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Introduction 

Depuis de longues décennies, les sources d'énergie conventionnelles sont les clés du 

développement économique et une source d'énergie fiable. Cependant, leur utilisation conduit à 

un épuisement accompagné de graves problèmes environnementaux causés par les émissions de 

gaz à effet de serre. Depuis quelques années, l’humanité commence à prendre réellement 

conscience du défi pour répondre à la demande énergétique mondiale en recherchant des sources 

d'énergie alternatives et durables qui sont également respectueuses de l'environnement. Les 

sources d'énergie renouvelables sont l'une des solutions les plus prometteuses pour surmonter la 

crise énergétique et les problèmes environnementaux. Elles sont durables et respectueuses de 

l'environnement. Par conséquent, l'utilisation des énergies renouvelables a commencé à croître 

continuellement : ainsi en 2019 elle a contribué à produire 41% de l'énergie primaire mondiale [1]. 

De plus, il est prévu que les énergies renouvelables pourront fournir 100% de l'énergie électrique 

globale requise entre 2050 et 2055 [2]. En outre, les émissions de dioxyde de carbone dues à la 

consommation d'énergie ont augmenté de 0,5% en 2019, ce qui représente moins de la moitié de 

la croissance moyenne sur 10 ans (1,1% par an) [1]. 

L'énergie solaire est l'une des sources d'énergie renouvelables les plus durables, les plus 

abondantes et les plus potentielles. La Terre reçoit environ 1,8×1011 MW de la puissance du Soleil, 

ce qui est bien plus que la consommation énergétique mondiale actuelle [3]. Les systèmes d'énergie 

solaire sont principalement classés en deux groupes : les systèmes solaires photovoltaïques (PV) 

et solaires thermiques. Le solaire PV converti le rayonnement solaire absorbé en énergie électrique 
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tandis que les systèmes solaires thermiques le transforment en énergie thermique qui peut être 

utilisée dans plusieurs applications telles que la cuisson, le séchage, le chauffage / refroidissement, 

le chauffage de l'eau, la production d'électricité, etc. Selon l’IRENA (International Renewable 

Energy Agency), la production mondiale d'électricité à partir de l'énergie solaire est passée de 

33813 MW à 562033 MW de 2010 à 2019, ce qui signifie une augmentation de 1562%. 

Le principal défi des technologies de l'énergie solaire consiste à optimiser les performances du 

système et à maximiser son efficacité au moindre coût. De plus, le rendement de conversion de la 

cellule PV est compris entre 15 et 18%, alors 82 à 85% de l'énergie solaire absorbée est soit 

réfléchie, soit absorbée par la cellule PV ce qui augmente sa température [4]. Cependant, 

l'augmentation de la température de la cellule PV d'un degré entraîne une atténuation de l'efficacité 

PV entre 0,4 et 0,65% [5]. Par conséquent, les systèmes d’énergie solaire, en particulier les 

systèmes photovoltaïques, ont fait l’objet d’efforts des chercheurs pour augmenter son efficacité. 

Pour atteindre cet objectif, il y a une tendance de nos jours à combiner des systèmes d'énergie 

solaire tels que l'énergie solaire photovoltaïque avec un capteur solaire thermique pour obtenir un 

système solaire hybride PVT (Photovoltaïque / Thermique). Ce système permet d'améliorer 

l'efficacité de la cellule PV et d’augmenter le bénéfice des radiations solaires. Le système solaire 

hybride PVT est capable de produire de l'énergie thermique et de générer de l'énergie électrique 

simultanément avec la moitié de la surface requise et un coût d'installation réduit. De plus, ce 

système peut être optimisé en y intégrant des générateurs thermoélectriques. 

Sur la base de ce contexte, le but de la présente étude est d’examiner de manière étendue la 

littérature liée aux études d’energie solaire, particulièrement les systèmes hybrides, mais aussi de 

suggérer de nouveaux systèmes hybrides et d’analyser d’autres systèmes existants en utilisant des 

modélisations thermiques appropriées ainsi que des analyses paramétriques et études de cas. 
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Ainsi les objectifs suivants ont été définis : 

➢ Une nouvelle méthodologie de développement de modèle thermique pour les systèmes 

solaires hybrides PTPVT (Parabolic Trough Photovoltaic / Thermal) et PTPVT-TE 

(Parabolic Trough Photovoltaic / Thermal / Thermoelectric) est proposée. 

➢ Une analyse paramétrique est effectuée pour étudier l'effet d’une large plage de paramètres 

sur les performances du système PTPVT. 

➢ Des études de cas sont menées sur le système PTPVT pour fournir des analyses 

économiques et environnementales utiles des performances du système PTPVT pour trois 

conditions météorologiques différentes : les pays à climat méditerranéen, modéré et chaud 

qui sont respectivement le Liban, la France et les Émirats Arabes Unis (EAU).

➢ Des études de cas sont réalisées sur le système PTPVT-TE pour prédire et optimiser les 

performances des systèmes PTPVT en étudiant l'effet des conditions météorologiques en 

plus de paramètres distincts ainsi que l'effet de l'utilisation des TEG (thermoelectric 

generator) sur les performances du système. 

Pour atteindre ces objectifs, une revue bibliographique approfondie et détaillée de la littérature sur 

l'énergie solaire a été réalisée et présentée au chapitre 1. Elle comprend une revue de plusieurs 

applications et systèmes d'énergie solaire tels que les cuiseurs solaires, les séchoirs solaires, les 

chauffe-eau solaires et le solaire PV. De plus, comme l'objectif principal de ce travail repose sur 

les systèmes solaires hybrides PVT, un examen détaillé est effectué sur ces systèmes. Les revues 

décrivent principalement le principe, les composants et les classifications ainsi que les avantages 
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et les limites des systèmes. De plus, un résumé des précédentes recherches menées sur les systèmes 

solaires est présenté dans ce chapitre. 

Le chapitre 2 traite des systèmes hybrides PTPVT. La structure et le concept du système sont 

décrits. Une nouvelle méthodologie pour conduire le modèle thermique du système est suggérée 

basée sur l'analogie électrique de la résistance thermique. En outre, une comparaison et une 

validation de la modélisation thermique par rapport aux travaux antérieurs sont effectuées. Une 

analyse paramétrique est effectuée afin d'étudier l'influence du nombre de Reynolds, de la longueur 

du côté du récepteur, de la longueur du tube récepteur et de l'épaisseur de l'absorbeur sur les 

performances thermiques et électriques du système. 

Dans le chapitre 3, le même système est considéré sur lequel des études de cas sont réalisées pour 

trois pays de climats différents que sont le Liban (climat méditerranéen), la France (climat modéré) 

et les Émirats Arabes Unis (climat chaud) afin d'étudier l'effet de la météorologie sur les 

performances thermiques et électriques du système. Par ailleurs, des analyses environnementales 

et économiques sont menées pour chaque pays afin de tirer des conclusions pratiques sur 

l'importance du système étudié. La période de retour sur investissement du système et la réduction 

des émissions de CO2 lors de l'utilisation du système hybride sont calculées et comparées entre les 

trois pays. 

Le chapitre 4 est ensuite consacré à l'étude de la performance du système PTPVT-TE qui est 

obtenu en intégrant des générateurs thermoélectriques au système PTPVT précédemment étudié. 

La disposition et le mode de fonctionnement du système sont présentés. L'analogie électrique de 

la résistance thermique est proposée comme nouvelle méthodologie pour développer un modèle 

thermique du système. De plus, le modèle thermique est comparé et validé. Par ailleurs, des études 

de cas sont mises en œuvre en considérant trois pays de climats distincts que sont le Liban 
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(méditerranéen), la France (modéré) et les Émirates Arabes Unies (chaud) afin d'étudier l'effet des 

conditions climatiques sur les performances du système étudié. De plus, des analyses économiques 

et environnementales sont effectuées pour évaluer l'influence économique et environnementale de 

l'utilisation du système hybride PTPVT-TE.  

Enfin, le chapitre 5 reprend les principales conclusions de la thèse et propose des travaux futurs. 
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Chapitre 1 

Revue bibliographique et état de l’art 

 

 

 

L'augmentation continue de la demande d'énergie et les problèmes environnementaux sont parmi 

les principaux problèmes et défis critiques dans le monde. Ainsi, les sources d’énergie non 

combustibles telles que les sources d’énergie renouvelables sont actuellement distinguées et 

deviennent prépondérantes dans le monde entier. Les sources d'énergie renouvelables sont 

abondantes, durables et respectueuses de l'environnement. L’énergie solaire est l’un des types les 

plus éminents de sources d’énergie renouvelables qui a retenu l’attention et les efforts des 

chercheurs pour promouvoir son utilisation. L'énergie solaire peut être convertie directement en 

énergie thermique à l'aide de capteurs solaires thermiques, ou en énergie électrique à l'aide du 

photovoltaïque. Néanmoins, il existe une grande tendance à fusionner les systèmes solaires pour 

obtenir des systèmes solaires hybrides qui améliorent les avantages de l'énergie solaire. 

