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GENERAL ABSTRACT 

 

BARBOSA, Eloiny Guimarães, D.Sc., Universidade Federal de Viçosa, July, 2023. Solar 
thermal energy collection by compound parabolic collector and its storage in a packed-
bed system: numerical and experimental analysis. Adviser: Marcio Arêdes Martins.  
 

The use of renewable energy sources is crucial for maintaining the sustainability of the planet, 

reducing reliance on finite resources, and mitigating the environmental consequences of fossil 

fuel combustion. Among the various avenues of solar energy utilization, solar thermal energy 

has gained increasing prominence. Thermal storage systems have significantly enhanced the 

reliability and predictability of solar systems. This study aimed to establish parameters, explore 

different dryer configurations, and highlight the importance of thermal energy storage methods. 

Additionally, the thermal and economic performance of a U-tube compound parabolic collector 

(CPC) was evaluated in a prototype. Different filling fluids (water, air, and thermal oil) within 

the evacuated tube and varying mass flow rates (0.007, 0.009, 0.014, and 0.021 kg s-1) were 

examined. In the final section, a numerical evaluation was conducted on a packed bed thermal 

energy storage (PBTES) system. The optimization of this system considered various heat 

storage materials (concrete, quartzite rock, and cast iron) and particle sizes (0.02, 0.03, and 0.04 

m). The evaluated CPC collector demonstrated an optical efficiency of approximately 63.6%. 

The use of thermal oil as the filling fluid led to a higher average thermal efficiency (41.2%) 

compared to water (31.7%) and air (31.1%). The lowest evaluated mass flow rate resulted in 

the highest average thermal efficiency (41.2%). Regarding the PBTES analysis, the utilization 

of materials with lower thermal conductivity led to an increased temperature difference between 

the heat transfer fluid and the solid material. The configuration of multilayer materials had a 

significant impact on loading and unloading times, as well as on stored and released thermal 

energy. Among the cases evaluated, Case 9 exhibited the highest stored thermal energy (27.2 

MJ) and demonstrated commendable charge (87.5%), discharge (80.5%), and exergy (70.5%) 

efficiencies. Clearly, the variability in particle diameter and material type had a substantial 

influence on stratification and heat transfer within the PBTES. 

 

Keywords: Environmentally friendly system. Evacuated U tube solar collector. Renewable and 

sustainable energy. Solar energy. Thermocline thermal storage system.  



 

 

 

RESUMO GERAL 

 

BARBOSA, Eloiny Guimarães, D.Sc., Universidade Federal de Viçosa, julho de 2023. Coleta 
de energia solar térmica por um coletor parabólico composto e seu armazenamento num 
sistema de leito compactado: análise numérica e experimental. Orientador: Marcio Arêdes 
Martins. 
 

O uso de fontes de energia renováveis é essencial para garantir a sustentabilidade do planeta, 

reduzindo a dependência de recursos finitos e minimizando os impactos ambientais causados 

pelo uso de combustíveis fosseis. Dentre os tipos de aproveitamento da energia solar, a energia 

solar térmica tem ganhado cada vez mais atenção. Os sistemas de armazenamento térmico têm 

aumentado a confiabilidade e melhorado a previsibilidade dos sistemas solares. Esse estudo 

objetivou fornecer parâmetros, abordar diferentes tipos de secadores e enfatizar a importância 

dos métodos de armazenamento de energia térmica. Além disso, o desempenho térmico e 

econômico de um coletor parabólico composto (CPC) com tubo em U foi avaliado em um 

protótipo. Diferentes fluidos de enchimento do tubo evacuado (água, ar e óleo térmico) e 

diferentes vazões mássicas (0,007, 0,009, 0,014 e 0,021 kg s-1) foram avaliados. No tópico final, 

um sistema de armazenamento térmico de leito empacotado (PBTES) foi avaliado 

numericamente. A otimização desse sistema avaliou diferentes materiais de armazenamento de 

calor (concreto, rocha de quartzo e ferro fundido) e diferentes tamanhos de partícula (0,02, 0,03 

e 0,04 m). O coletor CPC avaliado neste estudo apresentou uma eficiência óptica de cerca de 

63,6%. Verificou-se que o uso do óleo térmico como fluido de preenchimento (FF) resultou em 

maior eficiência térmica média (41,2%) em relação à água (31,7%) e ao ar (31,1%). A menor 

vazão mássica avaliada resultou na maior eficiência térmica média (41,2%). Em relação à 

análise do PBTES, o uso de materiais com menor condutividade térmica resultou em um 

aumento da diferença de temperatura entre o fluido de transferência de calor e o material sólido. 

A configuração multicamadas de materiais apresentou maior influência sobre os tempos de 

carga e descarga, assim como na energia térmica armazenada e liberada. O caso 9 apresentou o 

maior valor para QC (27,2 MJ) e para as eficiências de carga (87,5%), descarga (80,5%) e 

exergética (70,5%). Comprovou-se que o diâmetro de partículas variável e o tipo de material 

influencia na estratificação e transferência de calor no PBTES. 

 

Palavras-chave: Sistema ambientalmente amigável. Coletor solar evacuado com tubo U. 

Energia renovável e sustentável. Energia solar. Sistema de armazenamento térmico de 

termoclina.  
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GENERAL INTRODUCTION 

 
Due to the intense industrial development, there is a constant increase in the world 

demand for energy in the most diverse forms, as energy plays a crucial role in the economic 

and social development of humanity. Over the years, global energy consumption has increased 

rapidly, predominantly supplied by fossil energy sources (Alptekin and Ezan, 2020; Sahin et 

al., 2020; REN21, 2022). However, the search for renewable and sustainable energy resources 

has intensified as an alternative to reduce environmental impacts and promote greater energy 

security (Azevedo et al., 2019; Khanlari et al., 2020). Among renewable sources, solar energy 

has received increasing attention due to its vast energy potential, abundant availability, 

inexhaustibility, and versatility (Hatami et al., 2020; Wu et al., 2020). In addition, Chen and 

Yang (2021) highlighted that solar thermal energy is the most abundant, affordable, and 

promising source to decarbonize residential and industrial heat demand. 

Approximately 60% of the thermal energy used in the industrial sector is intended for 

process heat applications at temperatures up to 250 °C (Sharma et al., 2017; Barbosa et al., 

2020). Although high-concentration solar collectors can reach these temperature ranges, their 

use is limited due to the high cost and complexity of the solar tracking system. On the other 

hand, compound parabolic collectors (CPCs), which are low concentration solar collectors, 

offer a more attractive, affordable, and popular alternative for these low and medium 

temperature applications. Furthermore, the heat generation cost per unit is considerably lower 

compared to collectors that require solar tracking (Kurhe et al., 2020). The use of evacuated 

glass tubes (ETs) in these collectors plays a key role, providing vacuum insulation and selective 

coating to reduce heat losses and improve absorption of solar radiation (Olfian et al., 2021).  

Among the thermal energy transfer techniques, the use of a U-shaped tube inside the 

evacuated tube is widely applied due to its simple geometry, reduced manufacturing cost, 

practical applicability, and good efficiency (Naik et al., 2019). A key factor to improve the 

performance of these collectors is the heat transfer between the evacuated tube of the absorber 

and the U-tube, since the contact surface between them is very small. In recent decades, many 

researchers have sought to improve this transfer using different approaches (Essa et al., 2021; 

Olfian et al., 2021; Chen and Yang, 2022). The use of filling materials in the evacuated tube is 

a simple, viable and economical technique, as it does not require modification in the structure 

of the collector. However, there are still many gaps to be filled regarding the use of this 

technique. 
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The efficiency of technologies based on solar energy not only depends on the energy 

collection system but is also directly linked to the ability to store the collected energy for long 

periods, as well as convert it into a useful form of energy when needed (Gautam et al. Saini, 

2020). In this scenario, thermal energy storage (TES) plays a crucial role in increasing the 

efficiency and reliability of solar systems, allowing the use of stored energy during periods of 

solar intermittency (Azaizia et al., 2020; Murali et al., 2020). Among the various structures 

considered for the thermal energy storage system, packed beds have stood out for their superior 

thermal performance compared to other types mentioned in the literature (Al-Alzawii et al., 

2019; He et al., 2019). 

The packed bed storage system (PBTES) consists of an insulated reservoir filled with 

a solid material to store thermal energy. In this system, a heat transfer fluid (HTF) is pumped 

into the reservoir, enabling heat transfer between the fluid and the solid material in charge and 

discharge cycles (Cárdenas and Garvey, 2019). During the charging process, HTF flows from 

the top to the bottom of the reservoir, heating the solid material as it passes through the packed 

bed. As a result, the fluid temperature gradually decreases along the bed, with the lowest 

temperature being observed at the bottom of the reservoir. On the other hand, during the heat 

discharge process, the flow direction is reversed, and the HTF is heated by the thermal energy 

stored in the solid material (Seyitini et al., 2023). The separation between the hot and cold zones 

is obtained due to buoyancy effects, through the formation of a temperature gradient, called 

thermocline (Palomba and Frazzica, 2022). 

PBTES is considered a simple and efficient technology that can be used over a wide 

temperature range and incorporated into different thermal operations (Esence et al., 2017; 

Cárdenas and Garvey, 2019). The use of a PBTES provides a higher storage density and a 

smaller volume, which can reduce its cost by up to 37% compared to the conventional two-tank 

system (Chang et al., 2020). In these systems, different solid materials can be used to store 

energy in the form of sensible heat, such as rocks, metals, sand and ceramics. Among the factors 

that influence the performance of the PBTES, the type of HTF used, the size and type of the 

particle, the operating temperature and the flow rate can be mentioned (Gautam and Saini, 

2020). 

The complexity and transient nature of the systems discussed, along with their 

integration, make it difficult to conduct experiments, which are costly and consume a significant 

amount of time. Computational fluid dynamics (CFD) is a highly versatile tool that has been 

used in the study of several complex processes (Prommuak et al., 2020). This approach allows 
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an in-depth understanding of the phenomena involved in the analyzed processes and for some 

processes it offers the possibility of optimizing the systems even before their construction 

(Prakash et al., 2016). The CFD technique offers the advantage of saving costs and time during 

experimentation, while overcoming the limitations of analytical solutions (Jubaer et al., 2019). 

Furthermore, this tool plays a crucial role in simulating unusual operating conditions, such as 

high temperatures or hazardous environments, which would not be feasible in real experiments 

(Malekjani and Jafari, 2018). Thus, CFD emerges as a promising alternative for the 

investigation of phenomena related to different operations and work configurations. 

Although the importance of using solar energy is proven, and the industrial demand 

for thermal energy is increasing daily, the lack of information, complexity and price of some 

technologies have limited the adoption of solar technologies on a large scale. Therefore, this 

study aimed to experimentally evaluate the thermal and economic performance of a CPC with 

a U-tube, using different filling fluids and mass flowrates. This study also sought to optimize a 

packed bed thermal storage system by numerically evaluating (CFD) the effect of different 

materials, particle diameters and configurations. In addition, an extensive review was carried 

out to provide parameters, address different types of dryers and emphasize the importance of 

thermal energy storage methods. The importance of computational numerical modeling to 

verify the phenomena of heat and mass transfer in drying systems and thermal energy storage 

was also presented. 
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CHAPTER 1 

 

THERMAL ENERGY STORAGE SYSTEMS APPLIED TO SOLAR DRYERS: 

CLASSIFICATION, PERFORMANCE, AND NUMERICAL MODELING: AN 

UPDATED REVIEW 

 

Abstract: Drying is a complex process involving simultaneous heat and mass exchanges, and 

it is considered one of the oldest unit operations performed for preserving agricultural products. 

This process requires a significant amount of energy, and researchers have conducted different 

studies to improve energy efficiency, reduce drying time and preserve product quality. Dryers 

based on solar energy have gained more space, as this energy source is free and abundant. 

Thermal energy storage techniques can increase the reliability of solar energy for drying. These 

techniques allow the stored energy to be used in periods of no solar incidence. The complex 

processes involving each element of the solar drying process have made experiments quite 

expensive. Several studies have bet on the use of advanced techniques of computer simulation 

to minimize this problem. Studies have shown the effectiveness of using these techniques for 

different solar dryers, achieving satisfactory results. Therefore, this study aims to provide 

parameters, address different types of dryers, and emphasize the importance and methods of 

thermal energy storage. In addition, this study also addresses the use of computational 

numerical modeling to verify the phenomena of heat and mass transfer in drying systems and 

thermal energy storage. 

 

Keywords: Clean resources. Computational and numerical simulations. Drying. Heat and mass 

transfer. Renewable energy. Sustainable energy. Turbulence. 
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Greek letters 

r – Specific mass, kg m-3.  

βt – Thermal expansion coefficient, K-1; 

ΔH – Melting enthalpy, kJ kg-1; 

Δτ – Time interval, s; 

DP – Pressure loss, Pa; 

DT – Temperature variation, K; 

DZ – Distance between points, m; 

a, b, g – Constants that depend on the product; 

h – Efficiency; 

 

Symbols list 

cpi!!!! – Average thermal capacity of flue gas, kJ mol-1 K-1; 

ṁ – Mass flow rate, kg s-1; 

ṅ – Molar flow rate of combustion product in the flue gas, mol s-1; 

Q̇ – Flow rate, m3 s-1; 

V̇ – Volumetric flow, m3 s-1; 

Ẇ – Energy consumed, W;  

A – Collector aperture area, m2; 

C – Specific heat, J kg-1 K-1; 

E – Total energy, kJ; 

EQ – Energy, kWth;  

g – Gravity acceleration, m s-2; 

H – Total specific enthalpy, kJ kg-1; 

h – Specific enthalpy, kJ kg-1; 

HR – Distance between the cold and hot side of the reservoir, m; 

I – Solar radiation incident on the aperture area, W m-2; 

j – Points where temperature measurements; 

L – Product Layer Height, m; 

LHV – Lower calorific value, kJ m-3, kJ kg-1; 

LV – Latent heat of vaporization of water in the product, J kg-1;  

LVW – Latent heat of vaporization of water, kJ kg-1;  

Mf – Total mass, kg; 

N – Number of points; 

P – Power consumed, W; 
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r – Radius, m; 

S – Reservoir cross-sectional area, m-2; 

T – Temperature, K; 

T0 – Reference temperature of 273 K; 

U’ – Product water content, % b.s.; 

v – Superficial velocity, m s-1; 

V – Air flow, m3 s-1 m-2; 

w – Water content, %. 

 

Subscripts 

(t) – Instantaneous; 

0 – Outlet; 

aair – Ambient air; 

bf – Burner feed; 

Bio – Biomass dryer; 

bt – Bottom of the reservoir; 

ca – Air inlet into the combustion chamber; 

cf – Circulating fluid; 

ch – Drying chamber; 

chloss – Loss from the chimney; 

cm – Capsule material; 

comb – Combustion process;  

conv – Conversion; 

cs – Capsule shell; 

elec – Electrical; 

et – Fluid at the inlet of the transport element; 

evap – To evaporate water from the product; 

ew – Evaporated water; 

f – Fluid; 

fa – Variation between the inlet and outlet of the heated fluid; 

fan – Fan; 

ff – Furnace feed; 

FG – Flue gas;  

Fi – Fluid inlet; 

Fo – Fluid outlet; 
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Fsec – Drying fluid; 

fuel – Fuel; 

gas – Gas, gas dryer; 

i – Inlet; 

infuel – Generated by the combustion of fuel; 

ini – Initial; 

lpcm – PCM liquid phase; 

PCM – Phase change material; 

q – Gas burning; 

rm – Raw material; 

s – Superficial; 

sdc – Supplied to the drying chamber; 

sec – Overall drying; 

Sol – Solar; 

spcm – PCM solid phase; 

st – Fluid at the outlet of the transport element; 

Tc – Variation of thermocline levels; 

tf – Transferred to the fluid; 

tp – Top of the reservoir; 

trans – Heat transport process; 

tube – Inlet tube; 

v – Volumetric. 
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1. INTRODUCTION 

 
Drying is one of the oldest processing methods for preserving agricultural products. 

This process can prevent chemical reactions such as enzymatic and non-enzymatic browning 

and provides maximum retention of macronutrients (proteins, sugars, fibers), micronutrients 

(vitamins, minerals), and bioactive compounds (phenolic compounds, carotenoids, isoflavones) 

(Menon et al., 2020). In addition, dehydration contributes to reducing transport and storage 

costs and prolongs the shelf life of products. Despite the imminent benefits of reducing the 

water content of the products, some points, such as the high energy demand and long drying 

time, are obstacles to be overcome. Drying is an energy-intensive process, and its consumption 

can represent up to 20% of the total energy consumption of the industrial sector. It can 

correspond to up to 90% of the processing costs (Simo-Tagne et al., 2020). Researchers have 

made substantial efforts to investigate and implement more efficient technologies for the drying 

process. Phonetip et al. (2018) conducted a study to show the effect of intermittency on wood 

drying. According to the authors, intermittent drying can improve the quality of the final 

product and result in energy savings for the process. Berrocal et al. (2017) evaluated the effect 

of using different schedules during drying. In the study, the authors tested three different 

schedules to reduce drying time and energy consumption. Araujo et al. (2021) carried out a 

study of the infrared drying of pear slices. The authors point out that infrared drying is faster 

and more efficient than traditional methods using ovens. The authors also perform an energetic 

and exergetic analysis of the infrared dryer, showing that increasing the drying temperature 

significantly reduces the specific energy consumption and positively affects the energetic and 

exergetic efficiencies. 

Due to the intense industrial development, there is a constant increase in the world's 

demand for energy in various forms. Fossil fuels are still responsible for supplying most of the 

energy demand of the world (REN21, 2019), including the thermal energy consumed for drying. 

However, the environmental impacts related to the use of these fuels and the gradual depletion 

of their reserves impose substantial limitations on their use. As a result of the current awareness 

of the environment and the development of sustainable energy policies, renewable energy 

sources assume a crucial role as alternatives for a more environmentally friendly and secure 

energy future (Achkari and El Fadar, 2020). As it has the most significant energy potential 

among renewable sources and is free, inexhaustible, widely available, and versatile, solar 

energy has attracted increasing attention. Undoubtedly, optimizing drying operations is 

essential from an economic and environmental point of view. However, many countries still 



 

 
 

23 

have a predominantly non-renewable energy matrix, and the search for dryers based on solar 

energy has gained prominence today. Bekkioui et al. (2020) highlighted that traditional dryers 

and kilns (based on fossil fuels) are still widely used, although harmful environmental effects 

are imminent. The advantages of solar dryers over traditional kilns and dryers go far beyond 

the environmental impact. The use of solar dryers can reduce overall drying costs by up to 80%, 

promotes obtaining a higher quality final product, eliminates greenhouse gas emissions, and is 

easy to implement and use (Jain et al., 2023). Although solar dryers have already proven their 

economic and environmental contribution, it is always worth conducting studies to optimize the 

collection, conversion, and use of available solar energy. Optimizing dryers based on solar 

energy ensures faster drying and allows more product to be dried with the same energy. 

One of the main obstacles related to the use of solar energy is its temporal intermittence 

(Barbosa et al., 2019). Therefore, the efficiency of technologies based on solar energy depends 

on more than just the energy harvesting system. It is also closely related to storing the collected 

energy for considerable periods and converting it into the necessary applicable energy form. 

According to the main reports dealing with renewable energies (IEA, 2010; SunShot, 2012; 

Mehos et al., 2017) published in recent years, the primary efforts to consolidate concentrated 

collectors should focus on improving their capacity to supply the heat demand for days, weeks 

or seasons. Thus, thermal energy storage (TES) systems are at the forefront of the future 

development of the solar system. Researchers can achieve sustainable, more efficient, and 

economical applications in this scenario by designing solar thermal systems integrated with 

TES. 

In the search for the optimization of solar drying systems, studies are constantly carried 

out to obtain a final quality product using the least amount of time and energy possible. Khouya 

(2020) carried out a study evaluating the effect of several parameters on the efficiency of a solar 

oven for drying wood. In the study, the authors evaluated the use of a heat exchanger and a 

latent heat storage unit on the thermal performance of the solar oven. The results of the study 

were auspicious. The authors verified that using an air heater to recover part of the energy 

released to the atmosphere (the heater uses the heat of the humid air to preheat the air that enters 

the thermal storage) could reduce the drying time by up to 62.4 %. In addition, they 

demonstrated that using the thermal storage system minimizes the drying time by up to 40%. 

The combination of these systems reduced energy consumption by up to 54%. Similar results 

were previously observed by Khoyua and Draoui (2019). In the study, the authors observed that 
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heat recovery and thermal storage systems could reduce drying time by up to 47 and 26.5%, 

respectively. The authors reached a maximum drying efficiency of 85% with these systems. 

Despite the advantages of using dryers based on solar energy with thermal storage, the 

heat and mass transfer mechanisms of these systems and the flow regime are very complex. For 

this reason, in addition to experimental studies, the computational fluid dynamics (CFD) 

method has been used in several research studies to design and evaluate different types of drying 

systems (Guler et al., 2020). For complex processes with significant constraints, CFD can be 

beneficial. The CFD framework typically provides opportunities to investigate various 

phenomena and their combined implications from a generic perspective. Computational 

numerical simulation is one of the primary analysis methodologies used to predict variations in 

heat, mass transfer, and fluid flow in drying systems (Motahayyer et al., 2019). Although using 

the CFD technique only partially replaces physical experiments, it can significantly reduce the 

cost and time required for experimental work. 

Due to the importance of the topic, different studies have been carried out over the 

years to gather information on advances in solar drying and thermal storage systems. Bal et al. 

(2010) systematically reviewed solar dryers with thermal energy storage systems for drying 

agricultural products. The authors focused on addressing the different forms of storage and their 

use in solar drying applications. In their study, Kant et al. (2016) contemplated similar 

objectives, adding a brief topic on using computational tools to optimize solar drying systems. 

