

utilized after sunshine hour for prolonging the availability of heat. These modeling results 

of solar PCM system provide useful information to predict the total power available on 

the reflector and available energy for PCM against a wide range of DNI.

Figure 4.11: Available power distribution for solar PCM system with 800 W/m2 for 

summer solstice, equinox, and winter solstice (for 2.5 m2 laying Scheffler reflector in 

northern hemisphere)
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4.5 Results of the Experimental Set-up

Data were recorded for Buffer Tank 1 and Buffer Tank 2 at various points (upper and 

lower side as well as at inner and outer sides of the thermal oil and PCM)) with the help 

of a data-logger and this real-time data is available online. The temperature variation 

at different points in the solar PCM system for September 5, 2018 is recorded through 

online CMI portal and represented graphically in Fig. 4.11 whereas the complete logged 

data from June to October 2018 are given in Appendix-C.

It has been observed that a maximum temperature recorded was up to 110°C temperature 

at the receiver and approximately, the same temperature was available at the inlet side 

of Buffer Tank No. 1. However, there was a slight decline of the temperature from the 

bottom side of Buffer Tank 1. At day time, Buffer Tank No. 2 was not taken in circuit and its 

pump was not made operational and these lines are just showing the room temperature.

Figure 4.12: CMI portal graph for temperature variation at different point in the solar 

PCM system at solar and irrigation demonstration plant, Witzenhausen on September 

5, 2018 
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4.6 Overall Discussion

Fabrication and performance evaluation results of a novel solar PCM system have been 

presented in the current research work. A comprehensive literature was reviewed regarding 

design configurations, PCM selection, utilization, and scope of PCM in decentralized agricul-

tural processing before the development stage. The solar PCM system was entirely devel-

oped at the solar and irrigation demonstration plant, Witzenhausen (51°20’32”N 9°51’28”E) 

by the collaboration of three institutes and mainly comprises a 2.5 m2 laying Scheffler 

reflector, piping system, PCM unit, and a hot oil auxiliary container. The specific aim of this 

innovative technology is to overcome the necessity of fossil-fuels-based energy supplies 

during the cloudy weather or after sunshine hours by providing continuous supply of solar 

energy with thermal energy storage for the on-farm solar food processing applications.

A mathematical model was developed to test the design configurations of the solar PCM 

system and predict the output energy distribution for a given data set. For a sample input 

of data (September 5, 2018), output of mathematical model showed 414 W energy was 

available to the PCM from the total available power of 1098 W with 781 W/m2 of DNI. Heat 

losses from the Scheffler reflector, heat receiver, and entire piping system were found to 

be 209W, 217W, and 161W with their percentage 19 %, 20 %, and 15 %, respectively. The 

overall system efficiency was found to be 38 %.

The laying Scheffler reflector attached with a GPS sun-tracking system provided a precise 

focus of concentrated DNI at the heat receiver and a maximum temperature of 153.19°C 

was recorded on the surface of the heat receiver during the trials. Various thermocouples 

and temperature sensors were installed at different components to observe the temper-

ature variations and energy losses in the system. All the field trials data were recorded 

with a digital data logger and stored in a specially designed online CMI portal for further 

calculations. The predicted results of mathematical model and real-time observations 

were found to be consistent and showed satisfactory heat distribution according to the 

design configurations of the solar PCM system. CFD analysis of PCM unit were also 

performed which showed almost uniform heat transfer and temperature distribution 

inside the PCM unit. Inside the PCM unit, about 87°C–95°C temperature of hot thermal 

oil was achievable that allowed to transfer approximately 50 % of heat energy to the 

PCM by raising its temperature up to 48°C under the equilibrium state of the system. 

This stored energy can be utilized at the times when the input energy from DNI becomes 

lower. An auxiliary hot oil container was attached to the PCM unit for the utilization of 

stored energy in any subsequent process.
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Although the solar PCM system is a state-of-the-art step towards solar thermal heat 

storage technologies using PCM, some design fl aws are also present in the system. 

For example, the maximum temperature obtained inside the heat receiver during the 

whole experimentation period was 110°C on September 5, 2018 which is far much lower 

than the melting temperature (~167°C) of PCM used (Mannitol) and 8 % of this already 

inadequate energy is further lost before entering in the PCM unit due to lengthy pipe 

lines. The technical solutions in a comprehensive manner for all the possible defi ciencies 

of the system are given in the recommendations section.