Dans ce chapitre, l'objectif est de réaliser une revue détaillée de la littérature sur l'énergie solaire. 

L'examen a concerné les types de technologies d'énergie solaire. Étant donné que l'objectif 

principal de cette thèse repose sur les systèmes solaires hybrides, un examen des types et des 

classifications des systèmes d'énergie solaire hybrides est présenté. 
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Cinq études ont été réalisées pour atteindre les objectifs proposés au début de la thèse et sont les 

suivantes : 

➢ Systèmes de cuiseurs solaires. Etude économique et environnementale pour différents 

scenarii libanais. L'examen comprend le principe et la classification du cuiseur solaire, les 

paramètres influençant les performances d'un cuiseur solaire, et l'analyse d'énergie et 

d'exergie liée aux systèmes de cuiseur solaire. En outre, des analyses économiques et 

environnementales ont été menées pour différents scenarii dans le pays (Liban) pour 

plusieurs catégories de cuiseurs solaires. Cette revue a été publiée sous le titre « Review 

on solar cooker systems: Economic and environmental study for different Lebanese 

scenarios » dans le journal Renewable and Sustainable Energy Reviews (2018), 

doi.org/10.1016/j.rser.2017.08.021. 

➢ Séchage solaire. Une revue avec évaluation économique et environnementale. L'examen 

comprend les principaux composants, les classifications et les paramètres affectant les 

avantages, les inconvénients et les limites du sécheur solaire. En outre, des études 

économiques et environnementales ont été menées pour mettre en évidence les avantages 

de cette technologie sur les questions économiques et environnementales. Cette revue a été 

publiée sous le titre « An investigation on solar drying: A review with economic and 

environmental assessment » dans le journal Energy (2018), 

doi.org/10.1016/j.energy.2018.05.197. 

➢ Chauffage solaire de l'eau. La revue comprend le principe, les composants et la 

classification des SWHS (Solar Water Heating Systems), le résumé des études menées sur 

les SWHS ainsi que leurs avantages et inconvénients. En outre, un aperçu des problèmes 
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d'électricité au Liban est présenté, y compris des études économiques et environnementales 

pour plusieurs cas libanais. Cette étude doit être soumise pour Renewable Energy Focus.

➢ Solaire photovoltaïque. Une revue avec étude économique et environnementale appliquée 

au cas du Liban. Un examen détaillé de la technologie solaire photovoltaïque avec des 

études économiques et environnementales a été rédigé et destiné à être soumis au journal 

Solar Energy. L'examen comprend principalement le principe des systèmes PV, les types 

de systèmes PV, la classification des technologies PV, la liste des travaux antérieurs sur 

ces systèmes, ainsi que l'évaluation économique et environnementale. 

➢ Capteurs solaires hybrides photovoltaïques/thermiques. Revue détaillée des capteurs 

solaires hybrides PVT qui comprend l'histoire des systèmes solaires hybrides PVT, le 

concept principal, les avantages et les classifications selon diverses manières, en plus de 

l'intégration de générateurs thermoélectriques avec des systèmes PVT. Cette revue a été 

publiée sous le titre « Review on photovoltaic/thermal hybrid solar collectors: 

Classifications, applications and new systems » dans le journal Solar Energy (2020), 

doi.org/10.1016/j.solener.2020.07.062. 

Les principales conclusions de la litérature bibliographique réalisée sont les suivantes : 

1- Plusieurs systèmes solaires, même les non hybrides particulièrement le chauffage solaire de 

l'eau et les systèmes photovoltaiques, méritent encore d’être examinés plus profondément ; 

2- Il y a une tendance evidente vers les systèmes hybrides solaires même si ces systèmes 

nécessitent des études plus exploratoires et plus profondes ; 
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3- la proposition de nouveaux systèmes solaires hybrides est l’un des principaux défis de nos 

jours dans le monde solaire. 

 

En se basant sur les principales conclusions ci-dessus, il a été decidé de concentrer le reste du 

projet de thèse sur la proposition de nouveaux systèmes hybrides et l’analyse approfondie d’autres 

systèmes existants en utilisant des modélisations thermiques appropriées ainsi que des analyses 

paramétriques et études de cas. Sur cette base, trois grandes études ont été menées et font l’objet 

des trois chapitres suivants : chapitre 2, 3 et 4. 
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1.1 Revue des systèmes de cuiseurs solaires : étude économique et 

environnementale pour différents scénarios libanais 

 

Cet article est publié dans « Renewable and Sustainable Energy Reviews » 

doi.org/10.1016/j.rser.2017.08.021 

 

Résumé – Une revue sur les cuiseurs solaires est présentée. Cette étude comprend le principe et la 

classification, les paramètres influençant les performances d'un cuiseur solaire et l'analyse 

d'énergie et d'exergie liées aux systèmes de cuiseur solaire. Par ailleurs, une étude économique est 

réalisée pour différents scénarii au Liban (maison, hôtel, restaurant et snack) et pour plusieurs 

catégories de cuiseurs solaires (cuiseur à caisson solaire, cuiseur à panneaux solaires, cuiseur 

solaire parabolique et cuiseur solaire à tube sous vide avec stockage thermique). L'idée principale 

de l'étude économique est d'estimer la durée d’amortissement en fonction du pourcentage de temps 

(Pr) pendant lequel le cuiseur solaire est utilisé, pour chaque cuiseur solaire et dans chaque 

scénario. Il a été obtenu que la plus grande dépendance vis-à-vis du cuiseur solaire diminue la 

durée d’amortissement. En outre, une analyse environnementale est mise en œuvre pour calculer 

la réduction des émissions de dioxyde de carbone dans les différents scénarii en pourcentage du 

temps pendant lequel le cuiseur solaire est utilisé. Il a été montré que la réduction de la quantité de 

CO2 passait de 6.05 à 60.55 kg/mois, de 605 à 6055 kg/mois, de 399.64 à 3996 kg/mois et de 90.82 

à 908 kg/mois à la maison, au restaurant, à l'hôtel et au snack lorsque Pr passe de 0.1 à 1. Par 

conséquent, l'utilisation d'un cuiseur solaire diminue les émissions de dioxyde de carbone dans 

tous les scénarii où Pr a une relation directe avec la minimisation des émissions de dioxyde de 

carbone. 
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A B S T R A C T

In this work, a review on solar cookers is presented. This review includes principle and classification,
parameters influencing the performance of a solar cooker, and energy and exergy analysis related to solar cooker
systems. Moreover, an economic study is performed for different scenarios in Lebanon (home, hotel, restaurant
and snack) and for several categories of solar cookers (solar box cooker, solar panel cooker, parabolic solar
cooker and evacuated tube solar cooker with thermal storage). The main idea of the economic study is to
estimate the payback period in function of percentage of time Pr where solar cooker is utilized, for each solar
cooker and in each scenario. It was obtained that the higher dependence on solar cooker decreases payback
period. Besides, environmental analysis is implemented to compute the amount of reduction in carbon dioxide
emissions in the different scenarios as percentage of time where solar cooker is used varies. It was shown that
the reduction in amount of carbon dioxide raised from 6.05 to 60.55 kg/month, 605.52 to 6055.2 kg/month,
399.64 to 3996.43 kg/month and from 90.82 to 908.28 kg/month in home, restaurant, hotel and snack
respectively when Pr increased from 0.1 to 1. Hence, utilizing a solar cooker diminishes carbon dioxide
emissions in all scenarios where Pr has direct relationship with minimization of carbon dioxide emissions.

1. Introduction

During the last centuries, world energy demand relied to a great
extent on fossil fuels. Annually, energy consumption progresses by an
average of 1% in developed countries and 5% in developing countries
[1,2]. Due to the continuous rise in energy demand, several expecta-
tions reveal that fossil fuel will not meet this growing demand and its
cost will definitely increase sharply. Thus, the mounting cost of fossil
fuel in addition to some environmental issues such as pollution,
greenhouse effect, global warming, etc., gave renewable energy [3–8]
a remarkable interest at the international level during the last years.
Renewable sources of energy are environmentally friendly and they are
supplying about 14% of the world energy demand which will ascend in
the future [9]. Indeed, solar energy occupies the throne of renewable
energies. It is estimated that solar energy falls on the surface of the
earth at an average of 120 pet watt. This reveals that solar energy
received to the earth in one day is equivalent to energy demand
required in 20 years. International Energy Agency showed that in year
2050 solar energy can supply approximately 45% of the world energy
request [10].