Lingayat et al. (2020) recently reviewed indirect-type solar dryers for crops. The approach 

adopted by the authors included the different types of dryer configurations and the use of 

thermal energy storage materials for these systems. Although the literature shows studies 

focused on solar dryers and thermal energy storage, studies have yet to comprehensively 

contribute to applying them in conjunction with thermal storage, their performance, and their 

numerical modeling. Small and large-scale industries and farmers can adopt this application of 

renewable energy; therefore, this topic has a high potential for interest. This work helps to 

understand the drying process, the different types of dryers and their performance, the types of 

thermal energy storage systems, and the numerical modeling behind all these processes. In 

addition, it is worth pointing out that this work contributes to a topic badly discussed in research 

related to drying, the turbulence in porous media.   



 

 
 

25 

2. DRYING PROCESS 

 
Interest in preserving and developing new and innovative products has increased the 

importance of the drying process as a processing method. The drying operation is widely used 

to preserve agricultural products, as reducing the water content to certain levels inhibits 

microbial growth and enzymatic modifications (Araujo et al., 2020). In addition, it provides 

less volume and mass for transport, requiring less space for storage. On the other hand, drying 

food products also promotes changes in color and texture, shrinkage, and losses of different 

nutritional bio compounds. These changes, especially losses of thermolabile bio compounds, 

are generally more significant as temperature and drying time increase (Vallespir et al., 2018). 

Drying is a complex process that simultaneously involves heat and mass transfers, 

which are affected by the internal and external resistances of the product. During the drying of 

agricultural products, the internal mechanism of moisture transfer is mainly composed of 

capillary forces in the period of constant drying rate and diffusion in the period of decreasing 

drying rate (Yu et al., 2020). As for the external resistances, these are mainly dependent on the 

temperature, flow, and relative humidity of the drying medium. The detailed knowledge of the 

parameters of heat and mass transfer, diffusion, and drying behavior of the product is considered 

essential for the conceptualization, simulation, and optimization of this process. (Kouhila et al., 

2020). 

The high energy consumption can now be considered one of the most practical 

challenges for traditional drying techniques. One of the main objectives of the desorption 

process is to use a minimum amount of energy for maximum moisture removal for the desired 

final conditions of the product (Yogendrasasidhar and Setty, 2018). In most cases, this goal is 

far from reality. In this sense, developing and employing economically efficient drying 

techniques that reduce time and energy consumption and maintain product quality is crucial. 

Implementing renewable energy in drying technologies is considered a fundamental approach 

since renewable energy is becoming an essential alternative for replenishing and diversifying 

the world's energy matrix. 

 

2.1.  The energy efficiency of the drying process 

 
There is a great debate among the scientific community regarding using an appropriate 

method to calculate the energy efficiency of drying systems. The energy efficiency of the drying 

process, often adopted, is related to the energy used for the evaporation of the water contained 
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in the product. The basic approach to evaluating energy efficiency is calculating the ratio 

between the energy used or required for a given process and the amount of energy supplied or 

made available. Figure 1 shows a typical schematic of a dryer.  M, EQ, T, Y, Fs, X, and Eh, 

represent airflow (kg s-1), associated energy (kJ h-1), temperature (°C), absolute air humidity 

(kg H2O kg dry air-1), feed rate (kg h-1), the water content of the product (kg H2O kg dry matter-

1) and the energy supplied to the drying process (kJ h-1), respectively. The drying process can 

be divided into three stages: heat generation, heat transport, and drying. The energy efficiency 

of each of these steps can be defined separately. Optimizing any of the steps consequently 

increases the overall energy efficiency of the process. 

 

Fig. 1. Typical layout of a dryer. 

 

2.1.1. Thermal energy generation 

 
The most used sources for the generation of thermal energy from the drying process 

of agricultural products are biomass, natural gas/biogas/LPG, and solar energy. The 

determination of the efficiency of this generation can be carried out in different ways and 

depends primarily on the source used. In addition to the sources cited separately, many studies 

focus on using two or more sources to construct and evaluate hybrid dryers (Zoukit et al., 2019; 

Ananno et al., 2020; Ndukwu et al., 2020). In general, hybrid dryers combine solar energy with 

some other source of thermal energy. The objective of these dryers is to reduce the cost and 

drying time, allowing the continuous drying of the product even in the absence of solar energy. 

Different authors present different methodologies to quantify the efficiency of biomass 

conversion in generating thermal energy. Carvalho et al. (2018) proposed a method to determine 

energy losses associated exclusively with the latent and sensible heat of the flue gases that leave 

the furnace chimney. In this methodology, the authors evaluated the velocity, temperature, and 

composition of the flue gases at intervals of 20 seconds, and the combustion efficiency was 
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determined using Eqs (1) to (3). Lee et al. (2018) evaluated the efficiency of the same process 

using a different methodology. The authors assessed efficiency as the ratio between the energy 

gained by the fluid and the total energy supplied by the raw material (Eqs (4) to (6)).  
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In the heat generation strategy using natural gas, biogas, or LPG (Liquefied Petroleum 

Gas), burner efficiency represents the energy absorbed by the fluid and the total energy supplied 

by the gas (Eq. 7) (Karki et al., 2019). Using a semi-confined combustion flame in this 

generation can significantly increase thermal efficiency (Kuntikana and Prabhu, 2019). Many 

conventional burners typically rely on an open combustion flame (or free flame). A large 

amount of energy can be lost through the flue gases, leading to relatively low thermal efficiency. 

 

𝜂!"#$ =  
𝑚̇!,	𝐶!)	∆𝑇),𝑄̇3)	𝐿𝐻𝑉4,(  (7) 

 

Heat generation from solar energy is undoubtedly one of the most promising and 

researched today. The solar collector converts the energy absorbed from the solar radiation into 

useful thermal energy. The conversion efficiency varies significantly with the intensity of solar 

radiation, ambient temperature, the inlet temperature of the working fluid, and the use or not of 

forced convection. The efficiency of converting solar energy into heat can be calculated 
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according to Eq. (8), which considers the energy absorbed by the fluid and the energy available 

in the collector area (Barbosa et al., 2020b).  

 

𝜂!"#$ =	 𝑚̇),	𝐶),	(𝑇." − 𝑇.%)	𝐴	𝐼  (8) 

 

2.1.2. Heat transport 

 
The heat generated from any source can be used immediately in integrated dryers or 

transported to the dryer for the drying process. Thermal losses that occur in different elements 

during heat transport cause a reduction in the overall efficiency of the process. Thus, using 

short, well-insulated features to minimize thermo-hydraulic losses is preferable. Heat transport 

efficiency can be obtained by performing energy and mass balances (Eq. 9). This equation is a 

relationship between energy leaving and energy entering the transport element (Araujo et al., 

2021).  

𝜂5-,#( =	 𝑚̇(5	𝑇(5	𝑚̇+5	𝑇+5 (9) 

 

2.1.3. Drying 

 
Drying is one of the industrial processes with the highest thermal energy consumption. 

This process focuses on several studies to improve efficiency in different types of dryers. The 

overall drying efficiency estimates how much of the energy supplied by the dryer is used to 

remove water from the product. Then, the drying efficiency can be calculated according to Eq. 

(10) (Araujo et al., 2021). During drying, all the energy transferred is not necessarily consumed 

to reduce the water content of the product. One of the primary energy losses in the drying 

chamber is the energy loss associated with the exhaust air. This energy can be recovered to 

some extent if it is recirculated in the drying chamber. The recovery of part of this energy is 

possible through recirculation in the drying chamber. Studying these discrepancies and 

optimizing operational and design parameters are the main objective of energy analysis in this 

type of process. 
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𝜂(+! =	𝐸+$,6𝐸(7!  (10) 

 

In forced convection direct-type solar dryers, the overall efficiency, including the energy 

consumed by the fans, can be estimated according to Eq. (11). The dryer efficiency is calculated 

according to Eq. (12) whether natural convection governs airflow (Altobelli et al., 2014). As 

they are related to direct-type dryers, these equations consider the total energy supplied by the 

sun in the collector opening area. In indirect solar dryer systems, drying efficiency is determined 

considering the thermal energy delivered to the dryer, that is, the energy readily available in the 

drying chamber, according to Eq. (13) (Goud et al., 2019; Lingayat et al., 2020). 
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In drying, where biomass is used as a source for heat generation, it is easy to deduce 

that the drying efficiency is given by the ratio between the energy used for drying and the energy 

provided by the combustion process, as can be seen in Eq. (14) (Okoroigwe et al., 2015). The 

same concept can apply to drying using gas burners, replacing the energy source, resulting in 

Eq. (15) (Zoukit et al., 2019; Murali et al., 2020). 

 

 𝜂:%" =	 𝑚̇+9 	𝐿𝑉𝑚̇))	𝐿𝐻𝑉)*+' 	𝜂!";3 + 𝑃),#	 (14) 

 𝜂/á( =	 𝑚̇+9 	𝐿𝑉𝑄̇4,(	𝐿𝐻𝑉4,(	𝜂= 	+ 𝑃),#	 (15) 

 

2.2. State of the art of dryers 

 
Solar energy and biomass are currently some of the main thermal energy sources used 

in drying agricultural products due to the low cost of generating heat. However, in regions 

where prices are competitive, other sources such as natural gas, biogas, and LPG are used to 
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dry products. The share corresponding to solar energy is constantly growing, but some obstacles 

have limited its dissemination, such as the economic viability and reliability of dryers. The 

variety of solar dryers of different types and sizes can make it difficult for users to choose the 

right one. Therefore, it is crucial to collect all details of solar dryers of different types so that 

their usefulness for other applications can be considered (Lingayat et al., 2020). 

Different authors have conducted several studies on the efficiency of biomass dryers 

over the years. A characteristic generally observed in these dryers is low efficiency. Chavan et 

al. (2008) evaluated the performance of a biomass dryer (eucalyptus wood) for drying fish and 

observed that the average drying efficiency was only 4.90%. Okoroigwe et al. (2015) evaluated 

the efficiency of a potato dryer powered by charcoal and obtained an average efficiency of less 

than 3.34%. Aiming to increase the efficiency of a biomass-powered dryer, Tippayawong et al. 

(2008) studied the importance of exhaust air recirculation. The authors found that much of the 

exhaust air still had drying potential, and the recirculation of this air increased drying efficiency 

from 29 to 35%. 

Using gas/biogas/LPG to generate heat for drying can improve the process because the 

conversion is highly efficient in some burners. Zoukit et al. (2019) obtained an average drying 

efficiency of approximately 35% by maintaining the chamber temperature at about 71 °C for 

drying tomato slices. López-Vidaña et al. (2013) evaluated the performance of a hybrid solar-

gas dryer for the dehydration of tomato slices. The dryer efficiency varied between 86 and 7%. 

This difference occurs because a large amount of free water evaporates easily at the beginning 

of drying. As the drying process progresses, removing water from the product becomes more 

complex, and part of the heat supplied is not efficiently used. 

Solar drying is one of the most studied, as the search for renewable sources for thermal 

energy generation is highly relevant. Despite the benefits of using solar energy for drying 

agricultural products, the low drying capacity compared to conventional dryers limits the 

development of solar dryers (Motahayyer et al., 2019). This situation can be alleviated with 

TES, allowing drying in times of no sunlight. Altobelli et al. (2014) evaluated a direct solar 

dryer with forced air convection and achieved instantaneous efficiencies between 7 and 70%. 

The authors performed to evaporate water in open trays. The observed variations are attributed 

to temporal intermittence, as thermal energy collection becomes more efficient at times close 

to noon and declines at other times. Daghigh et al. (2020) investigated the efficiency of a solar 

dryer coupled to an evacuated tube collector for drying tarkhineh (a soup based on wheat and 

yogurt in mountainous regions) and found an average efficiency of 28.2%.  
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Table 1 presents a summary of research that evaluated the drying efficiency of 

different types of dryers over the years. Biomass dryers and direct-type solar dryers are the least 

efficient. Indirect solar and gas dryers provide a reasonable average efficiency, considering that 

the variation in efficiency observed during the drying process is unavoidable. As noted, the 

efficiency of hybrid dryers is highly dependent on the secondary source associated with solar 

energy. The use of solar energy thermal storage systems can guarantee to dry in periods of no 

solar incidence and eliminate the need for an auxiliary energy source, resulting in reduced 

drying costs.  
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Table 1. Summary of average efficiencies of various types of dryers used over the years 

Reference Dryer type Product Average efficiency 

Prasad e Vijay, 2005 Biomass Turmeric, Ginger, Guduchi 3.4 – 7.1% 

Madhlopa e Ngwalo, 2007 Biomass Pineapple slices 11.0 – 15.0%  

Amer et al., 2010 Solar-electric hybrid Banana 65.0% 

López-Vidaña et al., 2013 Gas Tomato slices 46.8% 

Condorí et al., 2017 Indirect solar Onion 30.0 – 35.0% 

Fudholi et al., 2014 Indirect solar Red seaweed 27.0% 

Kareem et al., 2017 Indirect solar Roselle 36.2% 

Chaouch et al., 2018 Direct solar Camel meat 7.8 – 10.4% 

Wang et al., 2018 Indirect solar Mango slices 33.8% 

Yahya et al., 2018 Biomass-solar hybrid Rice 15.4% 

Atalay, 2019 Indirect solar Orange 34.4% 

Bhardwaj et al., 2019 Indirect solar Medicinal plants 26.1% 

Goud et al., 2019 Indirect solar Okra 26.1% 

Zoukit et al., 2019 
Gas 

Tomato slices 
35.0% 

Gas-solar hybrid 37.0% 

Iranmanesh et al., 2020 Indirect solar Apple 33.0 – 39.0% 

Murali et al., 2020 Gas-solar hybrid Shrimp 36.7% 

Hadibi et al., 2021 Solar-electric hybrid Garlic cloves 79.7% 

Singh et al., 2021 Indirect solar  Fenugreek leaves, turmeric 23.6 – 34.1% 

Sözen et al., 2021 Indirect solar Onion 56.3 – 71.3% 

Simo-Tagne, et al., 2022 Indirect solar Cocoa bean 5.0 – 18.0% 



 

 
 

33 

3. SOLAR ENERGY 

 
In general, solar energy can be grouped into two categories: photovoltaic solar energy 

and solar thermal energy. Photovoltaic energy is a sustainable solution for directly converting 

sunlight into electrical energy. Photovoltaic cells use the photoelectric effect of semiconductor 

materials. This principle establishes that, under certain conditions, an electron present in a 

material can absorb the energy associated with a photon. By absorbing this energy, the electron 

can leave the valence band and be elevated to the conduction band, contributing to generating 

an electric current (Hernández-Callejo et al., 2019). However, photovoltaic cells still have low 

efficiencies (15 to 25%). A significant range of the solar spectrum is not used in this conversion 

and dissipates heat during their operation (Riahi et al., 2020). 

Thermal solar energy aims to convert solar radiation into heat. This conversion is based 

on well-known heat transfer phenomena (radiation, conduction, and convection) (Kreith, 1976). 

Thermal solar collectors are devices that absorb solar radiation and convert it into useful thermal 

energy at different temperature levels. These collectors can be classified based on the 

concentration rate into concentrated and non-concentrated solar collectors (Alam et al., 2021). 

The main characteristic of a non-concentrated collector is that the area of interception and 

absorption of solar radiation is the same, leading to low use of available energy. Thus, this type 

of collector is used for low-temperature applications such as home heating.  

Concentrating collectors use mirrors to focus solar radiation onto a central receiver, 

which absorbs solar energy and converts it into heat through a heat transfer fluid (HTF). The 

increased operating temperature and heat collected per unit area provide greater thermal 

efficiency. In contrast, the smaller absorption surface area significantly decreases heat losses 

from the system (Cabeza et al., 2017). Four main concentrator collectors are available: central 

receiver concentrator, parabolic dish collector, linear Fresnel collector, and parabolic trough 

collector (PTC). These collectors are classified according to their design (geometry), the 

configuration of mirrors and receivers, the type of HTF used, and whether they have thermal 

storage. 

PTC is one of the most widespread technologies among concentrated solar energy 

systems. It presents advantages such as high efficiency and power density, durability, 

versatility, and possible integration with TES systems (Barbosa et al., 2020a). Several factors 

and components have been extensively researched and reported in the literature aimed at 

improving this energy collection system (PTC), such as the improvement of the receiver tube 

(Bellos et al., 2018; Norouzi et al., 2020), the use of nanofluids (Bozorg et al., 2020), the 
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geometry and structure of the collector (Biencinto et al., 2019; Winkelmann et al., 2020), among 

others. Such efforts made possible the development of increasingly efficient and consolidated 

PTCs. However, the efficiency of solar energy systems depends not only on the energy 

harvesting element but also on its storage capacity to reduce the impacts of the temporal 

intermittence of solar energy. 

 

4. THERMAL STORAGE SYSTEMS 

 
The TES system plays a crucial role in increasing the efficiency and reliability of solar 

energy systems, as it allows for storing energy during intermittency periods. This can balance 

energy supply and demand at different times and applications (Achkari and El Fadar, 2020). 

The TES are classified according to the form of thermal energy storage and the technique used. 

Choosing the best storage system primarily depends on your specific application. 

 

4.1. Classification according to the form of heat storage 

 
There are three ways to store thermal energy in TES: sensible, thermochemical, or 

latent heat. In sensible heat storage systems, thermal energy is stored by increasing the 

temperature of the material (usually liquid or solid). This type of storage is considered a mature 

technology, already implemented in different applications and commercially available (Yang 

and Cai, 2019). The sensible heat storage in each material mainly depends on its heat capacity 

(rcp), related to the stored energy density. It also depends on its thermal diffusivity (k/rcp), 

which determines the rate at which stored energy can be released and extracted. The amount of 

energy stored is the product of the mass of the stored material, its specific heat, and the 

temperature variation that occurs during the process. The main advantages of a sensible heat 

storage system are low cost and ease of operation, while its main disadvantage is low storage 

capacity (Kalaiarasi et al., 2020). Water, thermal oil, concrete, and rocks are the most used 

materials in these systems. 

In latent heat storage, thermal energy is stored through phase change processes at a 

constant temperature. The enthalpy of fusion, vaporization, or sublimation is stored when a 

given material changes its phase from solid to liquid, liquid to gas, or solid to gas, respectively 

(Mehari et al., 2020). The change from the solid to the liquid phase is preferable in these systems 

mainly due to their low volumetric expansion. In addition, a wide melting temperature range 

can be obtained from different phase change materials (PCM), making this type of storage 



 

 
 

35 

suitable under various operating conditions. The latent heat storage capacity is not only 

governed by the specific heat of the material but also by the enthalpy of phase change. This 

technology is a more efficient and cost-effective alternative when compared to sensible heat 

storage systems. Its main advantages are high stored energy density (five to fourteen times 

higher than sensible storage), low cost, and stable outlet temperature (Faraj et al., 2020). 

However, most PCMs have low thermal conductivity, leading to slow charging and discharging 

rates. The main PCMs used in this type of storage are paraffin, hydrated salts, and fatty acids. 

In thermochemical storage, thermal energy is stored based on reversible, non-

isothermal chemical reactions of the medium, in which molecular bonds are repeatedly broken 

and rearranged (Romaní et al., 2019). In general, thermochemical energy storage consists of a 

charging step in the endothermic reactor and a discharging step in the exothermic reactor (Yan 

et al., 2020). Metal hydrides and ammonia are examples of materials used in this type of 

conversion. Its main advantages are operational flexibility, long storage life, and high energy 

density. According to Wu et al. (2018), this density can be, on average, fifteen times higher 

than sensitive storage and six times higher than latent storage. However, the development of 

this technology is still incipiently compared to other storage forms. In this type of storage 

system, technological coupling and heat and mass transfer are still so complex that they affect 

their operation and design, making their development only at the laboratory scale phase (Feng 

et al., 2020). Due to its favorable characteristics, this type of storage has been the focus of 

numerous recent research studies. Still, much remains to be done to achieve commercial 

viability.  

 

4.2. Classification according to the technique used 

 
The TES can be classified as active or passive based on the technique used to store 

energy. Active systems can be subdivided into direct and indirect. In a direct active system, the 

HTF also acts as the storage medium, while in the indirect system, the HTF and the storage 

medium are different. In the passive system, the storage medium (usually solid) is kept 

immobile in the reservoir and is heated or cooled by the circulation of the HTF (Pelay et al., 

2017). Usually, in the passive system, storage is carried out by dual means; the HTF passes 

through the storage only to load or unload a solid material. The HTF transports the collected 

energy to the storage medium during charging and receives energy from the medium during 

discharging (Kumar et al., 2019). 
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The main active systems are two-tank and single-tank systems (thermocline). The first 

two tanks are used, one for storing the hot fluid (charge) and the other for the cold fluid 

(discharge). The advantages of this system are the ease of operation and control and the 

possibility of raising the operating temperature and consequently increasing efficiency. Its 

primary disadvantage is the high cost (Wan et al., 2020). The hot and cold fluid portions are 

stored in the same tank in the single-tank system. A thermal gradient ideally stabilized and 

preserved by buoyancy effects, called a thermocline, develops within the system. An ideal 

thermocline has an imaginary layer of perfect thermal insulation, vertically movable, protecting 

the fluid mixture. However, it is difficult to perfectly separate hot and cold fluids (Baba et al., 

2020). The main advantage of this system is its low cost, while the disadvantage is the need for 

greater control during the charge and discharge process to maintain thermal stratification. 

The packed bed storage system is most used in passive storage systems. Most packed 

bed systems are single tank systems that act as a thermocline (Yang and Cai, 2019). This system 

consists of an insulated reservoir filled with a solid material to store thermal energy. An HTF 

is pumped to the reservoir, where heat transfers between the fluid and the stored solid in charge 

and discharge cycles. During the charging process, the HTF flows from the top of the reservoir 

to the bottom, heating the solid material. On the other hand, during the heat discharge process, 

the flow direction is reversed, and the HTF is heated by the thermal energy stored in the solid 

material (Baba et al., 2020). To increase the energy density stored in these systems, 

encapsulated PCMs as a storage medium has been increasingly investigated. However, the 

additional cost and stability of the PCM package still need to be overcome. 