5  Conclusions

the solar PCM system was indigenously designed to enhance solar thermal energy uti-

lization after sunshine hours for decentralized applications in agricultural processing. 

With the present design confi gurations of the system, CFD simulations showed a good 

uniform temperature distribution inside the PCM unit and it was also observed that 

45 %–50 % of the heat was transferred by the HTF to PCM. Although PCM showed good 

response for heat absorption, it did not change its phase from solid to liquid during the 

trials due to insuffi cient input energy. Therefore, it was concluded that the size of the 

Scheffl er refl ector needs to be bigger for greater energy input. Mathematical modeling 

results showed 209W (19 %), 217W (20 %), and 161W (15 %) heat losses from the Scheffl er 

refl ector, heat receiver, and entire piping system, respectively with an overall system 

effi ciency of 38 %. In terms of parts, the heat energy losses per unit time (W) due to the 

lack of refl ectivity from the Scheffl er refl ector, out of focus radiations at the targeted 

area, absorptivity of heat receiver, piping system losses, and cylinder losses (in the 

form of conduction, convection and radiations using 50 mm insulation thickness) were 

found to be 110W (10 %), 99W (9 %), 89W (8 %), 128W (12 %), 161W (15 %), and 89W (8 %), 

respectively. Overall, the solar PCM system provides an excellent technical platform to 

address the solar thermal energy storage issues.
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Recommendations

��  It is recommended to employ a larger size of Scheffler reflector to produce more 

thermal power from the available DNI for the existing system to change the phase 

of the PCM used and utilize high value of latent heat in addition to sensible heat 

for all-time operation of the system.

��  It is recommended to improve the design of the heat receiver in such a way that 

the PCM can be directly used inside the receiver for effective heat transfer, so that 

the phase of the material can efficiently be changed, i.e., solid to liquid.

��  It is recommended to use copper material in the receiver instead of casted 

aluminum as copper has almost double thermal conductivity than the aluminum.

��  Use of a high-quality glass cover to cover the receiver surface is also recom-

mended to minimize heat losses from the receiver. 

��  The length of the piping system should be reduced to decrease the heat convey-

ance losses in pipes (15 %) which will increase the available energy for PCM in the 

existing design.

��  The system should also be evaluated by using other PCM material-like Eutectic 

mixture of KNO3/NaNO3.

��  Trials should be conducted at different flow rates of thermal oil to investigate the 

optimum parameters of heat transfer rate.
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APPENDICES

Appendix-A

FRAGOLTHERM© Q-32-N METHOD

Density @ 20°C [kg/m3] 871

Viscosity @ 40°C [mm2/s] 31,00

Viscosity @ 100°C [mm2/s] 5,40

Pourpoint [°C] –12 ISO 3016

Flashpoint [°C] 220 ISO 2592

Boiling point @ 1013 mbar [°C] 360 DIN 51356

Film temperature max. [°C] 340

Bulk temperature max. [°C] 320

Water hazard class [–] 1

Dangerous goods according to IATA/IMDG/ADR [–] no

Appendix-B

SUBSTANZ LIEFERANT
SCHMELZ-

TEMPE-
RATUR [°C]

SCHMELZ-
ENTHALPIE 

[KJ/KG]

WÄRMELEIT-
FÄHIGKEIT 

[W/M K]

DICHTE 
[KG/M3]

SPEICHER-
DICHTE  

[K WH/M3]

Erythritol Reformhaus 118 339,8 0,326 1300 123,76

Isomalt Südzucker 147 170 n.a. n.a.

Maltitol Roquette 145 173 n.a. n.a.

Mannitol Roquette 166,85 336,8 0,5 1620 152,86

KN03/NaNO3 Eutekt. BASF 223 105 0,8 2150 63,21

Wasser Wasserhahn 0 335 2,4 1000 93,8
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Appendix-C
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Appendix-D

Positions of Scheffler reflector during the experiment on September 5, 2018:

10:21 AM

01:30 PM

04:00 PM

11:21 AM

02:00 PM

05:00 PM

12:35 AM

02:30 PM

05:30 PM

01:05 PM

03:30 PM

06:00 PM
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