Solar energy is used in a large diverse of applications that can be divided
into two types of systems [11]: systems that rely on converting solar energy
into thermal energy to be used for different purposes [12], and systems that
transform solar energy directly into electricity by photovoltaic technology
[13]. Solar energy can be categorized also according to the type of solar
collector [14,15]. The main role of solar collector is to gather solar
radiation, transform it into heat and transport it to a working fluid.
Fig. 1 illustrates the major categories of solar energy and their types.

Solar cooker [1,16–19] is harnessed for cooking food, pasteurizing
and sterilizing. Solar dryers [20–25] are used in agricultural and
industrial products for mitigating bacterial growth and preserving
them by removing moisture. Solar water heating systems [26–31] heat
water for domestic and industrial purposes. The heated water in the
storage tank flow through a coil to heat air directed to the coil by a fan
and enters to the space and heat it [32–36]. Solar space cooling and
refrigeration [37–42] are utilized for refrigerating medicines or food, or
cooling space. Concentrated solar power [43–48] uses mirrors and
lenses to concentrate solar energy and thus generating heat and power
indirectly. Photovoltaic systems [49–54] convert sunlight directly into
electricity by the absorption of photons.

http://dx.doi.org/10.1016/j.rser.2017.08.021
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Solar cooker is one of the most significant solar energy applications.
Energy required for cooking represents about 36% of the global
primary energy consumed [55]. Hence, solar cooker has a great
potential in the domestic sector.

Fig. 2 shows the number of studies conducted on solar cookers from
1990 to 2016. It is shown that the number of researches on solar cookers
is striking of all over the years and especially for the last four years. This
explicates the magnitude of solar cookers as a solar energy device and its
capability of being vital application in the coming years. In this context,
the present work concerns a review on solar cooker technology. It presents
particularly the principle, classification, and parameters affecting the
performance of a solar cooker. Also, Energy and exergy analyses are
exhibited. Moreover, environmental and economic concerns are presented
to highlight the requisite role of solar cooker on both fields and for several
scenarios in Lebanon country.

Section 2 of the paper presents the principle and classification of
solar cooker. Section 3 delineates the effective parameters that impact
the solar cooker performance. Section 4 is devoted to energy and exergy
analysis. In Section 5, economic and environmental concerns are
exposed. Section 6 draws the main conclusions of the work.

1.1. Historical note

Cooking food was unknown before the age of civilization, people
used to eat food in its condition as they found it [56]. In 1767, Horace
de Saussure, a French-Swiss physicist built box to cook fruit using solar
energy where it reached temperature to 88 °C. In 1830, an English
astronomer named Sir John Herschel tried to cook food in an insulated
box cooker during campaign to South Africa. W. Adams progressed
oven of octagonal shape made up of 8 mirrors in 1876. He stated that
the oven cooked in two hours lots for seven soldiers. In 1945, Sri M. K.
Ghosh, an Indian pioneer fabricated the first trade box type solar
cooker. Dr. Metcalf and his student Marshall Longvin carried out water
pasteurization using solar box cooker in 1979 [16]. In these days, solar
cooker became a favorable application in which it provokes utilization
of environmentally friendly renewable sources of energy and reduces
dependence on conventional power sources. Due to its importance,
various numerical, analytical and experimental studies [57–65] have
been performed to enhance power capacity of solar cookers, evaluate
its performance and identify parameters which help in optimizing it.

2. Principle and classification of solar cookers

Solar cooker is a viable and with great facility application of solar
energy. Otte [66] briefly defined solar cooker as it is a way to exploit
energy of sun in order to cook. Several studies [19,67–69] described
the principle of solar cooker. Hence, solar cooker is an appliance that
absorbs solar radiation, transfers it into heat, retains the heat and
transmits it to food through cooking pot walls. It can be used for
heating or cooking food or drink. Also, it can be utilized to achieve vital
processes mainly pasteurization and sterilization.

Many sorts of solar cookers may be found in the literature.
Moreover, new solar cookers designed with new improvements are
continuously proposed, which requires continuous update of solar
cooker classifications. However, it can be confirmed that solar cookers
can be categorized into direct and indirect type according to the heat
transfer mechanism to the cooking pot [18]. Sedighi and Zakariapour
[17] presented a review on direct and indirect solar cookers with
experimental, numerical and theoretical analysis to evaluate perfor-
mance and compare efficiency of solar cookers. Box, panel and
concentrated solar cookers are under the direct type. Indirect type is
categorized according to the solar collector used, or energy storage.
Cooking process in the direct type occurs by using sunlight directly,
whereas in the indirect type, heat is transferred to the cooking unit
using a heat transfer fluid. Fig. 3 represents a diagram showing the
main types of solar cooker. Regattieri et al. [70] implemented an easy-
use portable solar cooker by reutilizing cardboard packaging waste.
Such device is demonstrated to complete kitchen-set for humanitarian
people to solve problem of fuel and wood leakage. The cooker can be
utilized for heating, cooking meals, boiling water and purifying raw
water from rivers and lakes. Several cooker prototypes were designed,
developed and tested by the authors to determine the optimum shape
and predict the efficiency of the solar cooker. The results showed that
parabolic configuration yields that best results where its efficiency
ranges between 14% and 18%.

2.1. Direct solar cooker

2.1.1. Solar box cooker

Box type solar cooker [71–75] consists of an insulated box with
single or double transparent window made up of glass or plastic. Solar
radiation passes through the transparent window and is absorbed by
the cooking utensils, the walls and the bottom of the cooker [76]. The
inner part of the box and the cooking pots must be painted in black
color to maximize the heating effect [77]. The window provides a
greenhouse effect in which it permits the passage of solar radiation but
prevents it to get out from the cooking vessel [78]. Thus, heat

Fig. 1. Classification of solar energy.
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radiations coming from the cooker`s walls and the cooking pots will be
trapped inside the box heating the air. The double window reduces
conduction which symbolized that it is better than the single one. In
addition to that, on the side top of the box a reflector can be placed to
reflect sun light into the box where maximum four cooking pots can be
placed inside it. Fig. 4 shows a schematic diagram of box type solar
cooker and its components. Farooqui [79] investigated improved power
solar box cooker with free tracking system. It was found from the
experimental results that the system tracks the sun for up to six hours.
Lahkar and Samdarshi [80] reviewed thermal performance parameters
of solar box cooker and the test procedure for these parameters. In
addition to that, these parameters were used to derive objective
parameters from simple relations. It was concluded that the objective
parameters are able to supply all needed information to determine
most convenient solar cooker regarding climate and geographical
location, with the help of performance parameters that are indepen-
dent on external factors. Harmim et al. [81] designed a novel solar box
cooker integrated with compound parabolic concentrator. Also, heat
transfer process of this cooker was modeled mathematically. The
cooker contains utensil laden with water and deposited on the floor
of the box. The purpose of the model was to study the effect of diverse
parameters such as solar radiation, load of water and clouds on the
dynamic behavior of the cooker. Joshi and Jani [82] designed Small
Scale Box type Hybrid solar cooker coupling both thermal energy and
photovoltaic. This cooker weight 6.5 kg and it is a modified design of

Small Scale Box type solar cooker of weight 4.8 kg. the cooker was
integrated with 5 panels of 15 W each. The experimental results reveal
that reduction in cooking time due to the increase of input power
(thermal power added to it photovoltaic power). It was also found that
the Improved Small Scale Box type Hybrid solar cooker has an average
efficiency 38% greater than the efficiency of Small Scale Box type solar
cooker (30%). In addition to that, the estimated cost of the Improved
Small Scale Box type Hybrid solar cooker is $120 and it is predicted to
decrease to make it more favorable and likeable. Such research offers
an idea to optimize the performance of a solar cooker by adding solar
panels to it and exploiting photovoltaic power. However, improving the
solar cooker performance can be achieved by other methods and
cheaper than photovoltaic panels like enhancing configurations of the
solar cooker, type of insulations, absorber tray and the cooking pot,
using additional reflector, etc.

Box-type solar cookers have manifold profits [83] which make it
favorable for usage. First, it uses direct and diffused radiations. Second,
they are easy to handle and operate, in which they don't need tracking.
Also, they require little intervention from the user since the moderate
temperatures make stirring unnecessary. In addition to that, several
vessels can be placed in it, and they can be kept warm due to the
retained heat [84]. Box types are relatively inexpensive and they can be
produced or repaired easily. Nevertheless, there are some hindrances of
box solar cooker which can be illustrated by slow cooking process due
to low temperature, cooking must be limited to daylight and it can't be
used for frying or grilling.