 

4.3. State of the art of TES system applied to solar dryers: a historical approach 

 
Over the years, numerous researchers have bet on using TES systems to improve the 

efficiency and reliability of solar systems and overcome their main obstacle, temporal 

intermittence. It is estimated that these researches started in the 60s for space applications. Since 

then, this technology has experienced significant advances, and new forms and storage 

materials have been investigated, seeking to reach ever higher levels of development in various 

applications. The use of thermal storage systems has also been reported in solar dryers. Garg et 

al. (1985) experimentally evaluated a solar air collector integrated into a rock heat storage 

system for agricultural use. The authors highlighted that the ideal thickness of the bedrock 

depends mainly on the amount of incident solar radiation. A grain drying system integrated 

with rock heat storage was investigated by Tiwari et al. (1994) on wheat drying. The rock heat 
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storage considerably reduced the drying temperature fluctuation. Until then, the studies on solar 

dryers integrated into thermal storage systems were restricted to sensible heat storage (Maroulis 

and Saravacos, 1986; Chauhan et al., 1996; Ayensu, 1997; Aboul-Enein et al., 2000; Jain, 

2005). It is also worth mentioning that in such studies, the storage medium is usually allocated 

in the drying chamber or the energy collection system. Therefore, using a thermal reservoir 

solely for heat storage is rare for this application.  

In 2006, Devahastin and Pitaksuriyarat evaluated using a latent heat storage system to 

reduce the extra energy required for solar drying and its effect on sweet potato drying kinetics. 

The storage system consisted of a cylindrical reservoir filled with paraffin. A finned copper 

tube in a “U” shape inside the reservoir was a heat exchanger between the drying air and the 

paraffin. The storage system contributed to an increase in initial and operational costs. 

However, it saved around 40% of the additional energy required during drying. In recent years 

many studies have been carried out for storage systems integrated with solar dryers. In most 

recent studies, the same configuration of the TES is still observed. Most research still focuses 

on storing latent heat in the drying chamber (Jain and Tewari, 2015; Bhardwaj et al., 2019; 

Azaizia et al., 2020; Yadav and Chandramohan, 2020) or on the waste energy collection system 

(El khadraoui et al., 2017; Abubakar et al., 2018; Vásquez et al., 2019; Arun et al., 2020). Figure 

2 shows a schematic of solar dryers with thermal storage (A) in the drying chamber and (B) in 

the energy collection system. This can limit the amount of energy stored and consequently 

impact your efficiency. In these systems, the most used PCM is paraffin due to its low melting 

temperature, wide availability, and low cost. 

 

 

Fig. 2. Schematic of solar dryers with thermal storage (A) in the drying chamber (Yadav and 

Chandramohan, 2020) and (B) in the energy collection system (Arun et al., 2020). 
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Lakshmi et al. (2018) evaluated a mixed-mode solar dryer integrated with latent heat 

storage to dry black turmeric (Fig. 3). The storage system was a shell-and-tube heat exchanger. 

The HTF and PCM used were air and paraffin, respectively. The drying time was reduced by 

about 60.7% compared to the most used drying method (sun drying). Atalay (2020) performed 

the energy and economic analysis of two energy storage systems for drying. The thermal storage 

evaluated was a packed bed system with pebble stones (PBTES) and a PCM system with 

paraffin (PCM). The average efficiencies were close, 68.2% for PBTES and 68.5% for PCM. 

However, PBTES had an initial cost of about 10.5% lower than PCM. Iranmanesh et al. (2020) 

performed a numerical and experimental analysis of a solar tray dryer equipped with an 

evacuated tube solar collector and latent heat thermal storage. In the study, the working fluid 

was water, and the PCM was paraffin. The dryer was evaluated with and without PCM in drying 

apple slices. Using PCM reduced drying time by up to 10.2% and increased the thermal energy 

entering the dryer. A summary of the most recent research on TES-integrated solar dryers and 

their main findings are presented in Table 2.  

 

 

Fig. 3. Mixed-mode forced convection solar dryer with thermal energy storage system 

(Lakshmi et al., 2018). 
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Table 2. Recent research and its main findings 

Reference Approach 
TES 

configuration 
TES type and storage 

material 
Main results 

Álvarez-Sánchez, 
et al., 2021 

Numerical and 
experimental 

TES in a single 
reservoir 

Sensible heat storage 
(water) 

The direct-indirect hybrid solar air heating system 
showed an annual performance increase of 58% of the 
useful annual energy compared to the direct mode and 
42% of the annual solar fraction compared to the indirect 
way. 

Bhardwaj et al., 
2021 

Experimental 

Storage medium 
located on the 
absorber plate and 
drying chamber 

Sensible (thermal oil) 
and latent (paraffin) 
heat storage 

The average efficiency values of the dryer without and 
with TES were 9.8 and 26.10% (energetic) and 0.14 and 
0.81% (exergetic), while the drying rate was 0.028 and 
0.051 kg h-1, respectively. 

Lakshmi et al., 
2021 

Experimental 
TES in a single 
reservoir 

Latent heat storage 
(paraffin) 

The overall efficiency of the dryer in mixed mode is 20% 
higher than indirect solar. The energy efficiency of the 
TES varied between 56.40 and 60.2% on the evaluated 
days. 

Madhankumar et 
al., 2021 

Experimental 

TES in a single 
reservoir. The 
insertion of fins in 
the TES was 
evaluated. 

Latent heat storage 
(paraffin) 

The total energy efficiencies of the dryer in the summer 
were 17.76, 18.97, and 19.41% for the case without TES, 
with TES, and with TES + fins, respectively. The CO2 
emission and mitigation of the dryer integrated with TES 
+ fins were 23.88 kg year-1 and 20.13 tons. 

Andharia et al., 
2022 

Numerical and 
experimental 

Storage medium 
located on the 
absorber plate 

Sensitive (black 
pebbles) and latent 
(paraffin) heat storage 

The integrated paraffin dryer reduced the raw material 
moisture from an initial value of 84.65% (wb) to 4.50% 
(wb) in 9 h. The integrated pebble-stone solar dryer and 
the solar dryer without storage took 11 and 12 hours to 
dry the raw material to a comparable state. 
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Chaatouf et al., 
2022 

Numerical 

Packed-bed type 
TES located in 
the plenum 
chamber 

Sensible heat storage 
(gravel, granite, and 
sandstones) 

The thermal efficiency of the solar dryer increased by 
about 2.47% overnight compared to the case without 
storage. Among the different materials evaluated, the 
granite stones presented the best performance. 

Gilago et al., 
2022 

Experimental 

TES located in 
the plenum 
chamber (bottom 
of the drying 
chamber) 

Latent heat storage 
(paraffin) 

The mean collection and drying efficiencies of the system 
were 62.56% and 61.87% (without and with TES) and 
6.62% and 13.13% (without and with TES), respectively. 
The specific energy consumptions were 1.54 and 0.25 
kWh kg-1 for without and with TES, respectively. 

Jahromi et al., 
2022 

Experimental 

TES in a single 
reservoir with a 
PCM inside a 
spiral copper 
tube. 

Armazen Latent heat 
storage (paraffin) 

Thermal efficiency increased by about 1.51–7.81% 
compared to the system without PCM. Furthermore, 
PCM increased exergetic efficiency and ranged from 
35.30 to 59.70%. 
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A summary of results from solar dryers involving PCM is presented in Table 3. Data on 

energy consumed per kilogram of dry product and efficiencies are presented. Numerous factors 

can influence the efficiency of the drying process and the efficiency of the system as a whole. 

Then, adopting a single configuration as the best is not feasible. These factors refer to where 

the system will be applied and for what purpose.  

 

Table 3. Summary of results obtained in studies of solar dryers integrated with latent heat 

storage 

Reference PCM 
Energy  

consumption 

Drying 

Efficiency 

System 

Efficiency 

Lakshmi et al., 2018 Paraffin 18.76 MJ kg-1 12.10% - 

Atalay, 2020 Paraffin 3.95 MJ kg-1 - 68.55% 

Bhardwaj et al., 2021 Paraffin 40.78 MJ kg-1 30.28% 10.53% 

Lakshmi et al., 2021 Paraffin 9.72 MJ kg-1 - 47.80% 

Madhankumar et al., 2021 Paraffin - - 18.57% 

Andharia et al., 2022 Paraffin 13.10 MJ kg-1 - 10.61% 

Gilago et al., 2022 Paraffin 0.91 MJ kg-1 - 13.13% 

Jahromi et al., 2022 Paraffin 1.92 MJ kg-1 47.50% 34.83% 

 

5. COMPUTATIONAL MODELING 

 
Numerical modeling is an effective alternative to experimental approaches to develop 

new procedures or optimize existing processes at a relatively low cost. Among several 

numerical models, computational fluid dynamics (CFD) is a highly versatile tool that can study 

various techniques (Prommuak et al., 2020). The CFD method solves the governing equations, 

including a series of nonlinear differential equations coupled to describe the conservation laws, 

discretizing them into a set of algebraic equations. According to Jubaer et al. (2019), this 

method has been used with the same frequency as traditional didactic methods of carrying out 

experiments and mathematical modeling, in solving problems involving the flow of fluids, both 

in the industrial and academic areas. 

The adoption of numerical approaches has become increasingly common to investigate 

the characteristics of heat, mass, and momentum transfer in various complex processes. The 

CFD technique offers the advantage of saving cost and time during experimentation while 

simultaneously overcoming the limitations of analytical solutions (Jubaer et al., 2019). 
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Furthermore, its use allows for obtaining detailed information regarding flow patterns, 

temperature distribution, and concentration, which can hardly be achieved in experimental 

observations. This tool can also be necessary for simulating unusual operating conditions with 

high temperatures or hazardous environments, which would not be possible in real experiments 

(Malekjani and Jafari, 2018). Due to its advantages, this technique has been extensively 

investigated in numerous applications. 

Over the years, several authors have developed numerical models that satisfactorily 

represent experimental data. Validation of numerical models allows conditions different from 

those obtained experimentally to be further evaluated by simulations. The difference between 

the approaches is associated with several factors, such as thermal losses not quantified in the 

experimental model, variation of boundary conditions during the experiments, quality of the 

computational mesh used, correct choice of applied numerical methods, and definition of 

control conditions, among others. Table 4 presents the deviation data between the experimental 

and numerical data found by several authors. The software used for modeling is also provided. 

It is observed that the percentage errors vary between 1.67 and 14.95% for the studies presented. 

 

Table 4. Mean percentage error (PE) observed between numerical modeling and experimental 

data for several studies 

Reference Software PE 

Tzempelikos et al., 2015 ANSYS-FLUENT 14.89% 

Aktaş et al., 2017 ANSYS-FLUENT 10.93% 

Cârlescu et al., 2017 ANSYS-FLUENT 7.00% 

ElGamal et al., 2017 COMSOL 6.59% 

Sanghi et al., 2018 ANSYS-FLUENT 14.95% 

Chilka e Ranade 2018 ANSYS-FLUENT 14.34% 

Ostanek e Ileleji, 2019 ANSYS-FLUENT 5.28% 

Iranmanesh et al., 2020 ANSYS-FLUENT 4.80% 

Afshari, et al., 2021 ANSYS-FLUENT 6.50% 

Al-Kayiem and Gitan, 2021 ANSYS-FLUENT 9.10% 

Moghimi et al., 2021 ANSYS-FLUENT 1.67% 

Salvatierra-Rojas et al., 2021 ANSYS-FLUENT and MATLAB 3.13% 

Zhang et al., 2022 ANSYS -FLUENT 2.59% 
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5.1. Drying process modeling 

 
Accurate drying modeling is challenging due to its complex and multi-scale nature, 

various processes, and inherent high biological variability. According to Defraeye (2014), the 

multi-cube nature (multi3: multiphase, multiphysics, and multiscale) of the drying process is 

responsible for its complexity and challenges when modeling them for the reluctance to 

undertake such an effort. This process is multiphase because several phases are present in the 

materials: solid phase (dry material matrix), liquid phase (free and adsorbed water), and gas 

phase (water vapor, dry air, among others). It is considered a multiphysics process because heat, 

mass, and momentum transport are coupled inside the material and exchange processes with 

the environment at the air-material (or material-material) interfaces. It is also multi-scale as the 

transport and exchange processes occur at various spatial scales. 

Depending on its purpose, different numerical approaches can be used to model the 

drying process. Despite advances in developing smaller-scale models (Li et al., 2019; Chen et 

al., 2020), most drying process modeling research has been carried out at the dryer scale and 

macroscale (Chilka and Ranade, 2018; Babu et al., 2019; Benavides-Morán et al., 2020; 

Prommuak et al., 2020). This is due to the high level of knowledge required to model this 

process at smaller scales and the complexity experienced when coupling such results at larger 

scales. Macroscopic models assume the material as a continuum. Transport within the material 

is modeled by the actual material properties, which can be obtained experimentally or by 

numerical simulation. In this way, complex transport processes at the microscale level are 

concentrated in the material properties and transport equations (Defraeye, 2014). 

The models can be formulated differently according to the approach used to describe 

the heat and mass exchange of the porous material with the environment during drying. The 

unconjugated approach only solves the energy and moisture transport equations within the solid 

(porous) domain. In these models, boundary conditions are imposed on the surface of the 

material to be dried. Advective transfer coefficients are commonly used to predict the heat and 

mass exchange of porous materials with the environment at the air-material interface. Such 

coefficients are usually calculated using semi-empirical correlations. Using these coefficients 

facilitates an essential part of modeling complex drying processes but, on the other hand, can 

compromise the accuracy of airside heat and mass transfer predictions (Khan and Straatman, 

2016a). 

In the conjugate approach, the heat and mass transport equations in air and porous 

material are solved simultaneously transiently. These models introduce mathematical 
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conditions to enforce the continuity of heat and mass transfer at the fluid-porous interface. This 

eliminates the requirement to define transfer coefficients between domain regions (Castro et 

al., 2018). Instead, transfer coefficients can be determined later, demonstrating their spatial and 

temporal variability (Ostanek and Ileleji, 2019). this modeling approach is inherently more 

accurate as airside transport at the interface is explicitly resolved. Thus, it may be necessary for 

some complex problems. However, the accuracy obtained does not always overcome the 

additional modeling effort and the computational cost employed (Defraeye, 2014). 

 

5.1.1. Influence of the water content of the product on the pressure drop 

 
Understanding air flow behavior through grains is critical to designing and optimizing 

drying and aeration systems (Yue and Zhang, 2017). A pressure drop is observed every time air 

flows through a porous medium (e.g., grain layer). It is necessary to use fans to overcome the 

pressure drop, whose energy demand depends on the magnitude of this pressure drop. An 

erroneous analysis of air velocity, bed type, water content, and product layer height in drying 

processes can result in excessive water loss and product quality degradation and cause 

significant pressure drops. The prediction of airflow resistance in a selected bed of agricultural 

material has been extensively studied over the years. Comprehensive studies on the effects of 

different factors such as airflow, bed type, product water content, bed depth, filling method, 

amount and kind of foreign materials, and impurity have been carried out for grain and other 

agricultural products (Shedd, 1951; Shedd, 1953; Hukill and Ives, 1955; Giner and Denisienia, 

1996; Agullo and Marenya, 2005; Kashaninejad and Tabil, 2009; Amanlou and Zomorodian, 

2011). 

Haque et al. (1982) developed a model based on the Ergun equation (Eq. 16) to 

evaluate the effects of airflow and product water content on the pressure drop in a grain layer. 

The third term of the equation is used to describe the linear dependence of pressure drop on the 

water content of the product. In the study, the authors found that the pressure drop in sorghum 

grains increases with decreasing water content and increasing airflow. The variation of the 

pressure drop with the water content of the product reached about 40% for the same airflow. 

These results were confirmed by Giner and Denisienia (1996), evaluating the effect of water 

content on the pressure drop of wheat grains. A reduction of up to 30% in pressure drop was 

observed. These results are related to the influence of water content on particle size (Mohsenin, 

1986). Products with a higher water content are larger than relatively dry products. A high water 

content generally results in greater porosity; therefore, increasing water content results in a 
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smaller pressure drop at a given depth (Brooker et al., 1992). In numerical modeling, the 

pressure drop in the porous medium can be modeled by adding a source term to the moment 

equation. The origin term comprises viscous and inertial loss terms (Amanlou and Zomorodian, 

2010). 

 ∆𝑃𝐿 = 	𝛼𝑉	 + 	𝛽𝑉> 	− 	𝛾𝑈′𝑉 (16) 

 

5.1.2.  Influence of the water content of the product on the heat exchange 

 
The main thermal properties of grains that govern heat transfer during drying are 

thermal conductivity (k), specific heat (cp), and thermal diffusivity (a). During the drying 

process, the reduction of the water content of the product results in the alteration of these 

properties. Consequently, the heat exchange with the drying air is altered. If the heat exchange 

by radiation is significant, the emissivity (e) of the material surface must be included.  In 

numerical modeling, the reduction in product water content can be modeled as source terms in 

the governing equations (ElGamal et al., 2017; Sanghi et al., 2018; Guler et al., 2020). 

During the period of constant drying, there is a large amount of free water in the 

product, accelerating the heat and mass transfer processes. At this stage, the water in the product 

evaporates as free water since its vapor pressure is constant and equal to the vapor pressure of 

pure water at the temperature of the product. The product temperature, in turn, is also constant 

and equal to the wet-bulb temperature of the drying air. Proving that heat and mass transfers 

compensate for each other at this stage (Azhdari and Emami, 2019). In the decreasing rate 

period, the surface of the material is no longer saturated with water.  At this stage, the drying 

rate is controlled by the diffusion of moisture from the interior of the solid to the surface. In 

this period, heat transfer is not compensated for by mass transfer because the internal resistance 

to water transport becomes more significant than the external resistance. Thus, there is a 

reduction in the migration of water from the interior of the product to its surface and an increase 

in the temperature of the product, reaching the temperature of the drying air (Brooker et al., 

1992). 
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5.1.3. Influence of drying chamber design 

 
One of the main difficulties in dryers is ensuring the uniformity of hot airflow and 

temperature distribution in the drying chamber, which can cause products to be unevenly dried 

(Prommuak et al., 2020). Therefore, the product located close to the air inlet may suffer over-

drying. In contrast, the others may not receive a sufficient driving force for drying due to the 

increase in relative humidity and the decrease in air temperature (Babu et al., 2019). 

Optimal drying process knowledge and heat and mass transfer principles are essential 

for dryer design and optimization. The geometry of the drying chamber (size of air inlet and 

outlet, outlet angle, air inlet, outlet location, number of trays, and the distance between trays) 

affects the flow pattern. Thus, the design of dryers is of fundamental importance in optimizing 

the drying process. Some suggestions that have been made to improve the efficiency of the 

drying chamber include the use of multiple air inlets; the introduction of guides to divert the 

air; reduction in the cross-sectional area of the drying chamber from the plenum to the opposite 

side of the fan; positioning of the air inlet and outlet; among others (Román et al., 2012). 

Under actual operating conditions, fans installed at the ambient air inlet, recirculation 

air inlet, and air outlet (where applicable) can result in uneven and turbulent velocity profiles. 

However, in most studies that model dryers using CFD, only the drying chamber is discretized. 

That is, the dynamic operating condition of the fan is not considered (Tegenaw et al., 2019; 

Zoukit et al., 2019; Benavides- Morán et al., 2020; Guler et al., 2020). This approach is 

commonly used to simplify modeling and resolutions and reduce computational efforts. 

Therefore, it is assumed that the velocity profile at the entrance of the plenum chamber 

resembles a piston flow (Kjaer et al., 2018). In fluid dynamics, piston flow is a simple fluid 

flow velocity profile model in a tube. Thus, the fluid velocity is assumed to be constant in any 

cross-section of the tube perpendicular to its axis. 

 

5.2. Turbulence modeling 

 
5.2.1. Turbulence in the drying chamber 

 
Although the direct solution of the Navier-Stokes equations is possible in the case of 

laminar flows, it is necessary to implement the so-called turbulence models for turbulent flows. 

This flow regime is generally encountered in drying due to the high Reynolds numbers and 

complex geometry. The choice of an appropriate turbulence model directly affects the results 



 

 
 

47 

obtained in the simulation. Model selection mainly depends on accuracy, time, and 

computational cost (Malekjani and Jafari, 2018). Turbulence models can be categorized based 

on the governing equations used. There are two distinct groups of turbulence models, namely: 

the models that use the calculation of fluctuating quantities, such as the Large Eddy Simulation 

(LES) and the Reynolds-Averaged Navier-Stokes (RANS) equation models (Brown et al., 

2020). 

Only the largest and most energetic turbulent structures are resolved in LES models, 

while the smallest ones are filtered. In this model, turbulent fluctuations are calculated directly, 

in space and time, but only above a specific length scale. The filtered smaller structures are 

time-integrated to provide detailed flow field information, accurately representing large-scale 

turbulent motions (Xiao and Cinnella, 2019). The LES approach is more accurate and has wider 

applicability than the RANS, even for predicting complex flows. However, this technique is 

still limited due to the high computational cost and difficulty in tuning (Brown et al., 2020). 

Although less accurate, RANS models can be considered a cost-effective alternative to 

investigating large systems or problems in which many parameters need to be varied. 

The most common approach to turbulence modeling is the RANS model. This model 

uses the Reynolds averaging procedure to obtain the RANS equations. This operation 

eliminates the need to solve the turbulent structures of a flow field directly and instead tries to 

model the diffusive effect of these structures as a time average (Malekjani and Jafari, 2018). 

The well-known turbulence closure problem arises from introducing additional terms into the 

Navier-Stokes equations. In the case of RANS modeling, closure is usually obtained by solving 

one or more partial differential equations. These closure models are used to couple mean flow 

to turbulence (Kumar et al., 2020). A summary of the models commonly used in RANS 

modeling is presented in Table 5. Among these models, the standard k-e model is one of the 

most used for modeling turbulence in the drying process due to its adequate convergence.  

A summary of the modeling studies of the drying process for different products is 

presented in Table 6. It can be observed that most of the works presented consider the turbulent 

nature of this process and use conjugate models for heat and mass transfer. The most used 

convergence criterion is based on the root mean square (RMS). The RMS is one of the most 

critical measures of the convergence of an iterative solution, as it directly quantifies the error 

in the solution of the system of equations. In a CFD analysis, the residual measures the local 

imbalance of each equation being solved and should ideally be minimized as the solution 

progresses. Model validation is generally performed by comparing the values predicted by the 
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model and those obtained experimentally. Therefore, the most used variables for the validation 

of numerical models include the temperature and water content of the product, temperature, and 

relative humidity in the drying chamber. 
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Table 5. Comparison between some Reynolds-Averaged Navier-Stokes (RANS) turbulence models (Guardo et al., 2005; Malekjani and Jafari, 

2018) 

Model  Description  Advantages  Disadvantages 

Standard k-e 

 

The basis of this model is the transport 
equations that represent the kinetic 
energy of turbulence, k, and the rate of 

dissipation of turbulent kinetic energy, e. 

 

Good convergence; robust 
and economical; reasonably 
accurate; suitable for flows 
around complex geometries. 

 Inadequate in some cases due to empirical 
assumptions on which the model is based 
(the most critical assumption of this model is 
to assume an equilibrium condition for 
turbulence); it is not very accurate in 
complex flow regimes and severe pressure 
gradients. 

RNG k-e 

 The model is derived from the 
instantaneous Navier-Stokes equations, 
using the "renormalization group" 
(RNG) methods. This results in a model 
with different constants than the 

Standard k-e e and additional terms in 
the transport equations. 

 
Independence from 
empiricism and consideration 
of the anisotropy of complex 
flows; Better results for flows 
with recirculation. 

 

Convergence difficulties; May Require High 
Power Computers. 

Realizable k-e 

 This model satisfies certain 
mathematical restrictions on normal 
stresses, consistent with turbulent flow 
physics. A new model for the dissipation 

rate (e) is also used. 

 
Same benefits as RNG k-

e; Better performance in more 
complex flows. 

 

Some limitations for assuming the "eddy 
viscosity" as isotropic. 

Standard k-w 

 The basics of this model are the transport 
equations representing the kinetic energy 
of turbulence, k, and the specific 

dissipation rate w. 

 
Better performance for flows 
with adverse pressure 
gradients. 

 
Convergence is more complicated than 

Standard k-e. 
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Table 6.  Modeling studies of the drying process for different products 

Reference Product Modeling type Flow regime Software Convergence criteria 

Tzempelikos et al., 2015 Quince slices Not conjugated Turbulent (Standard k-w) ANSYS -FLUENT RMS < 10-6 

Aktaş et al., 2017 Damascus Conjugated Turbulent (Standard k-e) ANSYS -FLUENT RMS < 10-3 

Cârlescu et al., 2017 Damascus Conjugated Laminar ANSYS -FLUENT RMS < 10-4 

ElGamal et al., 2017 Rice Conjugated Laminar COMSOL RMS < 10-4 

Sanghi et al., 2018 Corn grains Not conjugated Turbulent (RNG k-e) ANSYS -FLUENT RMS < 10-4 

Chilka e Ranade 2018 Almonds Conjugated Turbulent (Standard k-e) ANSYS -FLUENT RMS < 10-4 

Ostanek e Ileleji, 2019 Corn grains Conjugated Laminar ANSYS -FLUENT RMS < 10-6 

Iranmanesh et al., 2020 Apple slices Not conjugated Turbulent (Standard k-e) ANSYS -FLUENT RMS < 10-4 

Afshari, et al., 2021 – Not conjugated Turbulent (Standard k-e) ANSYS -FLUENT – 

Al-Kayiem and Gitan, 2021 –  Not conjugated Turbulent (Standard k-e) ANSYS -FLUENT RMS < 10-3 

Moghimi et al., 2021 Tomato slices Not conjugated Turbulent (Standard k-e) ANSYS -FLUENT RMS < 10-6 

Salvatierra-Rojas et al., 2021 Paddy Rice Not conjugated Turbulent (Realizable k-e) ANSYS -FLUENT  – 

Shamsuddeen et al., 2021 Wed sponge Not conjugated Turbulent (Standard k-e) ANSYS CFX  –  

Akari et al., 2022 Fish Not conjugated Turbulent (Standard k-e) ANSYS CFX RMS < 10-4 

Zhang et al., 2022 Betel nut Conjugated Turbulent (Realizable k-e) ANSYS -FLUENT – 
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5.2.2. Turbulence in porous media 

 
Turbulence modeling for flows in porous media is a very challenging field. This 

complex flow problem is due to the geometry and multi-scale physics involved. According to 

Lage (1998), turbulence depends on the geometric structure of the solid matrix of the porous 

medium but is also affected by porosity. When the particles are far apart (a medium with high 

porosity), the vortices generated by each particle will have space to develop and thus sustain 

the energy cascade process, characteristic of turbulent flow. However, when bodies are brought 

together (lower porosity), vortices generated by one body can be obstructed by neighboring 

bodies. The energy cascade process will be less effective when reduced porosity, reducing 

turbulence intensity. Thus, the macroscopic effects of turbulence are more pronounced in 

porous media with high porosity (Chan et al., 2007; Dong and Xie, 2015). 

When considering turbulence in porous media, a recurring discussion concerns which 

flow characteristics should be considered to define when the flow becomes turbulent. Although 

controversial, the Reynolds number based on the mean particle diameter (Rep) is commonly 

used to characterize the different flow regimes in porous media (Pop and Ingham, 2002). The 

most accepted classification in the literature is the one proposed by Dybbs and Edwards (1984). 

From experimental observations at the pore level, the authors concluded that a highly unstable 

flow regime, qualitatively similar to turbulent flow, is formed for Rep > 300. Numerous studies 

have used this value over the years to classify turbulent flows in porous media (Pedras and 

Lemos, 2001; Guardo et al., 2005; Khan and Straatman, 2016b; Jouybari et al., 2020). 

Flow problems in porous media can be modeled using two main approaches: 

microscopic scale and macroscopic scale. In the first one, the modeling is performed at the pore 

scale, and the transport equations are used in their usual forms. However, high costs and 

computational efforts are required to model the problem. In the second approach, the porous 

medium is scaled to the macroscopic level, and the domain is composed of solid and fluid 

phases. The advantage of this approach is the significant reduction in the computational effort 

required. However, a mathematical formulation must be expanded to employ the volume 

average of the mass, momentum, energy, and turbulence transport equations (Khan and 

Straatman, 2016b). This formulation is based on the assumption that although the velocity and 

pressure of the fluid may be irregular at the pore scale, locally, the spatial mean values of these 

quantities show slight variation (Teruel and Uddin, 2009). 

Due to the complexity of the internal geometries and the computational effort required, 

it is impractical to solve the microscopic conservation equations in any porous medium. A 
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preferable approach is to average the microscopic equations over a representative elementary 

volume (REV) (Yang et al., 2018). Based on the results obtained at the microscopic scale, 

macroscopic equations can be modeled using the volume averaging method (Takatsu, 2017). 

Over the years, different macroscopic turbulent models have been developed for porous media 

(Nakayma and Kuwahara, 1999; Pedras and Lemos, 2001; Nakayama and Kuwahara, 2008; 

Teruel and Uddin, 2009; Drouin et al., 2013). Most of these researches try to model turbulent 

flow in porous media following the traditional approach of modeling turbulence in free flows. 

Therefore, it is unsurprising that almost all macroscopic models available in the literature are 

based on the k-e model, modified to include the solid matrix effect (Jouybari et al., 2015). 

Despite the numerous models developed, there is no universal macroscopic form of 

the k-e model for porous media. The turbulence models developed differ not only by the 

average order (time and space) used but also because they are based on different definitions of 

macroscopic turbulence quantities, such as turbulent kinetic energy and dissipation rate (Teruel 

and Uddin, 2009). Furthermore, due to the interactions between the fluid and the porous 

structure, additional terms appear in the transport equations that quantify the influence of the 

morphology of the medium on the turbulent kinetic energy and the dissipation rate (Khan and 

Straatman, 2016b). The main difficulty of this modeling is to propose a closure for these 

additional terms since there is no well-developed general closure expression valid for any 

morphology. For accurate macroscopic modeling, obtaining the closure of additional terms is 

necessary by simulating the problem at the microscopic scale or experimental data (Jouybari et 

al., 2015). 

The validation process is another significant difficulty observed in the macroscopic 

modeling of turbulence in porous media. According to Teruel and Uddin (2009), validating 

these models is as challenging as, if not more challenging, than their development. The results 

are expected to be compared with experimental data or obtained using microscopic numerical 

simulations to validate a model. Getting local point experimental data in a porous medium is 

difficult, so they are scarce (Karthik et al., 2020). Generally, model validation depends on 

comparing the results with the corresponding variables obtained by averaging the microscopic 

results of numerical simulations. 

There has been no practical procedure to validate macroscopic turbulence models in 

porous media. One of the difficulties encountered is that the microscopic results need to be 

calculated at intermediate scales to compare them to the results of the macroscopic model. This 

requires that the microscopic simulation be performed in relatively large spaces. Furthermore, 

when the flow in a relatively large porous region with uniform properties is simulated, the 



53 

 

 

approximation of the porous medium tends to “homogenize” the variables. This makes it 

challenging to identify a macroscopic variable that shows a reasonable spatial variation to allow 

meaningful comparison (Teruel and Uddin 2009). Therefore, rigorous validation is not reported 

for most macroscopic turbulence models in porous media. These obstacles make this type of 

modeling in porous media a challenging and little-studied field. 

 

6. CONCLUSION 

 
As discussed in this article, the drying process is essential for conserving agricultural 

products; currently, different technologies are used for this purpose. The search for more 

efficient dryers has attracted more and more attention due to the high energy and time 

consumption. As reported, dryers based on solar energy are gaining more and more space, as 

energy efficiency can exceed that of conventional sources (biomass, LPG, natural gas). 

However, the main limitation has been the low reliability due to the temporal intermittence of 

the source. This has led several researchers to dedicate efforts to studies on thermal energy 

storage systems. The review on solar dryers showed that in most current studies, thermal storage 

is still integrated into the drying chamber or energy collection system. This can significantly 

limit the amount of energy stored and, consequently, the efficiency of the system. The 

complexity of drying and TES systems has made computer simulations increasingly relevant. 

Advanced computational tools allow the replication of experimental studies and make it 

possible to change several variables for optimization purposes. Numerical validation based on 

experimental data depends on several factors during modeling. The studies presented in this 

article for drying modeling showed a difference ranging between 1.67 and 14.95% compared 

to the experimental data. As reported, this tool has been increasingly common in evaluating 

these systems. However, few researchers have investigated the integration of TES in highly 

efficient drying systems. Among the studies found, an overall efficiency of the system between 

10.53 and 68.55% was observed. The observed specific energy consumption varied between 

0.91 and 40.78 MJ kg-1. Although the efficiency of the system is an important factor, it is worth 

mentioning that drying is a complex operation and several other factors must be observed. 

Among these, we can mention, the availability of materials, cost, environmental conditions, and 

complexity of construction and operation. Advanced analyses, including modeling turbulence 

in porous media, are challenging. The correct use of these tools requires the user to deeply 

understand the fundamentals of fluid mechanics and heat and mass transfer. This document 

showed that many advances have been achieved in developing solar drying systems. However, 
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much remains to be done. It is expected that this work will significantly contribute to the 

understanding of the current state of these systems and that it will provide the necessary 

foundation for developing solar dryers integrated with high-efficiency TES systems. 
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CHAPTER 2 

 

HEAT TRANSFER IMPROVEMENT FOR A FILLED-TYPE COMPOUND 

PARABOLIC SOLAR COLLECTOR WITH U-TUBE: ENERGETIC AND 

ECONOMIC ANALYSIS 

 

Abstract: The concentrated evacuated U-tube solar collector has enormous potential to meet 

the thermal energy demand of various processes. The use of filling materials in the evacuated 

tube is a simple, viable, and economical technique to improve the performance of this collector. 

However, for concentrated collectors, the use of this technique has been poorly investigated. In 

this study, the thermal and economic performance of a compound parabolic collector (CPC) 

with a U-tube was evaluated. Different filling fluids of the evacuated tube (water, air, and 

thermal oil) and different mass flowrates (0.007 kg s-1, 0.009 kg s-1, 0.014 kg s-1
 and 0.021 kg s-

1) were evaluated. The optical analysis was performed using the ray tracing method (RTM) and 

the mean number of reflections method (ANR method). A detailed energy analysis for the 

different collector components was carried out. The overall thermal efficiency, thermal 

absorption efficiency and heat transfer efficiency of the collector were calculated. In addition, 

an economic analysis was also presented. The evaluated collector presented an optical 

efficiency of about 63.6%. The greatest gains in working fluid temperature (HTF) were 

observed for higher incidence of solar radiation. Among the filling fluids (FF) used, air reached 

the highest temperature inside the evacuated tube (160.6 ºC), followed by oil (84.6 ºC) and 

water (61.3 ºC). The increase in HTF mass flowrate resulted in a decrease in temperature gain. 

The use of thermal oil resulted in a higher average thermal efficiency (41.2%) compared to 

water (31.7%) and air (31.1%), achieved at the lowest flowrate. The collector configuration 

with the lowest mass flowrate of thermal oil as FF presented the best values of the economic 

indicators like leveled cost of heat (0.034 $ kWh-1) and simple payback period (2.8 years). 

 

Keywords: Evacuated U-tube solar collector. Experimental evaluation. Non-tracking CPC. 

Optical efficiency. Thermal efficiency. 
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Greek letters 

γ – Diffuse solar radiation factor; 

ρ – Reflectivity; 

a – Absorbance of the receiver; 

e – Emittance of the receiver; 

h – Efficiency, %; 

j – Polar angle, °; 

q – Half-angle, °; 

t – Transmittance of the receiver; 

 

Symbols list 𝑇!	 – Average temperature in the evaluated interval, ºC; 𝑚̇ – Mass flow rate of the HTF, kg s-1;  

A – Aperture, m / Area m2; 

c – Cost, $ / $ kWh-1; 

C – Concentration ratio; 

Cp – Specific heat, kJ kg-1 K-1; 

CRF – Capital recovery factor; 

D – Diameter, m; 

Er –m – Radiation exchange factor; 

ET – Receiver type; 

G – Incident global solar radiation, W m-2; 

H – Height, m; 

i – Interest rate, %; 

I  – Solar radiation intensity, W m-2; 

L – CPC Length, m; 

LCOH – Leveled cost of heat, $ kWh-1; 

m – Total mass inside the evacuated tube, kg; 

N – Average number of reflections; 

n – Useful life, years;  

Q – Energy absorbed by the filling fluid, W; 

r – Radius of the tubular absorber, m; 

R  – Uncertainty function; 

SPP – Simple payback period, years; 

t – Time, s; 
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T – Temperature, ºC;  

U – Useful thermal energy, kWh m-2 year-1; 

W – Total uncertainty, %; 

w – Uncertainties in the independent variables; 

x – Independent variables; 

 

Subscripts 

a – Acceptance / aperture; 

a,t – Acceptance (truncated); 

as – Absorber surface; 

c – Capital; 

cp – Copper tube; 

d  – Diffuse; 

EA – Annual; 

elec – Electricity; 

FF – Filling fluid; 

FF,f – Filling fluid at the final time;  

FF,i – Filling fluid at the initial time;  

HT – Heat transfer; 

HTF – Heat transfer fluid; 

in – Inner / inlet; 

max – Maximum; 

n – Number of points; 

o – Optical; 

OEM – Leveled annual cost of operation and maintenance; 

out  – Outer / outlet; 

r – Ratio; 

r–m – between the absorber and the reflector (ρr → 1); 

rs – Reflective surface; 

r,t – Ratio (truncated); 

s – Incident solar; 

t – Truncated; 

T – Total; 

TA – Thermal absorption; 

u – Useful energy absorbed by the HTF; 

0 – Width; 
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1. INTRODUCTION 

 
Due to the energy-environmental scenario, the energy dependence of several sectors 

on conventional (fossil) fuels is gradually being replaced by renewable and sustainable 

energies. Among renewable sources, solar thermal energy is the most abundant, affordable and 

promising source to decarbonize residential and industrial heat demand (Chen and Yang, 2021). 

According to the Renewables Global Status Report (2022), the industrial sector and agriculture 

are responsible for about 31% of the world energy demand, in which, 83.9% is still supplied by 

non-renewable energy sources (REN21, 2022). A large part (about 60%) of the thermal energy 

consumed in the industrial sector is used to meet process heat applications at low and medium 

temperatures up to 250 °C (Sharma et al., 2017; Barbosa et al., 2020a). Solar collectors with 

high concentration rates can easily reach such temperatures. However, its use is related to 

limitations such as the high cost and complexity of the accurate solar tracking system.  

The compound parabolic collector (CPC) is a low concentration solar collector. This 

collector consists of a non-tracking, non-image concentrator. Because it operates stationary, 

CPC is more attractive, affordable and popular for low to medium-temperature applications. In 

addition, the cost of heat generation per unit for this type of collector is considerably lower than 

observed for collectors with a tracking system (Kurhe et al., 2020). The evacuated glass tube 

(ET) generally used in these collectors is considered a key component in the use of solar thermal 

energy. The vacuum insulation and selective coating in these tubes reduce heat loss to the 

environment and contribute to better absorption of solar radiation (Olfian et al., 2021). Different 

techniques can be used to transfer the heat energy absorbed in the ET to the heat transfer fluid 

(HTF). The U-type tube is one of the most used due to its simple geometry, lower manufacturing 

cost, practical applicability and good efficiency. In this technique, a U-shaped tube is placed 

inside the ET, usually made of copper or other high-conductive metal, through which the HTF 

circulates (Naik et al., 2019). 

Numerous theoretical and experimental approaches have been used to evaluate the 

performance of evacuated U-tube solar collectors over the years. Kim et al. (2017) evaluated 

the performance of an evacuated U-tube solar collector as a function of the size of the 

nanoparticles and the concentration of the nanofluid. The results indicated a 24.1% of increase 

in maximum efficiency with the use of nanofluid when compared to water. A numerical and 

experimental investigation of the performance of an array of evacuated U-tube solar collectors 

was carried out by Naik et al. (2019). The authors observed that series-connected tubes increase 

the fluid temperature at higher solar intensities. In some studies, the integration of CPC was 
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also evaluated. Li et al. (2013) compared two intermediate temperature CPC solar collectors 

with the U-shaped evacuated tubular absorber. The authors used theoretical models and 

experiments to evaluate the thermal performance and proved the feasibility of the collectors for 

medium-temperature applications. Korres and Tzivanidis (2019) numerically and 

experimentally investigated a CPC with an evacuated U-tube. The collector was tested at 

different angles of transverse and longitudinal incidence. The design proposed by the authors 

achieved an optical efficiency increase of 2.4%, considering a daily operation. A new seasonal 

dual-function asymmetric reflector for a CPC with an evacuated U-type tube was proposed by 

Chen and Yang (2021). The authors aimed to increase energy capture in winter and reduce 

overheating in summer. The average optical efficiencies achieved were 70% and 39% for winter 

and summer, respectively.  

A key factor for improving the performance of these collectors is the heat transfer 

between the absorber evacuated tube and the U-tube, since the contact surface between these 

tubes is very small. In recent decades, many researchers have sought to improve this transfer 

using different approaches. Liang et al. (2011) used a high conductivity component 

(compressed graphite) as a filling material to eliminate the influence of thermal resistance 

between the evacuated tube and the U-tube. The authors achieved a thermal performance of up 

to 12% higher than the case without the filling material. Subsequently, the authors sought to 

increase the heat transfer area using an evacuated tube filled type with double U-tubes (Liang 

et al., 2013). The collector was evaluated theoretically and experimentally. The thermal 

efficiency of the proposed collector was about 4% higher when compared to the single U-tube 

collector in the same experimental condition. The use of phase change materials (PCM) was 

also investigated. Abokersh et al. (2017) evaluated an evacuated tube solar collector filled with 

PCM. The effectiveness of adding fins to the inner U-tube was also investigated. The non-

finned collector obtained an efficiency 14% higher than the finned collector. However, the 

results showed that the addition of the fin helps to overcome the low thermal conductivity of 

the PCM during the discharge phase. Olfian et al. (2021) simulated the melting and 

solidification processes of PCM in an evacuated-tube solar collector with a U-shaped 

corrugated tube. It was observed that the corrugated tube increases the collector efficiency by 

21.55% in relation to the smooth tube. In another approach, the increase in the contact area 

between the U-tube and the evacuated tube was experimentally evaluated by Essa et al. (2021). 

The authors used a unilateral helical U-tube in the collector, and its performance was compared 

with the traditional U-tube. For a flow rate of 10 L h-1, using the helical U-tube provided a 

maximum increase in energy and exergy efficiency of 6.1% and 3.8%, respectively. On the 
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other hand, Chen and Yang (2022) simulated the improvement of heat transfer in the U-tube 

evacuated solar tube absorber by high-emissivity coating on the metal fin. CPC integration was 

also analyzed. It was found that the thermal efficiency was improved by 2.7% for the 

conventional U-tube case and by 8.4% for the CPC 6X case using the high-emissivity coating. 

The concentrated evacuated U-tube solar collector has enormous potential to meet the 

thermal energy demand of various processes. The performance of this collector strongly 

depends on the heat transfer between the evacuated absorber tube and the U-tube. Over the 

years, different techniques have been used to improve this transfer. The use of filling materials 

in the evacuated tube is a simple, viable and economical technique as it does not require 

modification in the structure of the collector. However, there are still many gaps to be filled 

regarding the use of this technique. As evidenced in the literature review, this scenario is even 

more scarce in the case of experimental work and with the use of concentrated collectors. In 

this work, the influence of the use of different fluids to fill the evacuated tube on the thermal 

performance of a CPC with a U-tube was investigated. The collector was designed, built and 

evaluated experimentally. A detailed energy analysis for the different collector components is 

presented. In addition, the collector was also evaluated for four mass flowrates to determine the 

best operating condition. The results of this study will clarify how the use of filling fluids with 

different thermal properties affects the heat transfer rate in the absorber and the thermal and 

economic performance of the collector. 