2.1.2. Solar panel cooker

Solar panel cookers [85] are similar to solar box cookers in their
principle of operation. But the panel cooker utilizes large reflective
panel instead of insulated box to focus sunlight on the black cooking
vessel that converts sunlight into heat energy. Besides, it has easy
construction and low cost material in which it can be built from a single
cardboard box and some aluminum foil. The pot is surrounded by a
transparent cover which prevents heat from escaping and trap it,
providing greenhouse effect. Solar panel cooker and its components are
illustrated in Fig. 5.

Panel cooker's performance are extremely affected by the reflected
radiation, thus it doesn't seem to be effective under dark, windy or
cloudy weathers. Also, it should be placed in direct sunlight for several
hours before it became ready to be used. Panel cooker can bake breads
and cakes but it can`t fry food. “CooKit” is the most widely used cooker,

Fig. 3. Classification of solar cookers.

Fig. 4. Solar box cooker with reflector.
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it was developed and produced by a volunteer group of engineers and
solar cooks associated with the Solar Cookers International, in 1994.

2.1.3. Solar concentrating cooker

Concentrating solar cooker [1,56] cooks food directly by absorbing
the heat from the sun light without any interference of any material
between the sun light and the cooking pot. It relies on the principle of
solar optics in which it concentrates direct solar radiation on the
bottom of the cooking pot to heat it and achieve extremely high
temperatures. Concentrating cooker is formed of a parabolic reflector,
cooking pot which is placed on the focus point of the cooker [76] and a
stand as a support with turning mechanism to keep the reflector facing
the sun. Fig. 6 shows a schematic drawing of the parabolic solar cooker.
The two major kinds of concentrating cookers are: cookers concentrat-
ing light from above and cookers concentrating light from below.

Parabolic solar cooker is characterized by short cooking time due to
the high temperature that it can be achieved. Also, some of the
parabolic cookers can be utilized for baking [86]; however, this type
of cookers requires the user`s attention due to the risk of fires and
burns that it may cause.

2.2. Indirect solar cooker

Indirect solar cooker consists of a collector to gather heat and
cooking part to exploit the yield. The cooking vessel is displaced from

the collector in which it is separated and protected from radiation. Heat
is transferred from the collector to the cooking pot by a heat-
transferring fluid, where a small circulating pump may be utilized to
circulate the working fluid especially when the collector is kept at
height above the cooking unit. On the other hand, a manual control
valve orients the heat transfer fluid flow rate to the pot or to the storage
tank.

Indirect solar cookers are commonly categorized according to the
type of collector [87] used whether it is flat plate collector, evacuated
tube collector [88,89] or compound parabolic concentrator. Fig. 7
shows a schematic diagram of an indirect solar cooker with flat plate
collector.

In an indirect solar cooker, it is possible to cook in a separate place
or to store energy during sunshine as a sensible or latent energy, and
exploit it later (during evening, night or cloudy weather) [90–92]. In
other words, indirect solar cookers may have sensible or latent heat
storage; or it may not [93]. The thermal storage increases the
performance and competitiveness of the solar cooker significantly,
and optimizes the utilization of the energy collected since solar
irradiation is irregular.

Sensible heat storage is the simplest form to store the thermal
energy, in which it occurs by raising the temperature of a solid or liquid
[94,95]. Fig. 8 illustrates an indirect solar cooker with sensible heat
storage. The heat transfer fluid moves to the cooking unit after it had
been heated in the collector, where part of its sensible energy is
transferred to the double-walled cooking pot. Water, rocks, iron and oil
are the main sensible heat storage media that have increasing heat
capacity with temperature, which makes them motivating options for
storing energy. Storing thermal energy allows cooking at night and
reaching high temperature in short time, as well as keeping food warm
for longer time. But the limitation of sensible systems is that most
materials have small capability to store sensible heat.

Mawire et al. [96] compared experimentally the performance of
thermal energy storage oils for solar cookers during charging.
Experiments were carried on using an insulated 20 L storage tank,
and three thermal oils: Sunflower Oil, Shell Thermia C and Shell
Thermia B are used to be tested and evaluated. It was concluded from
the experimental results that under high power charging, Sunflower Oil

Fig. 5. Solar panel cooker.

Fig. 6. Solar concentrating cooker.

Fig. 7. Indirect solar cooker with flat plate collector.

Fig. 8. Indirect solar cooker with sensible heat storage.
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has the best performance between the other tested thermal oils.
Latent heat storage exploits the stored energy by using Phase

Change Material (PCM) which allows to store significant amount of
energy over narrow temperature range [97,98]. PCMs are characterized
by their high thermal energy storage capacity, they have the ability to
absorb energy during heating process and release it to the environment
during cooling process. For example, during solid-liquid phase change,
fusion absorbs energy and solidification releases it. Some of the latent
heat storage materials that can be selected for solar cooking are:
magnesium nitrate hexahydrate, magnesium chloride hexahydrate and
stearic acid, acetamide, acetanilide and erythritol [99–103]. Energy
storage has an essential role in retaining energy, upgrading reliability
and performance of energy systems, as well as minimizing mismatch
between supply and demand.

Nkhonjera et al. [104] presented a review of thermal energy storage
designs, heat storage materials and cooking performance of solar
cookers with heat storage. The authors stated in their paper that the
most potential and vital issues of research in heat storage for cooking
are the implementation of high temperature thermal storage units,
progress in their geometry in addition to their heat transfer character-
istics. Lecuona et al. [105] investigated experimentally portable para-
bolic type solar cooker combined with heat storage based on phase
change material. A numerical modeling is performed to identify the
climatic conditions of Madrid and to prove the experimental results.
Technical grade paraffin and erythritol are the two checked phase
change materials. It was obtained by the results that cooker with heat
storage along the day can cook lunch for a family. Also, cooking the
dinner and breakfast for the next day is possible if the pot is placed
inside insulated box. Singh et al. [106] experimentally compared
thermal performance of solar cookers with different heat transfer fluid
(water and oil). Also, phase change material discharged was studied
depending on the effect of gate valve. Commercial grade acetanilide
was utilized as phase change material. The results revealed that the
temperature of phase change material at 18:00 h was 10.7 °C when
valves are closed, more than when valves are opened which is 13.1 °C
(where water was the heat transfer fluid). Also, it was obtained that the
average stored energy by phase change material increased by 18.88%
when using oil as heat transfer fluid compared to water. Sharma et al.
[107] presented a review on the available thermal energy storage that
can be incorporated with solar cooker.

3. Parameters effecting solar cookers performance

The thermal performance of a solar cooker is highly influenced by
its main components. Thus, it’s obvious that geometry of the cooker
determines its performance. The geometry parameters are: booster
mirrors, glazing, and absorber plate, cooking pots, heat storage
materials and insulation [108].

3.1. Booster mirror

A booster mirror is important in solar cooker since it makes cooking
in low ambient temperature possible. It provokes higher working
temperatures by permitting higher lightening intensity on the aperture
area, thus enhancing the efficiency. Utilizing booster mirrors reduces
cooking time since it reflects the extra radiation on the surface of the
cooker. Fig. 9 presents a schematic diagram of solar box cooker with
three reflectors.

El-Tous et al. [109] performed experiment on tracking system
which is progressed to promote solar heating in solar cooker. Solar
heater was rotated to track the sun by electronic sun tracking device.
The results obtained from comparing fixed and sun tracking cooker
revealed that the heating temperature increase by 36% when utilizing
sun tracking. It was also found that utilizing sun tracker increases the
pot water temperature and decreases the thermal capacity of the water
by rising the evaporation rate. The authors concluded that the amount

of solar intensity was increased by 20% when tracking sun on the
cooker. M. B. Kahsaya et al. [72] compared between solar box cookers
with and without internal reflector. The two types of cookers were
modeled theoretically by taking into consideration the radiation,
convection and conduction heat transfer. Steady state heat transfer
analysis of the cooker was employed in the theoretical analysis. Also,
experiments have been done to compare the two cookers made up of
same materials (except internal absorber) and have same aperture
area. The theoretical analysis foresees that utilizing internal reflector
will enhance performance of a solar cooker. It was revealed by steady
state analysis that the bottom absorber plate temperature in cooker
with reflector is higher than that of cooker without reflector. Also, dry
test and water boiling tests showed better performance for cooker with
reflector. It was found that cooker with reflector has standard stagna-
tion temperature and cooking power higher than that for cooker
without reflection. Also, it was concluded that enhancing the perfor-
mance of box solar cooker can be achieved by making suitable angle
side walls of the absorber and utilizing internal reflector. Farooqui
[110] performed experiment and numerical simulations to determine
the performance parameters of dual booster mirror solar box cookers
of three different lengths to width ratios. Also, the optimal tilt angle for
both booster mirrors of each day of the year was determined for free
tracking operation. Numerical investigation has been performed for
25° latitude location for all days of the year in order to specify the best
power collection capability of such cooker during 6 h of the favorable
period of cooking which range between 3 h before and after the solar
noon. The selected solar cookers for this investigation have 1.33, 2.66
and 3.99 length to width ratios. The experiments have been conducted
for 3 days to compare performance of three cookers simultaneously
with regular water load. The experimental results has been analyzed to
specify the first and second figures of merit, cooking power, quality
factor and exergy efficiency for each cooker. It was concluded that the
optimum performance of fully loaded solar box cookers with two
booster mirrors tilted at suitable angle is attained with aspect ratio of
2.66. Zamani et al. [111] designed two similar solar cookers and
experimentally studied the impact of flat and parabolic surfaces on the
performance of double exposure solar cookers. The obtained results
reveal that the performance of the solar cooker was affected by about
18.5% by flat mirrors on the box part, while about 25% by the mirrors
located on the parabolic curve. The authors deduced that the parabolic
part has more considerable influence on the performance of solar
cooker compared to the box part.