 

2. MATERIAL AND METHODS 

 
2.1. Geometric modeling of the CPC 

 
The CPC geometry has a parabolic section and an involute section around the receiver 

tube. The involute section is defined by the surface where the normal is tangent to the outer 

circumference of the receiver tube. The parabolic section is formed by two symmetrical 

parabolas that extend until their surfaces are parallel to the vertical axis. A schematic of the 

geometric profile of the CPC, showing its main parameters, is presented in Fig.1. 
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Fig. 1. Schematic diagram of a CPC collector. 

 

A set of first-order differential equations, dependent on the angular coordinate, 

determines the design of the reflector sections. Cartesian coordinates in the xy-plane are defined 

by Eqs. 1 and 2 for the AB segment (involute section) and by Eqs. 3 and 4 for the BC segment 

(parabolic section, Ralb et al., 1979). The variable ‘M’ depends on the acceptance angle (q) and 

can be calculated by Eq. 5. Equations 1 and 2 are used at the limit where 0 ≤ 𝜑 ≤ @

>
	+ 𝜃, 

(involute section), while Eqs. 3 and 4 are used for 
@

>
	+ 𝜃, 	≤ 𝜑 ≤ A@

>
	–	𝜃, (parabolic section). 

	 𝑥 = 𝑟(𝑠𝑖𝑛 𝜑−	𝜑	𝑐𝑜𝑠 𝜑)	 (1) 

𝑦 = 	−	𝑟(𝜑 𝑠𝑖𝑛 𝜑+	𝑐𝑜𝑠 𝜑) (2) 

𝑥 = 	𝑟(𝑠𝑖𝑛 𝜑−	𝑀	𝑐𝑜𝑠 𝜑) (3) 

𝑦 = −	𝑟(𝑀	𝑠𝑖𝑛 𝜑+		𝑐𝑜𝑠 𝜑) (4) 

𝑀 = O𝜋2+	𝜃, + 	𝜑	 − 	𝑐𝑜𝑠(𝜑	 −	𝜃,)R(1 +	𝑠𝑖𝑛(𝜑	 −	𝜃,))  (5) 
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The geometric concentration ratio (Cr) is an important parameter in solar thermal 

systems and is related to the concentration degree of the solar collector. This parameter can be 

expressed as a function of the acceptance angle for a CPC, as shown in Eq. 6 (Ralb, 1985). In 

practice, Cr is commonly approximated as the ratio of the aperture area to the surface area of 

the absorber (Eq. 7). 

 

𝐶- = 1𝑠𝑖𝑛 𝜃	 (6) 

𝐶- = 𝐴,𝐴,( =	 𝐴02	𝜋	𝑟	 (7) 

 

The upper ends of the reflectors near the aperture have a smaller curvature, being 

almost parallel to the vertical axis of the collector, which results in a very limited concentration 

of radiation. In practice, these ends are usually truncated as they do not have much influence 

on the concentration ratio. Ustaoglu et al. (2016) showed that for a truncation ratio of 47%, a 

reduction of only 2% was observed for the average CPC thermal efficiency. Thus, to achieve a 

more economical design, the original geometry of the CPC was truncated in this study. The 

geometric parameters and specifications of the CPC are presented in Table 1. 
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Table 1. CPC geometric parameters and technical specifications 

Parameter Symbol Value Unit 

CPC Length L 1.700 m 

Aperture width  A0 0.281 m 

Maximum height Hmax 0.320 m 

Truncated height Ht 0.180 m 

Acceptance half-angle  qa 30 º 

Acceptance half-angle (truncated) qa,t 31.7 º 

Concentration ratio Cr 2.0 - 

Concentration ratio (truncated) Cr,t 1.9 - 
    
Receiver Characteristics    

Receiver type ET Evacuated glass tube - 

Copper tube diameter Dcp 0.009 m 

Outer diameter  Dout  0.058 m 

Inner diameter Din 0.047 m 

Length  Lr 1.800 m 

Absorbance a 0.930 - 0.960  - 

Emittance e 0.050 - 

Transmittance t 0.950 - 

Vacuum rate  - 0.005 Pa 

 

2.2. CPC and TES construction 

 
The CPC structure was built from a wooden frame following the geometric format 

shown in Fig.1 and calculated according to Eqs. 1 to 5. The constructed CPC is composed of 

four sets of parabolic reflectors (Figure 2). The reflective surface consisted of a high-reflectance 

stainless steel plate (ρ> 86%) that was fixed to the wooden parabolic structure. An evacuated 

glass tube was placed in the central focus of each reflector assembly, totaling four tubes. The 

evacuated tube consists of two layers of glass with a vacuum in its annular space and a selective 

coating of high absorbance and low emittance on the inner surface of the glass tube. Inside each 

evacuated glass tube, a U-shaped copper tube was inserted for the HTF flow. The dimensions 

of the copper tube were 3/8” in diameter, 3.4 meters in unit length and 2 millimeters thick. The 
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U-shaped copper tubes were connected in series using brass fittings. Sealing rubbers were used 

on each evacuated tube to prevent leakage.  

 

 

Fig. 2. Detailed schematic of CPC components. 

 

Two storage reservoirs were used: one for the hot fluid and one for the cold fluid. The 

hot and cold metallic reservoirs had a volume of 80 and 200 liters, respectively. The hot 

reservoir was insulated by a 40 mm thick layer of glass wool to minimize thermal exchange 

with the environment. A 3.0 mm thick aluminum blanket was used as the last layer of 

enveloping to protect the reservoirs from the weather. Brass connections were welded to the 

top and bottom of the reservoirs to allow the coupling to the copper tube. 

 

2.3. Experimental setup and procedure 

 
The CPC was evaluated under Brazilian environmental conditions, specifically located 

at coordinates 20°45′00″S, 42°56′15″W and at an altitude of 643 m. The collector was installed 

facing north with an inclination angle of 20.75º (local latitude). The CPC was evaluated by 

operating stationary and in a closed circuit with forced convection regime for the HTF. As 

depicted in Fig. 3, the experimental setup consists of the following main components: CPC, 

HTF circulation pump, frequency inverter for flow control, hot and cold storage reservoirs, and 

data acquisition system. During its operation, the reflectors concentrate the solar radiation 

received in their aperture area in the evacuated glass tube placed in the center of the parabola. 

The evacuated glass tube absorbs this energy and transfers it to the inside U-shaped copper 

tube. An HTF is pumped into the U-shaped copper tube, absorbing the thermal energy of the 

CPC. This energy is then stored in the hot reservoir.  



82 

 

 

 

 

Fig. 3. Detailed schematic of the experimental setup: (1) frequency inverter; (2) pump; (3) cold 

reservoir; (4) hot reservoir; (5) copper tube; (6) CPC; (7) evacuated glass tube; (8) wooden 

support structure; (9) data acquisition module; (10) data conversion module; (11) computer and 

thermocouples (T1, T2, T3, T4 e T5). 

 

The experiments were carried out from January to March, which corresponds to the 

summer season in Brazil. Temperature data were collected at different CPC positions and 

thermal reservoirs using type K thermocouples (Omega, Accuracy: ± 0.1°C). The 

thermocouples were positioned in the lower part of the cold reservoir (inlet temperature) and 

the upper part of the hot reservoir (outlet temperature). In addition, to collect the filling fluid 

temperature (FF) data, three thermocouples were used at the top, middle and bottom of a 

manifold evacuated tube. Temperature data were collected and stored every 30 seconds by data 

acquisition and conversion modules connected to a computer (Fig. 3). The global solar 

radiation, ambient temperature and wind speed data were provided by the meteorological 
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station of the National Institute of Meteorology (INMET), located on the campus of the Federal 

University of Viçosa. 

In this study, water was used as HTF pumped into U-shaped copper tubes. The 

experiments were carried out in two stages. In the first step, it was investigated the influence of 

different filling fluids in the evacuated tube on the heat transfer from the collector. At this step, 

the experimental trials were performed at a fixed mass flowrate of 0.007 kg s-1 (ṁ1). The filling 

fluids evaluated were water (W-FFṁ1), air (A-FFṁ1), and thermal oil (O-FFṁ1). In the second 

step, the effect of using different mass flowrates on CPC performance was studied. Thermal oil 

was used as a filling fluid in all evaluations performed at this step. The mass flowrates used 

were 0.007 kg s-1, 0.009 kg s-1, 0.014 kg s-1
 and 0.021 kg s-1, named as O-FFṁ1, O-FFṁ2,	O-FFṁ3 

and O-FFṁ4, respectively. Figure 4 shows a summary of the experimental steps and their 

characteristics. 

 

 

Fig. 4. Scheme of evaluated experimental steps. 

 

2.4. Analytical procedures 

 
2.4.1. Uncertainty analysis 

 
Uncertainty analysis was performed to assess the reliability and validity of the 

calculated experimental results. In this study, the uncertainty analysis (Eq. 8) was performed as 

described by Moffat, (1985).  

 

WR= Z[ 𝜕𝑅𝜕𝑥2𝑤2^> + [ 𝜕𝑅𝜕𝑥>𝑤>^> +	⋯⋯	+ [ 𝜕𝑅𝜕𝑥# 𝑤#^>`
1
2
H

 (8) 
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2.4.2. Optical efficiency 

 
Optical efficiency represents the maximum theoretical fraction that can be converted 

to heat. The higher its value, the greater the amount of sunlight reaching the aperture area is 

effectively being reflected to the absorber tube. In this study, optical analysis was performed 

using both the ray tracing method (RTM) and the mean number of reflections method (ANR 

method). The analyzes were carried out considering different angles of incidence of solar 

radiation, aiming to determine the daily optical performance of the system. For the RTM, the 

analyzes were performed using ray tracing software (TracePro). To simulate solar radiation 

from the semi-space above the collector plane, 100,000 light sources were randomly distributed 

along the collector aperture. Incident rays interact on surfaces and are divided into reflected, 

transmitted, and absorbed parts. From the data on the fraction of rays that strike the absorber, 

an optical efficiency value can be calculated for a given angle of incidence (Li et al., 2013). 

The properties (reflectivity, absorptivity, and transmissivity) of the reflector and the absorber 

were defined according to the values described in the previous sections. 

For theoretical optical analysis, the average number of reflections method (ANR 

method) was used, which is an approximation method proposed by Rabl (1977). The ANR 

method provides an approximation of the radiation that is transmitted through a specular 

passage. This is a simple and efficient method for obtaining optical efficiency in low 

concentration systems. Optical efficiency was calculated using Eq. 9. 

 η"=	τ	𝛼𝜌-(〈J〉𝛾 (9) 

 

The average number of reflections N can be determined by Eq. 10. For the specific 

CPC experimental model, N was calculated by Eqs. 11 to 13, as presented by Carvalho et al. 

(1985). The diffuse solar radiation factor (γ), defined in Eq. 14, was calculated using an 

approximate relationship by Rabl et al. (1980) for the case of collectors with a small 

concentration ratio (C). For an average clarity index, the diffuse and total solar radiation 

intensity (Id) can be considered as Id = 0.2 It (Collares-Pereira and Rabl, 1979). 

 

〈𝑁〉=	 𝐴-(𝐴,( 𝐸-	L	; (10) 
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〈𝑁〉	=	 O𝜃, +	𝜋2R>4𝜋 +	√22𝜋 h 𝑎	𝑏	[1	 +	sin(𝜃	 − 𝜃,)]A> 𝑑𝜃
A@
> 	LM 	

M N
@
>	

 (11) 

𝑎	=	𝜃, + 𝜋2 	+ 𝜃	 −	cos(𝜃	 − 𝜃,	) (12) 

𝑏	=	1	 −	sin s	𝜃	 − 𝜃, −	𝜋2	2 t (13) 

𝛾	=	1 − [1 − 1𝐶^ [𝐼7𝐼5^ (14) 

 

2.4.3. Thermal performance 

 
2.4.3.1. Overall CPC efficiency 

 
The instantaneous thermal efficiency (h) is one of the most important parameters of 

the energy performance of a solar collector. This parameter is defined as the ratio between the 

useful energy absorbed (Qu) by the HTF and the incident solar energy (Qs) in the collector 

aperture area (Eqs. 15 and 16). 

 

𝜂	 = 𝑄*𝑄(	 	 (15) 

𝜂	 = 	𝑚̇		𝐶𝑝OP. 	(𝑇"*5 − 𝑇%#)𝐴,6	𝐺  (16) 

 

2.4.3.2. Thermal absorption efficiency 

 
In this study, the thermal absorption efficiency (hTA) was calculated as described in 

Eqs. 17 to 19. This efficiency is defined as the ratio between the total energy absorbed by the 

CPC, in other words, the energy absorbed by the FF and the HTF, and the incident solar energy 

(Qs) in the collector aperture area. 

 

𝜂PQ 	= 𝑄OP.	 + 𝑄..	𝑄(	 	 (17) 

𝑄OP.	 	= v𝑚̇		𝐶𝑝OP. 	(𝑇"*5 − 𝑇%#)w (18) 
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𝑄..	 	= 𝑚..𝑡 	𝐶𝑝..v𝑇..,) − 𝑇..,%w (19) 

 

2.4.3.3. Heat transfer efficiency 

 
Heat transfer efficiency (hHT) is defined as the ratio between the total energy absorbed 

by the HTF and the total energy available in the FF (Eqs. 20 and 21). This parameter measures 

how efficient the heat transfer is between the FF and the HTF pumped through the U-shaped 

copper tube, that is, how much of the energy absorbed by the FF was effectively converted into 

useful energy by the HTF. 

 

𝜂OP 	= 𝑄OP.	𝑄!..	 	 (20) 

𝑄!..	 	= O𝑚..𝑡 	𝐶𝑝.. 	𝑇!..	R (21) 

 

2.4.4. Economic analysis 

 
The leveled cost of heat (LCOH) indicator is an economic valuation model widely 

used in the heating and solar thermal industries (Huang et al., 2019). This parameter indicates 

the average amount paid for each heating unit produced by the collector over its lifetime. The 

LCOH of the proposed system was calculated as described in Eqs. 22 and 23. The cost of capital 

(cc) was calculated considering the total cost required to manufacture the CPC. The leveled 

annual cost of operation and maintenance (cOEM) is estimated to be $5 m-2 (Bhusal et al., 2020). 

The number of years of operation over the useful life (n) and the interest rate (i) were assumed 

to be 25 years and 6%, respectively (Zare and Moalemian, 2017). The average annual solar 

irradiance (IS) in the region is 1846 kWh m-2 year-1 (Pereira et al., 2017). Simple payback period 

(SPP) is a metric used to assess the viability of the investment. The SPP can be defined as the 

time required for the savings generated by the CPC to equal the total initial investment, which 

is the payback period. Equation 24 was used to calculate the SPP (Barbosa et al., 2020b). The 

cost of electricity (celec) is 0.1248 $ kWh-1 (CEMIG, 2022). 

 

𝐿𝐶𝑂𝐻	 = (𝐶𝑅𝐹	𝑐S	) 	+	𝑐TUV	𝑈UQ	 	 (22) 
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𝐶𝑅𝐹 = 𝑖	(1 + 	𝑖)#(1 + 	𝑖)# 	− 1 
(23) 

𝑆𝑃𝑃	 = 𝑐S	 +	𝑐TUV	𝑈UQ	𝑐+'+!	  
(24) 

 

3. RESULTS AND DISCUSSION 

 
The experimental data obtained and the results of the energy and economic evaluation 

of the CPC for the different filling fluids and mass flowrates evaluated are presented and 

discussed in detail in this section.  

 

3.1. Summary data 

3.1.1. Meteorological data 

 
Figure 5 shows solar radiation, wind speed and ambient temperature data for the 

evaluated cases. It can be observed that, for all evaluated days, the solar radiation showed 

typical behavior of a clear day, with a continuous increase until 12:00-13:00 h and decreasing 

in the subsequent hours. The maximum values of solar radiation observed were 978.6 W m-2, 

969.7 W m-2, 995.9 W m-2, 962.9 W m-2, 989.4 W m-2 and 979.5 W m-2 for the cases W-FFṁ1, A-FFṁ1,	 O-FFṁ1, O-FFṁ2,  O-FFṁ3 and O-FFṁ4,  respectively. The ambient temperature 

increases continuously throughout the day, until reaching its maximum value at 17:00 hours, 

while the wind speed showed a random behavior over the evaluated days. The average values 

of ambient temperature and wind speed on the evaluated days were 26.3 ºC and 1.7 m s-1 for 

the W-FFṁ1, 25.6 ºC and 2.0 m s-1 for the A-FFṁ1, 25.4 ºC and 2.2 m s-1 for the O-FFṁ1, 25.8 

ºC and 1.9 m s-1 for the O-FFṁ2, 25.7 ºC and 1.8 m s-1 for the O-FFṁ3, and 25.6 ºC and 1.8 m s-

1 for the O-FFṁ4. These data are representative of meteorological conditions typically observed 

in Brazil. 
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Fig. 5. Variation of solar radiation, ambient temperature, and wind speed for (A) W-FFṁ1; (B) A-FFṁ1; (C)	O-FFṁ1; (D) O-FFṁ2; (E) O-FFṁ3 and (F) O-FFṁ4. 

 

3.1.2. Experimental data 

 
The water inlet and outlet temperature (HTF) data and the average temperature of the 

different filling fluids for the first stage of experiments are shown in Fig. 6. Both temperatures 

for all evaluated FF follow the same behavior of solar radiation over the hours, since these 

parameters are directly related. For all cases evaluated, the highest temperature gains (DT=Tout 
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-Tin) were obtained between 12:00 and 13:00 h: 28.1 ºC for the W-FFṁ1, 30.2 ºC and for the A-FFṁ1 and 33.1 ºC for the O-FFṁ1. At these time intervals, the highest values of incident solar 

radiation are observed in the collector aperture area. Thus, a greater amount of energy is 

concentrated in the evacuated tube, favoring the condition of thermal absorption by the HTF. 

Similarly, at these times the highest values of average temperatures of the FF are also observed 

as 61.3 ºC, 160.6 ºC and 84.6 ºC for the cases W-FFṁ1, A-FFṁ1 and O-FFṁ1, respectively. In 

fact, the increase in the average temperature of the FF over the hours is more pronounced for 

the air, followed by the thermal oil. This may be related to the lower volumetric heat capacity 

of these fluids when compared to water. 

 

Fig. 6. Temperature variation over the hours for the cases W-FFṁ1, A-FFṁ1 and	O-FFṁ1: (A) 

inlet and outlet temperature and (B) average temperature of the filling fluid. 
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Figure 7 shows the water inlet and outlet temperature data (HTF) and the average 

temperatures of the filling fluid (thermal oil) for the different mass flowrates evaluated. As 

observed, the temperature gains increase continuously until reaching their maximum value 

between 12:00 and 13:00 h and decrease in the hours of lower solar incidence. The highest 

values of temperature gain observed were 33.1 ºC for the O-FFṁ1, 17.1 ºC for the O-FFṁ2, 12.2 

ºC for the O-FFṁ3 and 9.2 ºC for the O-FFṁ4. There is also a greater increase in the inlet 

temperatures for the cases O-FFṁ2, O-FFṁ3 and O-FFṁ4  from 13:00 hours. Indeed, the greater 

the mass flowrate, the greater the total amount of heated HTF that flows to the cold reservoir, 

since the CPC operates in a closed circulation system. The average temperatures of the FF reach 

closer values at times of lower solar incidence and higher mass flowrates. A significant 

temperature rise is observed between 11:00 and 14:00 h for the case O-FFṁ1. The highest values 

observed were 84.6 ºC, 76.5 ºC, 74.3 ºC and 74.5ºC for O-FFṁ1, O-FFṁ2, O-FFṁ3 and O-FFṁ4, 

respectively. 
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Fig. 7. Temperature variation over the hours for the cases O-FFṁ1, O-FFṁ2,	O-FFṁ3 and	O-FFṁ4: (A) inlet and outlet temperature and (B) average temperature of the filling fluid. 

 

3.2.  Optical efficiency 

 
Figure 8 shows the variation in the optical efficiency of the collector as a function of 

the angle of incidence by the RTM and ANR methods. The optical efficiencies remain almost 

constant within the half-acceptance angle of the CPC (-30º to +30º) and decrease rapidly for 

angles outside this range. It should be noted that outside the acceptance angle the optical 

efficiency is not zero, as the collector continues to collect the radiation incident directly on the 

absorber and some rays focuses on the near side of the concentrator. It is observed that the 
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efficiencies obtained by both methods were very close. The average values of optical 

efficiencies obtained within the collector acceptance limits were 63.8 and 63.6% by the RTM 

and ANR method, respectively. These efficiencies are close to the optical efficiencies generally 

found for this type of collector (Osório et al., 2019; Bhusal et al., 2020; Kurhe et al., 2020). 

 

 

Fig. 8. Optical efficiencies of the CPC as a function of the angle of solar incidence for the RTM 

and ANR methods. 

 

3.3. Thermal analysis 

 
3.3.1. Overall CPC efficiency 

 
The hourly thermal efficiencies of the CPC for the different FF evaluated in this study 

are shown in Fig. 9. The highest thermal efficiency values are observed between 11:00 and 

13:00 h for all cases. Thermal oil (O-FFṁ1) provided a better thermal performance of the CPC, 

presenting higher values of efficiency in all the hours evaluated. The efficiencies of A-FFṁ1 

exceed those of W-FFṁ1	until 13:00 h, an opposite behavior is observed in the subsequent 

hours. The average and maximum values of thermal efficiency obtained were 31.7% and 41.8% 

for the W-FFṁ1, 31.1% and 43.8% for the A-FFṁ1 and 41.2% and 48.2% for the O-FFṁ1, 
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respectively. It is also verified that the difference between the efficiencies obtained for the 

evaluated cases, reduces at times of higher solar incidence and increases at times when the 

incidence is lower. At 17:00 hours, while the thermal efficiency of the O-FFṁ1 is about 31.9%, 

the efficiencies of  𝑊-FFṁ1 and A-FFṁ1 do not exceed 16.7% and 16.4%, respectively. These 

findings unequivocally establish that the choice of FF in the evacuated tube exerts a substantial 

influence on the performance of the CPC. 

 

 

Fig. 9. Thermal efficiencies of the CPC over the hours for the different filling fluids evaluated. 

 

The increase in flow causes a reduction in the efficiency values in almost all hours 

evaluated (Figure 10). The best thermal performance is verified for the lowest mass flowrate 

(O-FFṁ1). The average values of thermal efficiency found were 41.2% for the O-FFṁ1, 27.0% 

for the O-FFṁ2, 27.7% for O-FFṁ3,  and 26.3% for the O-FFṁ4. It is also verified that from 

14:00 onwards, there is a successive reduction in the efficiency values for all cases. This 

behavior is related to the considerable temperature increase experienced by the fluid into the 

evacuated tube during the hours of highest solar incidence (11:00 to 13:00 h). This increases 

the temperature difference between the FF and the environment, resulting in higher thermal 

losses. Furthermore, after 13:00 h, there is a decline in solar radiation, leading to a decrease in 

the energy accessible within the collector aperture area. 
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Fig. 10. Thermal efficiencies of the CPC over the hours for the different mass flowrates 

evaluated. 

 

3.3.2. Thermal absorption and heat transfer efficiencies 

 
The available solar energy (QS), the useful energy absorbed by the HTF (QHTF) and the 

energy absorbed by the FF (QFF) for cases W-FFṁ1, A-FFṁ1 and O-FFṁ1 achieve maximum 

values near 12:00 h, as expected. The QHTF and QFF values varied between 161.46 – 840.19 W 

and 548.07 – 890.86 W for the W-FFṁ1, 134.55 – 902.98 W and 0.32 – 1.32 W for the A-FFṁ1 

and 260.13 – 989.69 W and 247.40 – 524.33 W for the O-FFṁ1, respectively. For W-FFṁ1, QFF 

surpasses QHTF in all hours evaluated, the opposite is observed for A-FFṁ1 and  O-FFṁ1. The 

lowest QFF values observed for the A-FFṁ1 are related to lower air density than the others FF, 

since the volume of the evacuated tube is the same. It is observed that, in the hours of lower 

solar incidence, the O-FFṁ1 presents a smaller difference between the QHTF and QFF values than 

the other cases. This same behavior is observed for the W-FFṁ1 in the times of greatest 

radiation. 



95 

 

 

 

Fig. 11. Hourly variation of available solar energy (QS), useful energy absorbed by HTF (QHTF) 

and energy absorbed by FF (QFF) for (A) W-FFṁ1; (B) A-FFṁ1 and (C) O-FFṁ1. 

 

Figure 12 shows the hourly variation of thermal absorption efficiency (hTA) and heat 

transfer efficiency (hHT) for W-FFṁ1, A-FFṁ1 and O-FFṁ1. The heat transfer efficiency exceeds 

the thermal absorption efficiency in all the hours evaluated. In addition, hTA presents a greater 

hourly variation than hHT, because it is directly related to solar radiation. Therefore, the thermal 
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oil as FF engenders a more efficient state for the absorption of solar radiation. The average 

values of hTA found for W-FFṁ1, A-FFṁ1 e O-FFṁ1 were 28.6%, 28.7% and 37.6%, 

respectively. Considering hHT, the case that presented the highest efficiency values was A-FFṁ1 

with an average of 99.8%, followed by O-FFṁ1 with 59.7% and the W-FFṁ1 with 39.6%. 

Among the evaluated FF, the air has the lowest volumetric heat capacity, and thus reaches the 

highest temperature (Fig. 6B). The HTF flows into the U-tube at a low temperature and 

exchanges heat with the high-temperature air within the evacuated tube.  

 

 

Fig. 12. Hourly variation of thermal absorption efficiency (hTA) and heat transfer efficiency 

(hHT) for W-FFṁ1, A-FFṁ1 and O-FFṁ1. 

 

The available solar energy (QS), the useful energy absorbed by the HTF (QHTF) and the 

energy absorbed by the FF (QFF) over the hours for the cases O-FFṁ1, O-FFṁ2, O-FFṁ3 and (D) 

O-FFṁ4 are shown in Fig. 13. As expected, in the hours of highest solar incidence, the 

parameters QS, QHTF, QFF also present the highest values. The values of QHTF and QFF varied 

between 260.13 – 989.69 W and 247.40 – 524.33 W for O-FFṁ1, 95.93 – 656.16 W and 261.86 

– 474.15 W for O-FFṁ2, 86.65 – 704.75 W and 288.08 – 460.31 W for O-FFṁ3 and 60.46 – 

794.68 W and 278.17 – 461.55 W for O-FFṁ4, respectively. After 15:00 there is a smaller 

variation between the values of QHTF and QFF, in the case of lower mass flowrate (O-FFṁ1), 

when compared to the other cases. In addition, after that time the QFF exceeds the QHTF for the 

cases O-FFṁ2, O-FFṁ3 and O-FFṁ4, which indicates that the energy available in the FF is not 

effectively absorbed by the HTF. 
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Fig. 13. Hourly variation of available solar energy (QS), useful energy absorbed by HTF (QHTF) 

and energy absorbed by FF (QFF) for (A) O-FFṁ1; (B) O-FFṁ2; (C) O-FFṁ3 and (D)	O-FFṁ4. 
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Figure 14 shows the hourly variation of the thermal absorption efficiency (hTA) and 

heat transfer efficiency (hHT) for O-FFṁ1, O-FFṁ2, O-FFṁ3 and (D)	O-FFṁ4. The maximum 

values of hHT were obtained at times of higher solar incidence, while a greater hourly variation 

was observed for hTA. For both cases, the thermal absorption efficiency is lower than the heat 

transfer efficiency along the day. It is also observed that the lowest efficiencies are obtained 

after 15:00 hours. The mean values of hTA and hHT were 36.6% and 59.7% for O-FFṁ1, 25.2% 

and 47.9% for O-FFṁ2, 25.7% and 48.5% for O-FFṁ3, and 24.9% and 44.7% for O-FFṁ4, 

respectively. Thus, the lower mass flowrate provided a more effective thermal absorption of the 

available solar energy and a better condition for the heat transfer between the FF and the HTF.  

 

 

Fig. 14. Hourly variation of thermal absorption efficiency (hTA) and heat transfer efficiency 

(hHT) for O-FFṁ1, O-FFṁ2, O-FFṁ3 and 	O-FFṁ4. 

 

3.4. Economic analysis 

 
Prior to calculating the levelized cost of heat (LCOH) for the collector, it is first 

necessary to ascertain the capital cost of its components. This parameter was calculated 

considering the total cost required to manufacture the CPC. The cc obtained was 250.4 $ m-2 for 

the cases W-FFṁ1, A-FFṁ1 and 263.9 $ m-2 for the other cases (Table 2). This difference is 

explained by the additional value of the thermal oil used as FF in the cases that presented higher 

Cc.  
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Table 2. Compound parabolic collector components cost 

Material Cost ($ m-2) 

Evacuated tube 58 mm×1800 mm 49.91 

Copper tube 3/8"×1000 mm 33.09 

Stainless steel sheets 2000×1200×0.6 mm 72.73 

Wooden board 20×150×1700 mm 27.15 

Wood varnish 900 mL 3.37 

Brass Fittings 3/8" and 1/2" 23.26 

80L reservoir 5.35 

200L reservoir 8.91 

Glass wool 25×500×1000 mm 4.01 

Aluminized self-adhesive blanket  13.22 

Thermal oil (kg) 13.48 

Screws, sandpaper, adhesive sealant, sealing rubbers and others 9.38 

Total Cost (W-FFṁ1	and A-FFṁ1) 250.38 

Total Cost (O-FFṁ1, O-FFṁ2, O-FFṁ3 and	O-FFṁ4) 263.86 

* Dollar quoted on October 19th, 2022 (US$ 1.00 = R$ 5.28) 

 

The LCOH and SPP of the proposed CPC were calculated as described in Eqs. 18 to 

20 and are presented in Table 3, as well as the parameters used for their calculation. The LCOH 

values ranged from 0.034 to 0.053 $ kWh-1. These values are close to those found for other 

CPCs available in the literature, such as 0.029 $ kWh-1 (Bhusal et al., 2020) and 0.028 – 0.039 

$ kWh-1 (Widyolar et al., 2021). Among the cases under investigation, O-FFṁ1 had the lowest 

LCOH, while O-FFṁ4 presented the highest. This is related to the higher annual production of 

useful thermal energy obtained by O-FFṁ1. The SPP is used to analyze the duration of the CPC 

capital recovery, but this metric does not consider the time value of money. The highest and the 

lowest SPP values were 4.4 and 2.8 years for O-FFṁ1 and O-FFṁ4, respectively. Interestingly, 

the SPP found in this study were considerably lower than their useful life, which favors the 

viability of the investment.  
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Table 3. Leveled heat cost (LCOH) and simple payback period (SPP) for the proposed CPC 

Cases 
cc 

($ m-2) 

cOEM 

($ m-2) 
CRF 

IS 

(kWh m-2 year-1) 

UEA  

(kWh m-2) 

LCOH            

($ kWh-1) 

SPP 

(years) W-FFṁ1 250.38 

5.00 0.078 1846.00 

585.79 0.042 3.493 A-FFṁ1 250.38 573.53 0.043 3.568 O-FFṁ1 263.86 760.32 0.034 2.833 O-FFṁ2 263.86 498.07 0.051 4.325 O-FFṁ3 263.86 511.24 0.050 4.214 O-FFṁ4 263.86 485.22 0.053 4.440 
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4. CONCLUSION 

 
This study investigated the influence of using different evacuated tube filling fluids 

(FF) on the thermal performance of a U-tube compound parabolic collector (CPC). The 

collector was designed, built and evaluated by a set of experimental trials. Three FF of the 

evacuated tube (water, air and thermal oil) and four mass flowrates (0.007, 0.009, 0.014, and 

0.021 kg s-1) were evaluated. A detailed energy analysis was performed for the evaluated cases, 

as well as an economic analysis. The main conclusions about the obtained results are 

summarized below: 

• The highest temperature gains occurred at noon, correlated with maximum solar radia-

tion. Air as the FF led to the highest temperature, followed by oil and water. Elevated 

HTF mass flowrate notably reduced temperature gain. 

• The type of FF significantly impacts the thermal performance of the CPC, with thermal 

oil resulting in about 30.0% and 32.5% higher thermal efficiency than water and air, 

respectively. Higher flow rates, however, decrease the thermal efficiency of the CPC by 

up to 36.2%. 

• For all evaluated hours, thermal oil proved optimal for solar energy absorption, partic-

ularly during periods of lower solar incidence, efficiently transferring energy to the 

HTF.  

• Although air showed the highest values of heat transfer efficiency, its useful energy 

absorption for this configuration remained low. Additionally, there was a reduction in 

the amount of energy absorbed by the HTF with increasing mass flowrate. 

• The lowest values of Levelized Cost of Heat (LCOH) and Simple Payback Period (SPP) 

were observed in the collector configuration using thermal oil as the filling fluid and 

with the lowest HTF mass flowrate, indicating that this was the best configuration in 

economic terms. 
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CHAPTER 3 

 

OPTIMIZING PERFORMANCE OF A MULTILAYERED SENSIBLE HEAT 

PACKED BED THERMAL STORAGE SYSTEM WITH VARIABLE PARTICLE 

DIAMETER 

 

Abstract: Packed bed thermal energy storage (PBTES) is crucial for increasing the reliability 

of solar thermal systems. The use of multilayered PBTES with variable particle diameter has 

been investigated to improve the performance of these systems. However, the impact of 

employing these combined techniques in sensible heat storage has not been reported yet. This 

study aimed to numerically explore the impact of employing variable diameter on the thermal 

performance of a multilayer sensible heat PBTES. Furthermore, a sensitivity analysis of 

different correlations for the heat transfer coefficient and effective thermal conductivity of the 

bed was conducted to obtain a more accurate model. Energy and exergy efficiency of the 

system, thermocline thickness, and MIX number were used as parameters for this evaluation. 

The use of materials with lower thermal conductivity resulted in an increase in the temperature 

difference between the heat transfer fluid and the solid material. The effective charge and 

discharge times varied between 2.07 and 2.2 hours. The multilayer configuration had a greater 

influence on the charge and discharge times, as well as on the stored (QC) and released (QD) 

heat, compared to the particle diameter. Generally,  case 6 for charging and case 9 for 

discharging showed the best performances in terms of thermal stratification. These cases have 

the same configuration regarding the HTF inlet, where the multilayers were arranged in 

ascending order, considering both the thermal properties of the materials and the particle 

diameters. Case 9 presented the highest values for QC (27.2 MJ), charge efficiency (87.5%), 

discharge efficiency (80.5%), and exergy efficiency (70.5%). These values are 7.7%, 9.5%, 

4.0%, and 13.9% higher than those observed for the reference treatment (case 1), respectively. 

Cases 6 for charging and 9 for discharging provided lower temperature gradients in the PBTES 

and generally had the lowest values for thermocline thickness. It was also observed that for 

these cases, the MIX number remains below 0.5 for approximately 43% of the total charge and 

discharge time. The combined results indicate that these cases provide better thermal 

stratification and, therefore, improve heat transfer in the PBTES. 

 

Keywords: Energy and exergy efficiencies. Multilayer PBTES. Sensibility analysis. Thermal 

stratification. Thermocline. 



107 

 

 

Greek letters 

r – Density, kg m-3; 

δ – Thermocline, m; 

e – Bed porosity;  

h – Efficiency, %; 

µ – Dynamic viscosity, kg m-1 s-1; 

 

Symbols list 	𝑔}}}⃗  – Gravitational acceleration vector, m s-2; 	𝑢}}}⃗  – Superficial velocity vector, m s-1; 𝑚̇ – Mass flow rate, kg s-1;  

A – Area (specific surface), m-1; 

Cp – Specific heat, kJ kg-1 K-1; 

D – Diameter of the PBTES, m; 

d – Diameter, m; 

EM – Energy moment, J m;  

H – Total height of the PBTES, m; 

h – Heat transfer coefficient, W m-2 K-1; 

k – Thermal conductivity, W m-1 K-1; 

M – Storage materials; 

P – Static pressure, Pa; 

Pr – Prandtl number; 

Q – Thermal energy stored or released during the process, J;  

Re – Reynolds number; 

T – Temperature, ºC;  

t – Effective time, s; 

V – Volume, m3; 

x – Height of the considered point, m;  

y – Axial position in the PBTES, m; 

 

Subscripts 

d – From the center of the thermocline to the bottom of the reservoir; 

amb – Ambient; 

C – Charging; 

C,cut – Charging cut-off; 
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cold – Lowest observed in the layer / cold layer; 

D – Discharging; 

D,cut – Discharging cut-off; 

eff,f – Effective of fluid; 

eff,s – Effective of solid; 

ex – Exergy; 

exp – Experimental reservoir; 

f – Fluid; 

f,in – Fluid inlet; 

f,out – Fluid outlet; 

fs – Interstitial; 

hot – Highest observed in the layer / hot layer; 

i – Of each layer; 

ib – From the center of the layer to the bottom of the reservoir 

L – Layer; 

lo – Lower critical limit of the thermocline region (TD + 5 ºC); 

mix – Completely mixed reservoir; 

p – Particle; 

s,c – Concrete; 

s,i – Cast iron; 

s,q – Quartzite rock; 

sf – Specific surface; 

str – Fully stratified reservoir; 

T – Thickness; 

up – Upper critical limit of the thermocline region (TC – 5 ºC); 
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1. INTRODUCTION 

 
The global energy scenario is transitioning towards energy production independent of 

the use of fossil fuels. Using renewable and sustainable energy sources (such as solar energy) 

is critical to achieving this goal. The unstable nature and temporal intermittency associated with 

this source type cause an imbalance between energy availability and demand. This fact is the 

main obstacle to its consolidation (Chen et al., 2023). The primary efforts to improve the 

reliability of solar systems must focus on improving their ability to supply energy demand for 

considerable periods. This fact is emphasized by the major reports addressing renewable 

energies published over the years (IEA, 2010; SunShot, 2012; Mehos et al., 2017). 

Consequently, thermal energy storage (TES) systems have become crucial in bridging the gap 

between energy generation and consumption. 

The packed bed thermal energy storage (PBTES) consists of an insulated reservoir 

filled with a solid material, in which heat transfer occurs directly between the heat transfer fluid 

(HTF) and the thermal storage medium (Palomba and Frazzica, 2022). Sensible heat storage in 

PBTES is a mature and mechanically stable technique that is widely accessible. It is also more 

economically viable compared to latent heat storage.  Furthermore, this system can be used over 

a wide temperature range and integrated into different thermal operations. In these systems, 

thermal energy is stored by increasing the temperature of the material (Alptekin and Ezan, 

2020). Consequently, the thermo-physical properties of the materials directly affect their 

thermal performance. These properties relate to the stored and extracted energy density and the 

heat transfer efficiency (Seyitini et al., 2023). In addition to the thermophysical parameters, 

there are geometric parameters that affect the available heat exchange area and flow resistance. 

Furthermore, operational parameters such as operating temperature, fluid mass flow rate, and 

bed porosity should also be emphasized (Gautam and Saini, 2020). Understanding and 

optimizing these parameters and their interactions are vital to achieving increasingly efficient 

and viable PBTES systems. 

Over the years, several researchers have evaluated the influence of different 

parameters and control strategies on the performance of PBTES, mainly related to its 

stratification, storage capacity, and effective heat transfer. Lugolole et al. (2018) assessed the 

effect of two particle diameters (10.5 mm and 31.9 mm) on the thermal performance of PBTES 

during charging cycles. The results showed that the bed with a smaller diameter exhibited 

higher energy and exergy rates. Elsihy et al. (2021) conducted a study using modeling and 

simulation to investigate the thermocline characteristics and discharge performance of a molten 
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salt PBTES. Three different materials, namely quartzite rock, slag pebbles, and alumina 

ceramic, were compared, and the effects of HTF inlet flow rate and particle diameter were 

evaluated. The authors found that the particle size and material properties primarily affect the 

temperature stability during discharge. Other materials have also been studied as storage media 

in PBTES, such as demolition waste (Kocak and Paksoy, 2020), recycled ceramics (Al-Azawii 

et al., 2021), sintered ore, alumina oxide, and crushed rock (Zhou et al., 2022). 

The use of PBTES in a multilayer or cascade arrangement has proven to be an effective 

strategy for optimizing these systems. This approach involves using different materials in 

alternating layers within a single reservoir. Li et al. (2018a) compared the thermal performance 

of a single-layer packed bed tank (SLPBTT) with a multilayer packed bed tank (MLPBTT). 

Three layers filled with different materials were used. The authors concluded that using 

MLPBTT enabled an improvement of approximately 10.5% in the stored useful energy with a 

slight decrease in thermal efficiency (2.1%) compared to SLPBTT. Türkakar (2021) analyzed 

the performance of a PBTES composed of three layers of different materials. The materials 

were arranged according to their heat capacity. The multilayer configuration improved the 

thermal energy storage and stratification level by approximately 85% and 135%, respectively. 

The effect of using layers with different particle diameters of a single material was also studied. 

Li et al. (2018b) evaluated the performance of a high-temperature PBTES with two layers and 

variable diameter. The maximum charging rate was improved by up to 12.4%, and the density 

increased by 13% using a two-layer PBTES. Additionally, the combined effect of multilayer 

PBTES with different materials containing particles with varying diameters has recently been 

reported for latent heat storage with phase change materials (Zhu et al., 2021; Liu et al., 2023; 

Mao and Cao, 2023). Overall, the results indicate that using multilayer PBTES with variable 

diameter particles improves the performance of these systems, and an ideal combination can be 

achieved through optimization studies. 

Due to the complexity of the mechanisms involved in the operation of PBTES and the 

high cost and time associated with experimental evaluation, a significant portion of the studies 

available in the literature uses numerical modeling as an effective analysis tool. The 

computational fluid dynamics (CFD) method has been employed to design and assess various 

types of systems. This method provides opportunities to investigate various phenomena and 

their combined implications from a comprehensive and detailed perspective, enabling efficient 

optimization (Chekifi and Boukraa, 2023). In PBTES, heat transfer can occur simultaneously 

through different mechanisms (conduction, convection, and radiation), which makes precise 

modeling challenging. The main parameters used to represent these complex heat exchange 
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phenomena are the interstitial heat transfer coefficient between the fluid and the solid (hfs) and 

the effective thermal conductivities of the fluid (keff,f) and the solid (keff,s) (Palomba and 

Frazzica, 2022). Over the years, numerous correlations have been proposed for calculating these 

parameters based on experimental results (Días-Heras et al., 2020; Calderón-Vásquez et al., 

2021). However, there is limited information regarding the effect of using different correlations 

on the predicted performance. Understanding and properly utilizing these predicted parameters 

are essential to ensure the accuracy and reliability of the results. 

The sensible heat PBTES is a highly researched alternative to overcome the challenges 

imposed by the instability of solar energy caused by its temporal intermittency. Numerous 

parameters and strategies have been investigated to enhance the efficiency of these systems. 

The utilization of multilayered PBTES with particles of different diameters has shown 

promising results. These techniques enable the optimization of effective thermal properties, 

available surface area for heat exchange, and bed storage capacity. As demonstrated in the 

literature review, the beneficial effect of multilayered PBTES combined with particles of 

varying diameters has already been substantiated for latent heat storage. However, despite its 

benefits, studies evaluating the effect of using these combined techniques in sensible heat 

storage are still scarce. In our perspective, this study is the first in the literature to investigate 

the effect of varying diameters on the thermal performance of a multilayered sensible heat 

PBTES. First and second law efficiencies, thermocline thickness, and MIX number were 

utilized to assess the performance of the studied cases during the charging and discharging 

processes. Additionally, a sensitivity analysis of different correlations for the heat transfer 

coefficient and effective thermal conductivity of the bed is also reported. It is important to 

remark that, this analysis is commonly overlooked in most studies. 