3.2. Glazing

In a solar cooker solar radiation passes through glazing which is
utilized to reduce convection losses from the absorber plate by
suppressing the static air layer between the absorber plate and the
glass. Also, glazing serves in minimizing radiation losses by which it is
transparent to short wave radiation (coming from the sun) but opaque

Fig. 9. Solar box cooker with three reflectors. /.
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to long wave thermal radiation (emitted from absorber plate). Glazing
comprises glass, fiberglass, acrylic and other materials. Badar et al.
[112] investigated the thermal performance of double glazed solar
oven. Experiments were done and the temperatures inside the box
cavity are recorded on different days and times with diverse intensities
of solar radiation available. Also, steady state heat transfer numerical
model is carried out on solar oven without reflector. Based on the
experiments and numerical calculations, a parametric study is per-
formed to evaluate the impact of several parameters on the thermal
performance of the oven such as distance between glazing, number of
glazing, etc. Regarding number of glazing, it was found that higher box
temperature is achieved when using double glazing than single glazing.
Ghosh et al. [113] studied the thermal performance of a solar cooker
with special cover glass of low-e antimony doped indium oxide (IAO)
coating. The study was conducted by comparing this solar cooker with a
solar cooker uncoated glaze soda lime silicate glass cover, then
comparing it with the same solar cooker with evacuated glazed cover
attaining vacuum of 10−3 atm in the glazing system. At ambient
condition, the thermal performance of solar cookers was distinct due
to the fluctuation of heat flow through different glazing systems. The
thermal performance of a solar cooker box with single glazed low-e IAO
coated glass cover was favorable. Thus, solar cooker with low-e IAO
coated single glass cover is better preferable.

3.3. Absorber tray

Absorber plate is a key point of solar cooker where cooking process
depends on its ability to absorb the useful energy from sun. Solar
radiation crosses the glazing of a solar cooker and clashes the high
absorptivity absorber surface. Then the tray absorbs high quantity of
this energy and transmits it to the food placed in the cooking pot to be
cooked. The absorber tray must be painted in black to maximize
amount of solar radiation that can be absorbed [114]. Also, it is well
known that the geometric structure of the absorber tray is crucial
regarding increasing the intensity of light falling and promoting heat
transfer to the food in the cooking pot. Zamani et al. [115] interestingly
stated that, optimization of absorber plate is one of the most adopted
and investigated strategies in the field of optimizing thermal and
radiation performance. Besides, Harmim et al. [116] developed experi-
mental work to compare the performance of two solar box cookers; the
first one is provided with finned absorber tray while the absorber plate
of the second one is without fins. The results revealed that if thermal
fins were added to absorber plate of solar box cooker, the temperature
will increase by 7% and the boiling time will be minimized by 12% in
comparison with solar box cooker of absorber plate without fins.

3.4. Cooking equipment

Cooking vessels are components of solar cooker that are in direct
contact with the absorber plate. Both serves in receiving the absorbed
useful energy and transmitting it to the food. Various shapes of cooking
pots can be utilized, however, the rectangular and cylindrical shaped
cooking utensils that are made up of aluminum or copper are
recommended. The cooking pot is painted black from outside and
placed in the center of the absorber tray to rise the rate of heat transfer
by conduction between them. The quantity and nature of food cooked
determines the number of cooking vessels.

Sethi et al. [117] evaluated the performance of an inclined box solar
cooker with single supporter mirror designed with a novel parallele-
piped cooking pot for better cooking efficiency during winter condi-
tions. The new parallelepiped shaped design is specialized by longer
inclined south wall and trapezoidal shaped cavity on the pot cover
which maximize heat transfer to the food. The performance parameters
of this cooker (inclined cooker with parallelepiped cooking vessel) are
compared with similar cooker of cylindrical pot design and horizontally
placed, in January 2010 (winter month) at Ludhiana climate (30°N

77°E), India. The results revealed that the first and second figures of
merit (F1 and F2) for inclined cooker were 0.16 and 0.54 greater than
that for horizontally located cooker (0.14 and 0.43). Time taken to boil
water and the cooking power was 37% less and 40% more respectively
in parallelepiped shaped cooking pot of inclined cooker compared to
cylindrical vessel of horizontally located cooker. Hermelinda and
Mauricio [118] proceeded in developing jorhejpatarnskua, which is a
solar cooker integrated with compound parabolic concentrator. Several
tests were performed using several pots simultaneously to study and
analyze thermal standards of the cooker. The results unveiled that as
cooking pots increase, cooking power, thermal efficiency and second
merit decrease to the half in case of two pots and one third in case of
three containers. Misraa and Aseri [119] presented a comparative
experimental study to enhance performance of solar box cooker.
Experiments were conducted on two solar cookers of different cooking
environments: natural convection and forced convection heat transfer
solar cookers. The experimental results of thermal performance tests
showed that the stagnation absorber plate temperatures were 133.9 °C
and 119.3 °C and the boiling times for heating 1 kg of water were
52 min and 75 min, for forced and natural convection solar cooker,
respectively. Also, it was obtained that forced convection solar cooker
cooked rice with higher quality compared to the cooked rice by natural
convection solar cooker. It was concluded that forced convection solar
cooker has the ability to cook food with good quality and much less
time compared to natural convection solar cooker. Hence, performance
of solar cooker can be improved by utilizing a small fan to the cooker
and achieve forced convection.

3.5. Heat storage material

It is well recognized that solar cookers are elegant application of
solar energy that will have a significant potential in the future. But such
technology still has some impediments which requires a lot of studies
and researches. One of the most critical obstructions challenging solar
cookers is their disability to achieve successful cooking process when
the sun fades. In most cases, such problem was solved by using phase
change materials in order to store energy and use it when there is no
enough solar energy. Fig. 10 presents a schematic diagram of an
indirect solar cooker with heat storage material (PCM).

Saxena et al. [120] presented various types of phase change
materials used in solar cookers. An experiment is done by comparing
simple solar box cooker using stearic acid with another solar cooker of
similar design but with no phase change material. It was found that
among the phase change materials stearic acid is a pleasant choice for
storing latent heat. Mussard [121] experimentally compared between
the cooking performance of a widespread SK14 cooker and a prototype
of parabolic trough solar concentrator cooker with heat storage. The
first cooker is direct type solar cooker where the cooking utensil is
located on the central point of the dish. In the second cooker working
fluid (thermal oil) circulates and transmits heat from the absorber to
the storage unit where cooking is achieved at the top of the storage.
Boiling and frying tests are conducted to evaluate the efficiency of heat
storage system. In addition to that, simulations are performed for
progressing and optimizing the system. It was found that cookers with

Fig. 10. Indirect solar cooker with heat storage material (PCM).
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heat storage system of optimized surface contact have the best
performance compared to standard cooker or any other cooking
appliances. Chaudhary et al. [122] experimentally investigated solar
cooker integrated with parabolic dish collector and phase change
thermal storage unit (acetanilide is the phase change material).
Experimental setup was performed on three solar cookers: ordinary
solar cooker, solar cooker with outer surface painted black, and solar
cooker with outer surface painted black along with glazing. The
experimental results manifested that the maximum temperature of
phase change material attained in ordinary solar cooker, solar cooker
with outer surface painted black, and solar cooker with outer surface
painted black along with glazing was 119 °C, 175.4 °C and 186.3 °C
respectively. Also, it was found that in solar cooker with outer surface
painted black and solar cooker with outer surface painted black along
with glazing, phase change material stored 26.8% and 32.3%, respec-
tively, more heat compared to that in ordinary solar cooker. The
authors concluded that solar cooker with outer surface painted black
along with glazing has the best performance compared to ordinary
solar cooker and solar cooker with outer surface painted black.