 

2. MODEL DESCRIPTION 

2.1. Physical model 

 
The physical model and operation of a typical PBTES are presented in Fig. 1. The 

studied PBTES consists of an isolated and vertically positioned cylindrical reservoir. This 

reservoir is filled with sensible heat storage materials that form the packed bed. Distributors are 

placed adjacent to the inlet and outlet of the reservoir to ensure uniform HTF flow. During the 

charging process, the heated HTF flows from the top of the reservoir to the bottom, transferring 

heat to the storage material. Conversely, during the discharging process, the flow direction is 
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reversed. Thus, the cold HTF flows from the bottom of the reservoir to the top and is heated by 

the thermal energy stored in the solid material. 

 

 

Fig. 1. Schematic diagram of a typical packed bed thermal energy storage (PBTES) system. 

 

In this study, a comprehensive investigation was conducted on the performance of a 

sensible heat PBTES. The effect of using different materials in multilayers was evaluated. The 

variation in particle diameter and the interaction between these factors were also considered. In 

total, 9 cases were investigated, namely: single-layer PBTES with a fixed particle diameter 

(case 1), single storage material PBTES with variable particle diameter layers (cases 2 and 3), 

multilayer PBTES with a fixed material and particle diameter (cases 4 and 5), and multilayer 

PBTES with variable materials and particle diameters (cases 6 to 9). Fig. 2 provides a detailed 

overview of the different cases and their configurations. The storage materials were arranged 

in the multilayer cases based on their volumetric heat capacity, either in ascending or 

descending order. The particle diameters were also similarly ordered. It is worth noting that the 

diameters were the same within each layer, although they could vary among different layers. 
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Fig. 2. Detailed diagram of parameters and configurations evaluated. 
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The PBTES had a fixed height (H) and diameter (D) for all the evaluated cases. In the 

multilayer cases, each layer had the same height (HL). Three particle diameters (dp1, dp2, and 

dp3) and three storage materials (M1, M2, and M3) were investigated in the packed bed. 

According to Martí et al. (2018), the chosen diameter values are within the range that provides 

the highest efficiency for PBTES. Concrete, quartzite rock, and cast iron were evaluated as 

sensible heat storage materials. These materials were selected due to their properties, 

availability, and cost. Table 1 presents the main geometric and operational parameters and the 

thermophysical properties of the sensible heat storage materials (Calderón-Vásquez et al., 

2021). In this study, the temperature difference for the charging and discharging processes is 

defined as 30% of (TC - TD) (Ma et al., 2021). This value sets the limit for the cut-off temperature 

for charging (TC,cut) and discharging(TD,cut). 
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Table 1. Geometric, operational, and thermophysical parameters of sensible heat storage 

materials 

Geometric parameters 

Especifications Symbol Value  Unit 

Packed bed height H 1.2 m 

PBTES diameter  D 0.3 m 

Layer height in the bed  HL1, HL2 e HL3 0.4 m 

Particle diameters  

dp1 0.02 

m dp2 0.03 

dp3 0.04 

Operational parameters 

Charging temperature TC 130 °C 

Discharging temperature TD 25 °C 

Ambient temperature Tamb 25 °C 

Cut-off temperature for charging TC,cut 98.5 °C 

Cut-off temperature for discharging TD,cut 56.5 °C 

HTF mass flowrate ṁ 0.02 kg s-1 

Thermophysical properties 

Concrete (M1) 

Density  rs,c 2750 kg m-3 

Specific heat  Cps,c 916 J kg-1 K-1 

Thermal conductivity  ks,c 1.0 W m-1 K-1 

Volumetric heat capacity  rCps,c 2516 kJ m-3 K-1 

Quartzite rock (M2) 

Density  rs,q 2570 kg m-3 

Specific heat  Cps,q 1185 J kg-1 K-1 

Thermal conductivity  ks,q 3.5 W m-1 K-1 

Volumetric heat capacity  rCps,q 3046 kJ m-3 K-1 

Cast iron (M3) 

Density  rs,i 7200 kg m-3 

Specific heat  Cps,i 560 J kg-1 K-1 

Thermal conductivity  ks,i 37 W m-1 K-1 

Volumetric heat capacity  rCps,i 4032 kJ m-3 K-1 
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The synthetic thermal oil Therminol 66 was used as the HTF in all evaluations. The 

density (ρf), specific heat (Cpf), and thermal conductivity (kf) of Therminol 66 vary with 

temperature, as shown in Eqs. 1 to 3, respectively (Kocak et al., 2020). 

 𝜌) = −0.614254𝑇 − 0.000321𝑇> + 1020.62 (1) 

𝐶𝑝) = 0.003313𝑇 − 0.00000008970785𝑇> + 1.496005 (2) 

𝑘) = −0.000033𝑇 − 0.00000015𝑇> + 0.118294 (3) 

 

2.2. Mathematical model 

 
In this study, a transient, continuous solid phase, and local thermal non-equilibrium 

model (LTNE) was implemented to analyze the performance of the proposed PBTES. This 

model considers the packed bed as a continuous porous medium rather than a medium 

composed of individual particles. The model was developed considering real operating 

conditions, and several appropriate assumptions were addressed: 

 

(1) The flow is laminar, incompressible, and uniform at the inlet and outlet of the PBTES. 

(2) The packed bed is considered a homogeneous and continuous porous medium. 

(3) There is no heat exchange between the PBTES and the surroundings. 

(4) Heat transfer occurs only in the axial direction. 

(5) The properties of the HTF vary with temperature, while the properties of the solid ma-

terials are constant. 

(6) Radiative heat transfer is neglected. 

 

Considering the assumptions (1) to (6), the governing equations of the continuous solid 

phase model are described as follows. The continuity and momentum equations can be 

expressed as Eqs. 4 and 5, respectively. The permeability (σ) and inertial coefficient (CF) are 

used to calculate the pressure drop across the porous bed, according to Eqs. 6 and 7 (Ergun, 

1952).  
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		𝜕v𝜀	𝜌)w𝜕𝑡 	+ 	𝛻	 ∙ 	v	𝜌)	𝑢}}}⃗ w 	= 	0 (4) 

𝜕𝜕𝑡 	v𝜌)𝑢}⃗ w 	+ 	𝛻	v𝜌)	𝑢}}}⃗ 	𝑢}}}⃗ w = −	𝛻	𝑃 + 𝜇)𝛻>	𝑢}}}⃗ + 	𝜌)	𝑔}}}⃗ 	− [𝜇)𝜎 +	𝐶. 12	𝜌)	|	𝑢}}}⃗ |	^ 	𝑢}}}⃗  (5) 

𝜎	 = 	 𝜀A(1	 − 	𝜀)> 	 𝑑6>150 (6) 

𝐶. 	= 	 3.5𝑑6 	(1	 − 	𝜀)𝜀A  (7) 

 

In the LTNE model, the energy equations are solved separately for each phase. These 

equations are coupled using a heat source term defined by the volumetric interstitial heat 

transfer rate. The energy conservation equations for the fluid and solid phases were described 

in Eqs. 8 and 9, respectively. 

 

𝜀	𝜌)	𝐶6)	 𝜕𝑇)𝜕𝑡 		+ 	𝜌)	𝐶6)	𝑢	𝛻	𝑇) = 		𝛻	v𝑘+)),)	𝛻	𝑇)	w +	ℎ)(	𝐴)(	v	𝑇( 	− 	𝑇)w (8) 

(1	 − 	𝜀)	𝜌(	𝐶6(	 𝜕𝑇(𝜕𝑡 		= 		𝛻	v𝑘+)),(	𝛻	𝑇(	w 	+ 	ℎ)(	𝐴)(	v	𝑇) 	− 	𝑇(w (9) 

  

The specific surface area (Asf) is defined as the surface area of the solid phase per unit 

volume of the bed and was described in Eq. 10. The model also considers the variation of the 

porosity of the packed bed (ε) as a function of the reservoir diameter (D) and the particle 

diameter (dp). The correlation proposed by Dixon (1988) is used for this purpose (Eq. 11).  The 

dimensionless Reynolds number of the particle (Rep) and the Prandtl number (Pr) were defined 

in Eqs. 12 and 13, respectively. 

 

𝐴)(	 =	𝐴(,5"5𝑉3 	= 6(1 − 𝜀)𝑑6 	 (10) 

𝜀	 = 		0.4 + 	0.05 [𝑑6𝐷 ^ + 	0.412 [𝑑6𝐷 ^> (11) 

	𝑅𝑒6 = 	𝜌)	𝑢	𝑑6	𝜇)  (12) 
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𝑃𝑟 = 𝐶6)	𝜇)𝑘)  (13) 

 

In this study, a sensitivity analysis was performed to evaluate the impact of different 

correlations on the interstitial heat transfer coefficient between the fluid and solid (hfs) and the 

effective thermal conductivities (keff,f and keff,s) on the predicted performance using the 

implemented model. The correlations evaluated for calculating hfs and keff can be observed in 

Eqs. 14 to 18 and Eqs. 19 to 23, respectively (Xu et al., 2012; Calderón-Vásquez et al., 2021). 

 

ℎ)((𝐶2) = 𝑘)	𝑑6	 	[2 + 1.8	𝑅𝑒62>𝑃𝑟2A	^ (14) 

ℎ)((𝐶>) = 𝑘)	𝑑6	 	[3.22	𝑅𝑒62A𝑃𝑟2A + 0.117	𝑅𝑒60.X𝑃𝑟0.Y	^ (15) 

ℎ)((𝐶A) = s 𝑑6	𝜀0.2555	𝑅𝑒6>A𝑃𝑟2A𝑘)	 +
𝑑6	10𝑘(		t

L2

 (16) 

ℎ)((𝐶Y) = 𝑘)	𝑑6	 	[2 + 1.1	𝑅𝑒60.Z𝑃𝑟2A	^ (17) 

ℎ)((𝐶[) = 𝑘)	𝑑6	 	[𝑎𝑏 + (1.33 − 2.4	𝜀 + 	1.2𝜀>)	𝑅𝑒60.\𝑃𝑟2A^ 

                  where   𝑎 = (7 − 10𝜀+5𝜀>),      𝑏 = (1 + 0.7𝑅𝑒60.>𝑃𝑟 	) 
(18) 
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	𝑘+))(𝐶2) = �	𝑘+)),' = 𝜀𝑘)																				𝑘+)),( = (1 − 𝜀)	𝑘(	 (19) 

	𝑘+))(𝐶>) = ⎩⎪⎨
⎪⎧ 𝑘+)),) �0.7𝜀𝑘) ,																				𝑅𝑒6 < 0.8																																																																																																																																															0.5𝑅𝑒6𝑃𝑟𝑘) ,									𝑅𝑒6 > 0.8																																																																																																																																															
	𝑘+)),( = 𝑘+)),5−	𝑘+)),) ,			𝑤ℎ𝑒𝑟𝑒		𝑘+)),5 = 𝑘) �𝑘(𝑘)�

; + 0.5𝑅 6𝑃𝑟𝑘) ,			𝑚 = 0.28 − 0.757 log 𝜀 − 0.057 log�𝑘(𝑘)�			
 (20) 

	𝑘!""(𝐶#)=
⎩⎪⎨
⎪⎧	𝑘!"",%=𝜀𝑘𝑓																																																																																																																																																																																																																																																																								𝑘!"",&=𝑘& ,3(1 − 𝜀')3.6	𝑥	10() 59.8𝑑*2 9(# 10.531𝑑* + 𝑘" ;1 − √1 − 𝜀 +	2√1 − 𝜀1 − 𝑎𝐵 	?	 (1 − 𝑎)𝐵(1 − 𝑎𝐵)' ln B 1𝑎𝐵C − 𝐵 + 12 − 𝐵 − 11 − 𝑎𝐵DE , 𝑤ℎ𝑒𝑟𝑒	𝑎=𝑘"𝑘& , 𝐵=1.25,(1 − 𝜀)𝜀 9()+ 	 (21) 

	𝑘+))(𝐶Y) =
⎩⎪⎪
⎨
⎪⎪⎧	𝑘+)),) = 𝜌𝑐6,)|𝑢}⃗ |𝑑6 � 0.73𝑅𝑒6𝑃𝑟 + 0.51 + 9.7𝑅𝑒6𝑃𝑟�																																																																																																																																								
	𝑘+)),( = 𝑘) �1 − √1 − 𝜀 +	2√1 − 𝜀1 − 𝑎𝐵 	Z	 (1 − 𝑎)𝐵(1 − 𝑎𝐵)> ln [ 1𝑎𝐵^ − 𝐵 + 12 − 𝐵 − 11 − 𝑎𝐵`¡ , 𝑤ℎ𝑒𝑟𝑒	𝑎 = 𝑘)𝑘( , 𝐵 = 1.25 �(1 − 𝜀)𝜀 �20^ 	

 (22) 

	𝑘+))(𝐶[) =
⎩⎪⎪
⎨
⎪⎪⎧	𝑘+)),) = 𝑘)

⎝
⎜⎜⎜
⎛1 + 2[ 𝑘( − 𝑘)𝑘( + 2𝑘)^ (1 − 𝜀) + s2[ 𝑘( − 𝑘)𝑘( + 2𝑘)^A − 0.1 [ 𝑘( − 𝑘)𝑘( + 2𝑘)^t (1 − 𝜀)> + (1 − 𝜀)A0.05𝑒𝑥𝑝 [4.5 𝑘( − 𝑘)𝑘( + 2𝑘)^

1 − [ 𝑘( − 𝑘)𝑘( + 2𝑘)^ (1 − 𝜀) ⎠
⎟⎟⎟
⎞		

	𝑘+)),( = 𝑘(																																																																																																																																																																																																																		
 (23) 

 



120 

 

 

2.3. Performance indicators 

 
The thermal energy stored during the charging process (QC) is the total thermal energy 

stored during the effective charging time (tC). Similarly, the thermal energy released during the 

discharging process (QD) is the total thermal energy released during the effective discharging 

time (tD). The parameters QC and QD were calculated according to Eqs. 24 and 25, respectively 

(Li et al., 2018a). 

 

𝑄S	 =	h 𝑚̇	𝐶6)v	𝑇),%# 	− 	𝑇),"*5w	𝑑𝑡5_5

0
	 (24) 

𝑄`	 =	h 𝑚̇	𝐶6)v	𝑇),"*5 	− 	𝑇),%#w	𝑑𝑡5_5

0
 (25) 

 

The parameter tC is defined as the time when the outlet temperature is lower than the 

cut-off temperature for charging (TC,cut). Similarly, tD is defined as the time when the outlet 

temperature is higher than the cut-off temperature for discharging (TD,cut). The charging and 

discharging efficiencies (ηC and ηD) were calculated according to Eqs. 26 and 27, respectively, 

while the overall system efficiency (η) was calculated according to Eq. 28 (Mao and Cao, 2023). 

 

𝜂S	 =	�	𝑇),%# 	− 	𝑇),"*5	𝑇),%# 	− 	𝑇%#% �	 (26) 

𝜂`	 =	�	𝑇),"*5 	− 	𝑇),%#	𝑇%#% 	− 	𝑇),%# � (27) 

𝜂 = 	𝜂S	𝜂`	 (28) 

 

The second law efficiency or exergy efficiency (ηex) of the PBTES can be determined 

by considering the maximum theoretical rate of work generated during the discharge, which is 

the exergy recovered in the discharging process, divided by the total exergetic content supplied 

during the charging process. This parameter was calculated as presented in Eqs. 29 to 31, 

respectively (Mao and Cao, 2023). 

 

𝜂+a	 =	 𝐸a,-+!𝐸a,(*6	 (29) 
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𝐸a,-+! =	h Z𝑚̇	𝐶6) �𝑇),"*5 −	𝑇),%# − 𝑇9 ln �𝑇),"*5	𝑇),%# ��` 	𝑑𝑡5_5

0
 (30) 

𝐸a,(*6 =	h Z𝑚̇	𝐶6) �𝑇),%# − 𝑇),"*5 	− 𝑇9 ln � 𝑇),%#𝑇),"*5��` 	𝑑𝑡5_5

0
 (31) 

 

The thermocline thickness (δT) is a measure that describes the temperature transition 

region in a PBTES. This region is characterized by an abrupt change in the temperature of the 

fluid in the bed, indicating the presence of a thermally stratified layer. This study calculated the 

thermocline thickness according to Eq. 32 (Li et al., 2018a).  

 

𝛿P	 =	© 𝑦v𝑇*6w − 0,																𝑇%# > 𝑇'"																																	𝑦v𝑇*6w − 	𝑦(𝑇'"),						𝑇%# ≤ 𝑇'"	𝑎𝑛𝑑			𝑇"*5 ≥ 𝑇*6	𝐻 − 	𝑦(𝑇'"),																𝑇"*5 < 𝑇*6																																 (32) 

 

The MIX number is a parameter that describes the thermal stratification of the PBTES 

at a specific point in time. Its value can range from 0 to 1, where 0 represents a fully stratified 

theoretical reservoir, and 1 represents a completely mixed reservoir. Equation 33 describes the 

calculation performed to evaluate the MIX number of the studied systems. The experimental 

energy moment (Mexp) was calculated according to Eqs. 34 and 35, the energy moment of the 

fully stratified reservoir (Mstr) according to Eqs. 36 to 39, and the energy moment of the 

completely mixed reservoir (Mmix) according to Eqs. 40 and 41 (Liu et al., 2023). 

 

𝑀𝐼𝑋 = 	𝑀(5- −	𝑀+a6𝑀(5- −	𝑀;%a
	 (33) 

𝐸𝑀+a6 =	/ 𝑦%3#

%12
	𝐸% (34) 

𝐸% =	𝜌)	𝐶6,)	𝑇% 	𝑉% (35) 

𝐸𝑀(5- =	/ 𝑦%3#

%12
	𝐸(5-,% (36) 

𝐸(5- =	𝜌)	𝐶6,)	𝑇&"5	𝑉&"5 +	𝜌)	𝐶6,)	𝑇!"'7 	𝑉!"'7 (37) 𝑉P =	𝑉&"5 +	𝑉!"'7 	 (38) 

𝑉!"'7 = 	𝜋	 𝐷>4 	𝑦b (39) 

𝐸𝑀;%a =	/ 𝑦%3#

%12
	𝐸;%a,% (40) 
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𝐸;%a =	𝜌)	𝐶6,)	𝑇;%a	𝑉% (41) 

 

The observed deviation between simulated results and experimental data was 

evaluated using the mean absolute percentage error (MAPE). This parameter was calculated 

according to Eq. 42. The dimensionless charging and discharging time (t*) and the 

dimensionless height of the PBTES (h*) were obtained according to Eqs. 43 and 44, 

respectively. 

 

𝑀𝐴𝑃𝐸 = 1𝑛/ ¬𝑇( − 𝑇+𝑇+ ¬#

%12
		 (42) 

𝑡∗ = 𝑡𝑡S
`

		 (43) 

ℎ∗ = 𝑥𝐻		 (44) 

 

2.4. Numerical method and mesh independence test 

 
The governing equations were solved using the finite volume method in Ansys Fluent 

software version 23.1. The coupling between pressure and velocity was resolved using the 

SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm. The energy and 

momentum equations were discretized using the second-order upwind scheme. A time step of 

1s and a maximum of 20 iterations per interval were used for the simulation. The convergence 

criterion for the continuity and momentum equations in each time interval was a root mean 

square residue (RMS) lower than 10-4, while for the energy equation was RMS lower than         

10-6. 

In this study, a mesh consisting of hexahedral cells was used for the discretize the 

computational domain (Fig. 3A). Mesh independence tests were performed to assess the quality 

and accuracy of the mesh, ensuring the independence of the results from spatial discretization 

errors. For this purpose, successive refinements in the mesh were performed, and the variation 

of fluid temperature at a central point in the PBTES was monitored and compared. The results 

of the mesh independence test are shown in Figure 3B. It can be observed that the numerical 

results converge to a stable value as the mesh resolution increases. Once the number of grids 

reaches 10187, further refinement has no significant influence on the simulation results. 

Therefore, considering the calculation accuracy and simulation time, mesh with 10187 cells 

was used for subsequent simulations. 
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Fig. 3.  (A) Distribution of cells in the selected mesh for the computational domain, and (B) 

mesh independence test. 

 

3. SENSITIVITY ANALYSIS AND MODEL VALIDATION 

 
The experimental data from Kocak and Paksoy (2020) were used in the sensitivity 

analysis and validation of the model developed in this study. The authors evaluated the 

performance of a sensible heat PBTES using a new material for heat storage during the charging 

and discharging process. The experimental system consisted of an insulated PBTES with a 

height of 0.9 m and a diameter of 0.3 m. Thermal oil was used as the heat transfer fluid (HTF), 

and demolition waste particles with a diameter of 0.01 m were used as the storage medium. The 

charging and discharging temperatures and the HTF inlet velocity were set to 150 °C, 24 °C, 

and 0.00095 m s-1, respectively. Further details for the experimental conditions can be found in 

Kocak and Paksoy (2020). 

The effect of using different correlations for hfs and keff on the simulated temperature 

profiles of the storage material during the charging process can be observed in Fig. 4. The 

experimental temperature profile obtained by Kocak and Paksoy (2020), as well as the MAPE 

values, are also presented. It can be observed that the temperatures simulated by the keff(C2) and 

keff(C4) models experience a rapid increase between 0.1 and 0.3 of h* followed by stabilization. 

This behavior occurs for all hfs, except for hfs(C3). For the other keff models, temperatures 

gradually increase along the height of the PBTES for all evaluated hfs models. Among the 

different hfs models, correlation C4 shows the most considerable deviations between simulated 
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and experimental values for almost all keff models (Fig.  4D). Among the keff models, the highest 

MAPE values were observed for correlations C2 and C4. The MAPE values ranged between 

3.1% and 11.3% for the intrinsic thermal conductivities of the materials (kf, ks), 3.3% and 18.0% 

for keff(C1), 2.4% and 24.5% for keff(C2), 3.6% and 21.9% for keff(C3), 3.1% to 24.6% for 

keff(C4), and 4.0% and 7.4% for keff(C5). The simulated temperature profile that most accurately 

represented the experimental thermal behavior was obtained by combining hfs(C3) and keff(C2). 