3.6. Insulation

One of the most essential components of solar cookers is insulation
which reduces interaction between solar cooker and the environment.
It allows maximizing the amount of heat energy stored and thus
working more efficiently. To minimize the transmission of heat energy
from the cooker to the surrounding, it is mandatory to utilize insulating
materials. Insulation can be achieved by using any material of low
thermal conductivity, but the selection relies on the lower cost.

Aremu and Akinoso [123] studied the impact of insulating materials
on the performance of solar heater. A box solar heater using domestic
agricultural insulations is presented. The usage of coconut coir leads to
achieve temperature up to 159 °C. Also, it was obtained that during dry
season the shortest duration to heat 1 L and 1.5 L of water was 50 and
65 min respectively, and 120–170 min to boil 1 L of water during wet
season. It was concluded that performance of agricultural insulations are
more efficient than manufactured insulating materials and serves in
decreasing the cost of solar box heater. Also, Aremu and Igbeka [124]
evaluated energy and exergy efficiencies of solar box cooker with diverse
insulating materials. Experiments have been carried out on five solar box
cookers with maize cob, air (control), maize husk, coconut coir and
polyurethane foam, at Department of Agricultural and Environmental
Engineering, for 3 years. Water heating test was used to evaluate energy
and exergy of the cookers and the results were analyzed by using ANOVA.
It was reported that a solar cooker with air as insulation has the lowest
energy and exergy efficiencies (11% and 1.07% respectively) compared to
others. This proves the fundamental of using good insulating material for
solar box cooker. Mussard and Nydal [125] conducted two tests on solar
cooker of heat storage coupled with a self-circulating solar parabolic
trough filled with thermal oil. In the first experiment the receiver tube is
not insulated while in the second it is insulated with glass tube of 7 mm
thickness. Results noted that insulating the absorber tube is not necessary
at low temperature and the efficiency is higher in the non-insulated tube.
However, glass tube is needed as the storage temperature becomes high
and reaches 200 °C, where above it is difficult to gather heat without
insulating the absorber.

4. Energy and exergy analysis

Solar cooking is an adequate process of utilizing solar energy to
meet cooking request. Many researchers tried to compare and evaluate
solar cookers in order to acquire the best performance. Energy and
exergy analysis [126,127] is one of the most significant means of
studying and evaluating the performance of solar cookers [128].

Panwar et al. [129] stated that energy analysis is based on the first
law of thermodynamics, in which the net heat provided is transformed

into work. In a solar cooker, energy input depends on collector size and
solar intensity, while energy output relies on quantity of cooking fluid
and number of cooking pots placed on the absorber tray [130]. The
energy efficiency η is defined as the ratio of output energy (Eo) to the
input energy (Ei) of solar cooker and it is shown in the following
equation [129]:
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where Cpw is water specific heat, Twf is final temperature of water, Twi is
initial temperature of water, t represents the time, It is the total
instantaneous solar radiation and Asc is intercept area of solar cooker.

Panwar [131] reported that the concept of exergy is based on first
and second law of thermodynamics. Exergy input and output analysis
allow finding the locations of the maximum degraded energy of solar
cooker. Exergy is defined as the maximum amount of work that can be
achieved from a system. The exergy efficiency ψof a solar cooker is the
ratio of output exergy (Exo) to the input exergy (Exi) [128]. It can be
calculated using the following equation [130]:
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where To is the outside temperature, Ta is the ambient temperature and
Ts is the sun temperature. Exergy analysis is qualitative estimation of
energy while energy analysis is quantitative estimation of energy. It can
be said that for predicting the efficiency of a solar cooker, exergy
analysis is more convenient than energy analysis. Farooqui [132]
presented a review in indirect type vacuum tube based solar cooker.
Also, energy and exergy analysis of single vacuum tube based prototype
has been performed experimentally. Three experiments has been done
within 10 days during March and April 2013. It was obtained from the
performance parameter that the cooker has high peak exergy power
(55.6 W), 0.042 quality factor, 20–30% energy efficiency and 4–6%
exergy efficiency. Also, Farooqui [133] experimentally investigated the
effect of varying load on energy and exergy efficiencies and other
diverse performance measuring parameters. Five experiments have
been performed with variable water loads (range of 3–7 kg), on 14, 15,
and 31 of March, 26 and 27 of November 2014. It was obtained that the
maximum energy efficiency range is 20–25%, maximum exergy
efficiency range remained 2.3–3.8%, maximum exergy output power
was 46.4 W and peak exergy output power versus temperature
difference was 51.07 W which are the highest compared to other solar
cookers. Thus, it was concluded by Farooqui [132,133] that despite its
compact size, vacuum tube type solar cooker is comparable to other
single family cooker types. Park et al. [134] presented a comprehensive
review on energy and exergy analyses of typical renewable energy
systems such as solar thermal, solar photovoltaic and biomass cook
stove system. The authors concluded that energy analysis is the basic
analysis for renewable energy systems. Moreover, the authors found
that the performance relied on exergy analysis is lesser than that of
energy analysis for all renewable energy systems.

5. Economic and environmental concerns

Solar cooker is a promising option of solar energy appliances. It
plays a key role in progressing life and making it healthier. Precisely,
solar cooker has a significant influence and benefits that has to do with
environment, economic and health.

Solar cookers reduce the dependence on conventional sources of
energy and thus lower emissions of greenhouse gases which reduce
pollution. As a result, humans become healthier and distant from diseases
that are in high rate these days due to pollution. From an economic view,
usage of renewable source of energy application (solar cooker) will
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decrease the increased cost of fossil fuel and will serve in saving a great
amount of money. Also, when disease diminish, money spent on medical
treatments will also be economized which is a privilege for people. In
addition to that, solar cookers minimize utilization of fire wood which
reduce deforestation and desertification. Besides, solar cookers decrease
the release of smokes from firewood that are harmful to eyes and
respiratory system as well, especially for children. In places like Africa,
there is a high dependence on wood stoves which are used indoor and
outdoor. Indoor pollution resulted from the incomplete combustion of
wood generates carbon monoxide gas which is harmful to lungs. Thus,
utilization of wood stoves is the main reason of many diseases especially
lung cancer, and other respiratory diseases like asthma, etc.

Sosa et al. [135] presented a project implementing prototypes of
solar cookers with compound parabolic concentrators in Mexico. It was
aimed from this project to reduce timber resource extraction through
harnessing renewable energy sources. This reduction was predicted to
be 30%. Interviews has been done and showed that 85% of beneficiaries
have utilized solar cookers. It was found from the monitoring results
that despite the fact that each family expended about 145 kg fuel wood
per 1 week, 43% of households have been economizing 50% fuel wood
by using solar cooker. This study successfully highlighted the necessity
to utilize solar cooker instead of fire wood for human and environ-
mental care in addition to economic benefit.

Succinctly, solar cooker is a gracious application of solar energy. It
is friend environment, produces food of high value of nutrition, and it
is cheap and convenient for all economic levels of people in society.

5.1. Economic analysis

Referring to the aforementioned comments, solar cooker has an
appreciable economic impact. A study is performed to evaluate the
amount of saved money if a solar cooker is utilized instead of traditional
LPG (Liquefied Petroleum Gas) cooker. Then, the payback period is
computed according to the cost of the solar cooker and the amount of
saved money. In this study, several types of solar cookers are taken under
study and different scenarios in Lebanon country are considered including
residential apartment, restaurant, snack and hotel. A survey was done to
measure the amount of LPG consumed in each scenario. The survey was
perfumed with several number of people having residential apartment,
restaurant, snack or hotel. After estimating the amount of LPG, the cost of
LPG is calculated for each scenario. The calculation is based on the price
in the Lebanese market where the cost of 1 kg of liquefied petroleum gas is
approximately $0.91. Table 1 illustrates the consumed amount of LPG
(kg/month) and its cost ($/month) for each scenario.

To calculate the payback period for the different solar cooker types,
the saved money SM is calculated as follows:

smpm P M P= . .r lpg lpg (3)

where smpm is the amount of saved money per month, Pr is the
percentage of time where the SC is used, Mlpg is the mass of LPG

consumed per month and Plpg the price 1 kg of LPG. Hence, the
payback period pbp is calculated as follow:

pbp
scc

smpm
=

(4)

where scc is the total cost of solar cooker.
Table 2 illustrates different types of solar cookers with their cost in

$. Table 3 shows the amount of money saved for each scenario by
considering Pr = 0.5. Table 4 reports the number of solar cookers
needed, total cost and the payback period for each solar cooker and for
different scenarios.

The number of required solar cookers varies according to the type of
solar cookers where each solar cooker accommodates specific number of
cooking pots. For example, four cooking units can be placed in solar box
cooker while only one pot can be located in a parabolic solar cooker. Also,
the cooking site determines the number of needed solar cookers. For
instance, hotel and restaurant need more solar cookers than home or
snack. Therefore, the number of solar cookers determines the total cost of
solar cookers in each scenario. As shown in Table 4, regardless to the type
of the solar cooker, the payback period for home is the highest compared
to other scenarios, while restaurant has the lowest payback period. On the
other hand, regardless to the cooking site, parabolic solar cooker and
indirect evacuated solar cooker have the highest payback period due to the
fact that they have high cost, and solar parabolic cooker accommodates
one cooking pot which requires more than one cooker in some scenarios
and thus increases its cost. While solar box and panel cookers has the
lowest payback period knowing that solar panel cooker has low cost, and
solar box cooker accommodates four pots which decreases number of
needed cooker and thus the cost. But in general, payback periods are low,
where the highest is for parabolic solar cooker in home (about 6 year and
5 months).

Table 1

Amount of liquefied petroleum gas used and its cost for each scenario.

Amount of LPG (kg/month) Cost of LPG ($/month)

Home 20 18.2
Restaurant 2000 1820
Hotel 1320 1201.2
Snack 300 273

Table 2

Different types of solar with their cost.

Solar cooker cost ($)

Box 350
Panel 86
Parabolic 349
Indirect evacuated tube with thermal storage 640

Table 3

Saved money for each scenario.

Scenario Saved money ($/month)

Home 9.1
Restaurant 910
Hotel 600.6
Snack 136.5

Table 4

Payback period for each solar cooker and for different scenarios.

solar cooker Scenario Number of
solar cookers
required

Total cost of
solar
cookers

Payback
period
(month)

Box Home 1 350 39
Restaurant 2 700 1
Hotel 2 700 2
Snack 1 350 3

Panel Home 2 172 19
Restaurant 6 516 1
Hotel 6 516 1
Snack 4 344 3

Parabolic Home 2 698 77
Restaurant 6 2094 3
Hotel 6 2094 4
Snack 4 1396 11

Indirect evacuated
tube with
thermal storage

Home 1 640 71
Restaurant 2 1280 2
Hotel 2 1280 3
Snack 1 640 5
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For Pr = 0.5, the amount of payback period in home is 39 months if
solar box cooker will be used, 19 months for solar panel cooker , 77
months for solar panel cooker and 71 months for parabolic solar
cooker. Thus, solar panel cooker is the best choice to be used at homes
and hotels. Similarly, solar box cooker and solar panel cooker are better
to be used at restaurants and snacks. The choice of a solar cooker

depends here on the economic side, regardless to the cooker efficiency
and performance.

Fig. 11 shows variation of payback period as function of Pr and
scenarios for (a) solar box cooker (b) solar panel cooker (c) solar
parabolic cooker (d) indirect evacuated tube solar cooker with thermal
storage. It can be easily noticed that the payback period is inversely

Fig. 11. Variation of payback period as function of Pr and scenarios for (a) solar box cooker (b) solar panel cooker (c) solar parabolic cooker (d) indirect evacuated tube solar cooker
with thermal storage.
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proportional to Pr. For example, for solar box cooker, when Pr was 0.2
the payback period was about 96 months, 1 month, 2 months, and 7
months respectively for home, restaurant, hotel and snack. However,
when Pr was 0.8 the payback period was approximately 24 months, 0.5
month, 1 months, and 2 months respectively for home, restaurant,
hotel and snack.

5.2. Environmental analysis

From an environmental point of view, a solar cooker can highly
decrease the amount of produced carbon dioxide gas (CO2) per year
[136].

Panwar et al. [137] interestingly shed light on fuel replacement and
carbon dioxide reduction by investigating techno-economic study on
animal feed solar cooker in rural areas of India. The results showed
that, in 1 year, carbon dioxide emission was decreased by 424.8 kg
when using animal feed solar cooker, where the fuel (wood) cost is
almost negligible with respect to LPG. Xu et al. [67] discussed methods
to minimize carbon footprint of cooking operations according to life
cycle assessment methodology. Types of food, fuels, and cookware,
correct use and management of cookware, and cooking waste were
carried on to study their effect on decreasing carbon footprint. He et al.
[3] stated that in China, the government supported energy conserva-
tion targets and renewable energy utilization to decrease release of
carbon intensity by 17% during years 2011–2015, and reach this
decrease to 40–50% by year 2020 where the peak will be attained by
year 2030.

To quantify the environmental impact of solar cookers, a study on
the amount of carbon dioxide gas (CO2) produced from the combustion
of liquefied petroleum gas in home, restaurant, hotel and fast food
restaurant in Lebanon country is carried out. Indeed LPG is mainly
formed of butane and propane in addition to other natural gases. In
this study, LPG is considered to undergo complete combustion and
formed of about 80% of butane and 20% of propane. Eqs. (3) and (4)
represent the complete combustion equation of butane and propane
respectively.

C H O N CO H O N2 + 13( + 3.76 ) → 8 + 10 + 48.884 10 2 2 2 2 2 (5)

C H O N CO H O N+ 5( + 3.76 ) → 3 + 4 + 18.83 8 2 2 2 2 2 (6)

According to stoichiometric proportion of these two equations, for
every 1 kg of butane and propane 3.0345 kg and 3 kg of Carbone
dioxide is produced respectively. Table 5 illustrates the amount of LPG
used (kg/month), amount of butane and propane existing in this LPG
and the amount of produced carbon dioxide.

The amount of carbon dioxide reduced Mreduced CO2 (due to the
utilization of a solar cooker instead of conventional LPG cooker) can be
calculated as follow:

M P M= .reduced CO r CO total2 2 (7)

Where Mco2, total is the total amount of carbon dioxide produced (kg/
month).

Fig. 12 sheds light on the amount of carbon dioxide that will be
reduced when traditional LPG cooker is replaced by a solar cooker. If a
solar cooker is utilized during 50% of cooking time, 30.27, 3027.6,
1998.21 and 454.14 kg/month of carbon dioxide will be reduced in

home, restaurant, hotel and snack respectively. While 60.55, 6055.2,
3996.43 and 908.28 kg/month of carbon dioxide will be reduced in
home, restaurant, hotel and snack respectively if cooking depends only
on solar cooker (Pr = 1). Thus, less carbon dioxide will be formed when
the percentage of time where a solar cooker is used increase. This study
ensures that solar cooker is environmentally friendly, where it serves in
reducing emission of carbon dioxide which is polluting gas.

6. Conclusions

The present work call into question the use of solar cookers. It
presents a review on the fundamentals of solar cookers with a detailed
description of the influence of several key-parameters on their perfor-
mance. Energy and exergy analysis is presented and environmental and
economic studies are developed.

The economic study is carried out to compute the payback period
for different solar cookers (solar box cooker, solar panel cooker,
parabolic solar cooker and evacuated tube solar cooker with thermal
storage) and for several scenarios in Lebanon (home, hotel, restaurant
and snack), where Pr is varied from 0.1 to 1. The results confirmed that
there is inversely relationship between Pr and payback period (for all
solar cookers and scenarios). To exemplify for solar box cooker, the
payback period decreased from 96 to 24 months, 1 to 0.5 months, 2 to
1 month, and from 7 to 2 months in home, restaurant, hotel and snack
when Pr increased from 0.2 to 0.8.

The environmental study was developed on the previously stated
scenarios to shed light on the impact of utilizing solar cookers on
carbon dioxide production. It was shown that solar cookers serve in
reducing carbon dioxide emissions and there is direct relation between
Pr and reduction in carbon dioxide production. To illustrate, the
amount of carbon dioxide minimized increased from 30.27 to
60.55 kg/month, 3027.6 to 6055.2 kg/month, 1998.21 to 3996.43 kg/
month and from 454.14 to 908.28 kg/month in home, restaurant, hotel
and snack respectively when Pr increased from 0.5 to 1.

It is obvious that solar cooker has a great beneficial impact on
economic, health and environment. That is why it is expected that the
use of solar cookers will spread all over the world especially in
countries such as Lebanon.

Governments and social associations should play an essential role
in recommending the more adapted type of solar cooker depending on
the weather conditions and local cost of components.

Safety of solar cooker is a crucial issue that should be taken into
consideration especially when oil working fluid is used.

Table 5

Total amount of carbon dioxide produced from combustion of LPG.