It should also be noted that, except for hfs(C3), the use of keff correlations decreases the accuracy 

of the models. This fact is supported by the lower MAPE values obtained for the models that 

use the intrinsic thermal conductivities of the materials (kf, ks).  Furthermore, the results 

obtained confirm that the type of correlation used to calculate hfs and keff significantly affect the 

model performance. This highlights the importance of such analyses in numerical simulation 

studies. 



125 

 

 

 

Fig. 4. Experimental temperature of the storage material, simulated temperatures, and MAPE 

for different keff correlations along the PBTES during the charging process for (A) hfs(C1), (B) 

hfs(C2), (C) hfs(C3), (D) hfs(C4), and (E) hfs(C5). 

 

As presented in the sensitivity analysis, using the third correlation (C3) for calculating 

hfs (Eq. 16) and the second correlation (C2) for calculating keff,f and keff,s (Eq. 20) provided the 

lowest MAPE value among all the combinations (2.4%, Fig. 4B). Therefore, these correlations 

were selected to be used in subsequent analyses. Figure 5 compares experimental and numerical 

results of the temperature of the storage material along the PBTES during the charging and 
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discharging process. The observed MAPE values were 2.41% for the charging process and 

6.63% for the discharging process. The results confirm the accuracy of the model, as it 

adequately predicted the thermal behavior of the evaluated PBTES.  

 

 

Fig. 5. Temperature of the storage material along the PBTES during the charging and 

discharging process: experimental and numerical results.  

 

4. RESULTS AND DISCUSSION 

 
Temperature profiles of the fluid and solid along the reservoir during the charging 

process are presented in Fig. 6. The temperature difference between the fluid and the solid 

phases (DTf-s) is also shown. The results are plotted at different times throughout the heat 

transfer process. As expected, the temperature at the reservoir outlet (h* = 1.00) increases until 

it reaches the predetermined cut-off temperature for charging. Analyzing the first three cases 

(Fig. 6A, 6B, and 6C), it can be observed that the particle diameter directly influences the heat 

transfer rate in the solid material. When reaching the layer with solid material of diameter 0.04 

m, DTf-s increases rapidly. This result is attributed to the reduction in specific surface area for 

heat exchange (Eq. 10) due to the increase in particle diameter. For cases 4 and 5 (Fig. 6D and 

6E), the layer composed of concrete presents the highest DTf-s, demonstrating that material 

properties such as thermal conductivity also influence the system charging. The effects of 

particle diameter and thermal conductivity of the solid material are also observed in the other 
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cases. Therefore, the highest DTf-s values were observed for layers composed of concrete (lower 

thermal conductivity among the materials) with particles of 0.04 m in diameter. Conversely, 

the smallest variations are observed for layers composed of cast iron (higher thermal 

conductivity among the materials) with particle diameter of 0.02 m. Taking two cases as an 

example, cases 7 (Fig. 6G) and 8 (Fig. 6H) presented the highest and lowest DTf-s in the first 

layer of the reservoir during the charging process, respectively. At the end of the height of the 

first layer (0.33 h*), the temperatures were 46.7 and 25.1 °C for 0.13 t* and 109.5 and 83.0 °C 

for 0.36 t* for cases 7 and 8, respectively. This indicates that heat transfer occurs more 

efficiently in case 8,  as the solid material absorbs a more significant amount of the available 

heat throughout the first layer. 

The temperature profiles of the fluid and solid along the reservoir and DTf-s during the 

discharge process are presented in Fig. 7. In the discharge process, h* equal to zero represents 

the entry of cold fluid. Similarly, increasing the particle diameter from 0.02 to 0.04 m results 

in a higher temperature difference between the solid and the fluid (Fig. 7B and 7C), for the 

same solid material. Evaluating cases with fixed particle diameters, higher DTf-s values were 

observed for layers of concrete. This result is related to the thermal properties of the material, 

as concrete has the lowest thermal conductivity. On the other hand, layers composed of cast 

iron showed the lowest DTf-s values, regardless of their position in the reservoir. Analyzing the 

combined effect of particle diameter and layer material, it can be observed that, in general, cases 

6 (Fig. 7F) and 9 (Fig. 7I) exhibited the lowest DTf-s values. The results indicate that for 

materials with lower thermal conductivity (concrete), heat transfer can be adjusted by 

increasing the specific surface area for heat exchange using smaller particles. In this way, it is 

possible to achieve more homogeneous temperature profiles between the fluid and the solid 

during the discharge process. 
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Fig. 6. Temperature profiles along h* for different t* during the charging process for (A) case 1, (B) case 2, (C) case 3, (D) case 4, (E) case 5, (F) 

case 6, (G) case 7, (H) case 8, and (I) case 9. 
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Fig. 7. Temperature profiles along h* for different t* during the discharging process for (A) case 1, (B) case 2, (C) case 3, (D) case 4, (E) case 5, 

(F) case 6, (G) case 7, (H) case 8, and (I) case. 
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The effective charging and discharging times (tC and tD) of the PBTES are presented 

in Table 2. The maximum variation between the charging and discharging times was 5.4% and 

4.5%, respectively. The shortest and longest charging times were observed for cases 3 and 6, 

which were 7442 and 7884 seconds, respectively. For discharging, these values were 7462 and 

7799 seconds for cases 2 and 9, respectively. It can be observed that the use of different 

materials in the multilayer configurations increased the charging and discharging times 

compared to the single-material cases. However, the effect of particle diameters on the charging 

and discharging times was not evident. 

 

Table 2. PBTES charging and discharging times for the evaluated cases 

Case Charging time (s) Discharging time (s) 

1 7503 7490 

2 7539 7462 

3 7442 7502 

4 7804 7729 

5 7749 7797 

6 7844 7669 

7 7740 7755 

8 7797 7771 

9 7671 7799 

 

The variations in stored thermal energy during the charging process (QC) and released 

thermal energy during the discharging process (QD) are presented in Fig. 8. It can be observed 

that compared to case 1, an increase in the values of QC and QD is observed for cases 4 and 5, 

contrary to observed for cases 2 and 3. This indicates that using multilayers with different 

materials in the PBTES is more effective for energy gain than using layers with different 

particle diameters for a single material. Furthermore, the combined use of multilayers with 

variable particle diameters (cases 6 to 9) demonstrates a favorable effect, as indicated by the 

higher values of QC and QD compared to the other cases. Cases 4 to 9 presented similar values 

of QD, ranging from 26.2 to 26.4 MJ. These values are higher than those presented by cases 1 

to 3. Based on these results, it can be stated that using multilayers of materials for the 

discharging process increases the released energy by at least 3.4% when compared to the single-

material PBTES. Considering QC, case 9 presented the highest value among all the evaluated 

cases, which was 27.2 MJ. This value was approximately 7.7% higher than that for the single-
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material and diameter reservoir (case 1) and approximately 2.6% higher than the reservoir with 

the same material configuration and single diameter (case 5). 

 

 

Fig. 8. Stored thermal energy during the charging process (QC) and released thermal energy 

during the discharging process (QD). 

 

The charging and discharging efficiencies, overall efficiency, and exergy efficiency of 

the PBTES are presented in Fig. 9. It can be observed that case 9 exhibited the highest values 

for charging (87.5%) and discharging efficiency (80.5%), when compared to the other cases. 

Case 9 showed a charging and discharging efficiencies of 9.5% and 4.0% higher, respectively, 

than the reference case (case 1). Compared to the cases with a single-material PBTES, an 

increase in both charging and discharging efficiencies was observed for all cases with 

multilayer configurations using different materials. This indicates that utilizing different 

materials in the multilayer configuration enhances heat transfer and improves the efficiency of 

the PBTES. The results indicate that the discharging process generally exhibits lower efficiency 

than the charging process, regardless of the PBTES configuration. This behavior has been 

observed in previous studies on PBTES with different configurations and thermal storage 

materials (Li et al., 2018a; Mao and Cao, 2023). The overall efficiency of the system followed 

a similar pattern as the charging and discharging efficiencies. The reference case (case 1) had 

the lowest overall efficiency at 61.9%, while case 9 exhibited the highest overall efficiency at 

70.5%. This indicates that case 9 achieved the highest efficiency in terms of both charging and 

discharging processes, making it the most efficient configuration among the cases evaluated. 
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Fig. 9. Charging and discharging (ηC, ηD), energy (η), and exergy (ηex) efficiencies of the 

PBTES. 

 

According to Saha and Das (2020), the evaluation of the thermodynamic performance 

of a TES using the exergy principle is necessary to quantify the amount of available useful 

work. Case 9 exhibited the highest overall exergy efficiency, indicating better performance 

according to the second law of thermodynamics. The observed exergy efficiency in case 9 is 

approximately 9.0% higher than in the reference case (case 1). Furthermore, it is approximately 

7.7% higher than case 5, which has the same configuration in terms of storage materials and 

equal diameters for all layers. This result indicates that the particle diameter also influences the 

thermal performance of the PBTES from the perspective of the second law. Huan et al. (2020) 

reported that in PBTES with sensible heat storage, higher energy density results in greater 

exergy recovery, although not all stored energy can be converted into useful work due to system 

entropy and irreversibilities (Koholé et al., 2022). 

The results of the thermocline thickness (dT) for the charging and discharging 

processes of the PBTES are presented in Fig. 10. It can be observed that for both cases, dT 

increases until reaching a maximum at 50-55% (t* = 0.50-0.55) of the charging or discharging 

time. Similar results were reported by Guo et al. (2021) for a PBTES of latent heat. The 

reservoir is homogeneous at the beginning of each process, so there is no temperature gradient, 

and thus no thermocline thickness. As the charging and discharging processes progress, a heat 

exchange front is formed, leading to an increase in the thermocline thickness. It should be noted 
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that a thin thermocline is desirable as it indicates better thermal exchange in the system. 

Subsequently, a reduction in dT is observed as part of the fluid has either released (charging) or 

absorbed (discharging) enough heat to become a homogeneous layer. For the charging process, 

it can be observed that the maximum values for all cases varied between 60% and 80% of the 

total height of the reservoir (Fig. 10A). The highest dT values occurred for cases 5 and 8, with 

values of 80.4% and 74.4% of the PBTES height, respectively. For the discharging process, the 

highest dT values were observed for cases 6 and 2, representing 87.6% and 86.4% of the total 

height of the PBTES, respectively (Fig. 10B). 

According to Huan et al. (2020), the thermocline thickness is highly dependent on the 

HTF inlet temperature, the type of heat storage material, the length of the PBTES, and the 

temperature difference for heat transfer. The results indicate that during the charging process, 

the position of particles with smaller diameters and materials with lower thermal conductivity 

at the top of the PBTES leads to a lower maximum value of the thermocline thickness. This 

occurs because using materials with higher thermal conductivities promotes heat transfer by 

diffusion. When the contribution of heat transfer by diffusion is increased, thermal energy 

spreads more gradually, resulting in thicker temperature gradients. Based on the obtained 

results, it can be stated that the PBTES with concrete (0.02 m), quartzite rock (0.03 m), and cast 

iron (0.04 m) provided smaller temperature gradients within the PBTES. This is evidenced by 

the observation that the lowest average values of dT were observed for cases 6 (0.37 m) and 9 

(0.40 m) for the charging and discharging processes, respectively. It is worth noting that during 

the discharging process, the flow direction is reversed. Therefore, cases 6 (charging) and case 

9 (discharging) have the same configuration in relation to the HTF inlet. 
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Fig.10. Variation of the thermocline thickness along dimensionless time (t*) for (A) charging 

and (B) discharging processes. 

 

The variations of the MIX numbers along the dimensionless time (t*) for the charging 

and discharging processes are presented in Fig. 11. It can be observed that, both for charging 

and discharging, the MIX number shows similar trends, initially decreasing and then increasing 

with the increase in t*. This behavior is commonly observed in stratified reservoirs during heat 

transfer processes (Huang et al., 2019; Liu et al., 2023). Before starting the charging and 

discharging processes (t*=0), the MIX number for all cases is equal to 1, indicating a 

homogeneous temperature distribution within the PBTES. When the processes are initiated, the 

hot/cold HTF flows from the inlet to the outlet, disrupting the initial temperature uniformity 
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and forming thermal stratification. This leads to a decrease in the MIX number. The moment 

when the PBTES exhibits the highest temperature gradient is at t*» 0.1 for all evaluated cases. 

At this moment, the lowest values of the MIX number are observed, ranging between 0.15 and 

0.19 for charging and 0.16 and 0.17 for discharging. As the charging time increases, the mass 

of hot/cold HTF flowing into the reservoir increases, intensifying the internal heat transfer. 

Consequently, the temperature of each layer tends to be equalized, reducing the thermal 

stratification and increasing the MIX number over time until it reaches its maximum value at 

t*=1. 

For case 6 in the charging process and case 9 in the discharging process, the MIX 

number remains below 0.5 for approximately 43% of the total charging/discharging time. This 

time is about 10% higher than in case 1 in both processes. As expected, the highest values of 

the MIX number for the charging and discharging processes were obtained at t*=1, being 0.77 

and 0.79 for case 1, 0.75 and 0.82 for case 2, 0.80 and 0.81 for case 3, 0.76 and 0.78 for case 4, 

0.80 and 0.77 for case 5, 0.74 and 0.83 for case 6, 0.79 and 0.80 for case 7, 0.78 and 0.79 for 

case 8, and 0.77 and 0.75 for case 9, respectively. These values are lower than those reported 

by Huang et al. (2019), who investigated using phase change materials in PBTES. 
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Fig. 11. Variation of the MIX numbers along t* for (A) charging and (B) discharging processes. 

 

5. CONCLUSION 

 
This study investigated by modeling and simulation the effect of different heat storage 

materials and particle sizes on the performance of a sensible heat packed bed thermal energy 

storage (PBTES) system. The numerical model used in this study was validated after a 

sensitivity analysis, which helped identify the most suitable correlations for heat transfer 

coefficient and effective thermal conductivity. The selected model exhibited the lowest mean 

absolute percentage error (MAPE) values, ensuring the accuracy of subsequent analyses. Based 

on the obtained results, the following main conclusions can be drawn: 



137 

 

 

• Particle diameter significantly affected packed bed temperature during charge and dis-

charge cycles, influenced by heat exchange surface area. Lower thermal conductivity 

materials increase temperature difference between HTF and solid material. 

• The use of different materials in multilayer configurations increased the charging and 

discharging times compared to the single material cases. However, the effect of particle 

sizes on the final times was not as evident. 

• The multilayer configuration had a stronger impact on stored (QC) and released (QD) 

thermal energy than particle diameter. Combining varying particle sizes in multilayers, 

as in Case 9, yielded around 7.7% and 3.4% increases in QC and QD compared to a single 

material and diameter reservoir (Case 1). 

• Contrasted with single-material PBTES cases, configurations using varied material lay-

ers showcased enhanced charging and discharging as well as overall system efficiency. 

Case 9 demonstrated roughly 9.5%, 4.0%, and 13.9% higher efficiencies in charging, 

discharging, and the overall system, respectively, compared to Case 1. 

• The multilayer configuration and variable particle diameter influence the thermal per-

formance of the PBTES from a second law perspective. The exergetic efficiency ob-

served in case 9 was approximately 9.0% higher than that observed in case 1. Further-

more, it is approximately 7.7% higher than case 5, which has the same configuration 

regarding the storage materials and equal diameters for all layers.  

• The thermal performance of the PBTES is influenced by multilayer design and variable 

particle diameter from a second law perspective. Case 9 showed approximately 9.0% 

higher exergetic efficiency than Case 1, and roughly 7.7% higher than Case 5 with the 

same material configuration and uniform layer diameters. 

• Cases 6 for charging and 9 for discharging, composed of the same configuration related 

to the HTF inlet, namely concrete (0.02 m), quartzite rock (0.03 m), and cast iron (0.04 

m), provided lower temperature gradients in the PBTES and generally had the smallest 

values for the thermocline thickness. Additionally, MIX number remained below 0.5 

for about 43% of the total charging/discharging time, roughly 10% longer than observed 

in Case 1 for both processes. 
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GENERAL CONCLUSION 

 
In this study, different types of dryers were addressed and the importance of thermal 

energy storage methods was emphasized. The importance of computational numerical modeling 

for heat and mass transfer in drying systems and thermal energy storage was also presented. 

Furthermore, the thermal and economic performance of a U-tube CPC was experimentally 

evaluated. Different filling fluids of the evacuated tube and different mass flowrates were 

evaluated. A detailed energy analysis was carried out for the different components of the 

collector. In the final topic, a sensible heat thermal storage system was numerically evaluated 

using CFD. A thermal non-equilibrium model was implemented to evaluate the charge and 

discharge of heat from the thermal reservoir. An optimization of this system was carried out 

evaluating different heat storage materials and different particle sizes. In view of the results 

obtained, the following conclusions can be cited: 

• The search for more efficient dryers has become crucial nowadays due to the high 

energy and time consumption of this operation. In this scenario, dryers based on solar 

energy have gained more and more space because their energy efficiency can surpass 

that of conventional sources. 

• Solar technologies are promising, however solar intermittency is still a bottleneck. 

Therefore, several researchers are currently focusing their research on thermal energy 

storage systems. The advancement of computers has allowed numerical evaluation of 

these systems in different configurations and operations, and has made them 

increasingly efficient. 

• The highest temperature gains for all evaluated cases were observed around noon when 

the highest solar radiation values were recorded. The use of air as the FF resulted in the 

highest temperature inside the evacuated tube, followed by oil and water. Furthermore, 

increasing the mass flowrate of the heat transfer fluid (HTF) caused a significant reduc-

tion in temperature gain. 

• The type of FF used considerably influences the thermal performance of the CPC. An 

increase of approximately 30.0% and 32.5% in thermal efficiency values was observed 

when thermal oil was used as the FF, compared to water and air, respectively. It can 

also be stated that an increase in the flow rate of the working fluid decreases the thermal 

efficiency of the CPC. A reduction of up to 36.2% was observed with increasing flow 

rate. 



143 

 

 

• For all evaluated hours, thermal oil as the FF provided the best condition for solar en-

ergy absorption. It can also be affirmed that during hours with lower solar incidence, 

this fluid transferred the absorbed energy more efficiently to the HTF. Although air 

showed the highest values of heat transfer efficiency, the useful energy absorbed by the 

HTF is low for this configuration. Additionally, there was a reduction in the amount of 

energy absorbed by the HTF with increasing mass flowrate. 

• The lowest values of Levelized Cost of Heat (LCOH) and Simple Payback Period (SPP) 

were observed in the collector configuration using thermal oil as the filling fluid and 

with the lowest HTF mass flowrate, indicating that this was the best configuration in 

economic terms. 

• The particle diameter directly influenced the temperature of the packed bed during the 

charging and discharging processes due to its impact on the specific surface area for 

heat exchange. Additionally, the use of materials with lower thermal conductivity led to 

an increase in the temperature difference between the heat transfer fluid (HTF) and the 

solid material. 

• The use of different materials in multilayer configurations increased the charging and 

discharging times compared to the single material cases. However, the effect of particle 

sizes on the final times was not as evident. 

• The multilayer configuration had a greater influence on the stored (QC) and released 

(QD) thermal energy than the particle diameter. Additionally, the favorable effect of 

using a combination of multilayers with varying particle sizes was also confirmed. Case 

9 showed an increase of approximately 7.7% and 3.4% for QC and QD, respectively, 

compared to the single material and diameter reservoir (case 1). 

• Compared to cases with a PBTES composed of a single material, an increase in charging 

and discharging efficiency and overall system efficiency was observed for all cases 

where the PBTES was evaluated with layers of different materials. Compared to case 1, 

case 9 exhibited approximately 9.5%, 4.0%, and 13.9% higher charging and discharging 

efficiency and overall system efficiency, respectively. 

• The multilayer configuration and variable particle diameter influence the thermal per-

formance of the PBTES from a second law perspective. The exergetic efficiency ob-

served in case 9 was approximately 9.0% higher than that observed in the reference 

treatment (case 1). Furthermore, it is approximately 7.7% higher than case 5, which has 
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the same configuration regarding the storage materials and equal diameters for all lay-

ers.  

• Cases 6 for charging and 9 for discharging, composed of the same configuration related 

to the HTF inlet, namely concrete (0.02 m), quartzite rock (0.03 m), and cast iron (0.04 

m), provided lower temperature gradients in the PBTES and generally had the smallest 

values for the thermocline thickness. It was also observed for these cases that the MIX 

number remains below 0.5 for approximately 43% of the total charging/discharging 

time. This time is approximately 10% longer than that observed for the reference treat-

ment (case 1) in both processes. 

 

The agricultural sector has a significant demand for thermal energy, which is utilized 

as process heat in various operations. The drying process accounts for a substantial portion of 

the total energy consumption in this sector. The technologies addressed in this study offer great 

potential to meet this energy demand by utilizing solar thermal energy. It has been demonstrated 

that the investigated U-tube CPC can absorb a significant amount of solar energy concentrated 

by the reflective surfaces onto the central tube. By directing this energy to the PBTES, it can 

be stored during periods of high solar incidence and used during intermittent periods, ensuring 

a continuous energy supply. These technologies are highly versatile and can be easily integrated 

into different agro-industrial processes, including drying. Additionally, their modular nature 

allows for adaptation to varying sizes and configurations, offering greater flexibility in design 

and application. Consequently, a drying system comprising the coupling of the U-tube CPC, 

PBTES, and the dryer emerges as an efficient, sustainable, and versatile alternative for this 

application. It is important to emphasize the need for future investigations to experimentally 

evaluate the performance of this system under uncontrolled environmental conditions. 

Furthermore, environmental assessments should be conducted to evaluate the ecological 

impacts associated with the construction and operation of the proposed system. 

 