Amount of LPG
(kg/month)

Amount of butane
(kg/month)

Amount of propane
(kg/month)

Amount of CO2 formed from
butane (kg/month)

Amount of CO2 formed from
propane (kg/month)

Total amount of carbon
produced (kg/month)

Home 20 16 4 48.55 12 60.55
Restaurant 2000 1600 400 4855.2 1200 6055.2
Hotel 1320 1056 264 3204.43 792 3996.43
Snack 300 240 60 728.28 180 908.28
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Fig. 12. Amount of carbon dioxide reduced for different values of Pr.
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1.2 Séchage solaire : un bilan avec évaluation économique et 

environnementale 

Cet article est publié dans « Energy » 

doi.org/10.1016/j.energy.2018.05.197 

Résumé - Une revue sur le séchage solaire est présentée. La revue comprend les principaux 

composants, les classifications et les paramètres influençants. Les avantages, les inconvénients et 

les limites de cette technologie sont également étudiés. Cela dit, les séchoirs solaires sont évalués 

en fonction de trois éléments clés : le mode de circulation de l'air (passif et actif), le mode de 

transfert de chaleur (direct et indirect, hybride et mixte) et le type de chambre de séchage (armoire, 

serre et tente). De plus, des études économiques et environnementales sont réalisées pour le cas 

libanais afin d'évaluer la durée d’amortissement (PP) et la réduction de CO2. Les paramètres 

examinés sont le pourcentage de temps pendant lequel le séchoir solaire est utilisé (Pr), la masse 

d'aliments séchés et le type d'aliment. Les résultats montrent que pour Pr égal à 0.6, lors du séchage 

de 120 kg de carottes à l'aide d'un séchoir solaire, la quantité d'argent économisé (SM) est de 780 

$/mois, PP est de 10 mois et la quantité d'émissions de CO2 diminue de 6400 kg/mois. 
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a b s t r a c t

In this paper, a review on solar drying is presented. The review comprises the main components, clas-

sifications and affecting parameters. Advantages, disadvantages and limitations of such technology are

also investigated. That said, solar dryers are assessed according to three key-elements: way of air
movement (passive and active), mode of transferring heat (direct and indirect, hybrid and mixed) and

type of drying chamber (cabinet, greenhouse and tent). Moreover, economic and environmental studies

are performed for the Lebanese case in order to assess the Payback Period (PP) and the amount of CO2

reduction. The examined parameters are the percentage of time where solar dryer is utilized (Pr), the
mass of dried food and food type. Results show that for Pr equals to 0.6, when drying 120 kg of carrots

using solar dryer the amount of Saved Money (SM) is 780 $/month, PP is 10 months and the amount of

CO2 emissions decreases by 6400 kg/month.
© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Drying is an outstanding way to overcome spoiling problems of
food such as fruits, vegetables and grains. It is a powerful process of
relatively high energy consumption where it presents about
10e15% of the overall world industrial energy consumption [1,2].
On the other hand, energy domain is witnessing an accelerated
effort to find solutions for the current energy crisis. The panel of
solutions ranges from heat recovery to renewable energy sources
and energy storage. Heat recovery systems [3e13] are based on
reusing the dissipated heat from several application in order to
increase the energy usage efficiency, where heat exchanger [14] is
the main component of such system. Renewable energy systems
rely on sustainable sources such as wind [15e20], biomass [21e35],
solar [36e43], geothermal [44e50], hydropower [51e56] and tidal
[57e62]. Fig. 1 illustrates the different strategies to avoid energy
crisis.

Actually, earth receives a plenty annual amount of solar radia-
tion energywhich is greater than theworld energy request bymore

than 10000 times [63,64]. Hence, renewable sources of energy,
especially solar energy are the optimummethod that can be used to
reduce the cost of energy and decrease CO2 (carbon dioxide)
emissions.

One of the most potential applications of solar energy is solar
dryer [65e70]. Solar dryer is a device which exploits solar energy to
add significant amount of heat to a product and extract humidity
from it without affecting its quality. It is utilized in several domains
mainly agriculture and industries where it reduces bacteria and
preserves agricultural products.

Since many years, open sun drying was the common way to dry
and preserve food and agricultural products. However, open sun
drying has several limitations including degradation of materials
quality due to dust, rain, wind, insects and animals, in addition to
inability to control external drying parameters such as moisture
content, temperature and drying air flow rate. In 1976, Everitt and
Stanley developed solar dryer to avert open sun drying conflicts
and supply a progressed way to dry products [71e73]. The solar
dryer consisted of a box shape housing unit with a transparent
sunlight cover. After decades, numerous distinguished researchers
[74e78] conducted developments on solar dryer to maintain the
optimum eligible drying features.

That said, due to the fact that Lebanon is one of the countries
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that suffers from fuel scarcity and economical deficiency, solar
dryers could represent an efficient solution to decrease energy
consumption in drying processes. In the frame of this view the aim
of the presented study is to present a review on solar dryer con-
cerning its principle and components, classification and effecting
parameters, advantages and disadvantages. Besides, economic and
environmental analyses are developed to shed light on the signif-
icant role of solar dryers in Lebanon regarding saving money and
decreasing CO2 emissions. Hence, the objectives of this paper are to
study solar dryer technology, tomake it more familiar to be utilized,
and to expose the importance of utilizing it especially in Lebanon
country.

The rest of this paper is organized as follows: section 2 and 3
respectively present the principle and components of solar dryer,
section 4 is devoted to review the different classifications of solar
dryers and section 5 delineates the effective parameters on drying
rate of solar dryers, section 6 elucidates the benefits and drawbacks
and barriers of solar dryers, section 7 exposes economic and
environmental concerns in Lebanon, section 8 draws the main
conclusions of the work and section 9 lists some future works and
recommendations to fulfill them.

2. Principle of solar dryers

Solar dryer is an appliance which transmits heat from heat
source to a product, and transfers mass (moisture) from the surface
of the product to the surrounding air [79]. The basic function of a
solar dryer is to rise the vapor pressure of moisture found inside the
product and increasemoisture carrying capacity of the drying air by
decreasing its relative humidity [80]. During solar drying, warm air
captures moisture from the dried product [81]. The amount of
moisture removed depends on the temperature of the dried air
wherewarm air has the ability to catchmoisturemore than cold air.
Fig. 2 shows a schematic that explains in general the principle of
solar dryer.

3. Components of solar dryers

In general, solar dryer is composed of three prime components

which are the drying chamber, air heater and air flow system. The
drying chamber is the location where dried food are placed. It
protects food from dust and dirt. In most cases it is insulated to
increase the drying efficiency. The solar heater (solar collector) is a
box of dark color with a transparent cover. It heats the drying air by
raising the ambient temperature 10e30 K. While air flow system
exhausts the moist air to the surrounding.

4. Classifications of solar dryers

Numerous types or designs of solar dryers may be presented in
the literature. With this in mind, persistent update of solar dryers'
classifications should be developed due to the continuous progress
in designing solar dryers. Moreover, different manners can be taken
into account to categorize solar dryers. Indeed, various classifica-
tions of solar dryers have been presented in the literature [82e90].
In this work solar dryers are classified according to method of air
flow, mode of transferring heat from sun to the product and type of
drying chamber. Fig. 3 illustrates the different categories of solar
dryers.

Several studies [71,91e94] were performed to present a review
on the exciting types of solar dryers. Kumar et al. [91] presented a
state of art review of several designs, details of constructional
features and operational principles of wide variety of practically
realized solar drying systems. Fudholi et al. [92] presented a review
on four types of solar dryers: direct, indirect, mixed, and hybrid. The
study was conducted regarding the material to be dried, economic
and technical aspects. The progress of solar drying systems of
agricultural products relies on technical directions such as compact
design of the collector, integrated storage, good efficiency and long
lasting drying system. Sontakke and Salve [93] presented a review
on the several techniques and modes of solar dryers. Similarly,
Kumar et al. [71] pursue a review on mainly three types of solar
dryers which are direct, indirect and hybrid solar dryer and their
drying applications. Mustayen et al. [94] presented in a paper the
different types of solar dryer that are widely used. Dryers are
categorized into indirect, direct, and mixed dryers in addition to
active and passive types. Also, the paper sheds light on the envi-
ronmental impact of solar energy, specifically solar dryers. In
addition to that, technologies that may serve in progressing solar
dryers are implemented.

4.1. .1Mode of air movement

4.1.1. Passive solar dryers

Passive solar dryers depend on the natural movement of air due

Fig. 1. Different strategies to avoid energy crisis.

Fig. 2. Principle of solar dryer. Fig. 3. Classifications of solar dryers.
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to buoyancy force, wind pressure difference, or combination of
them. Hence, this type of dryers is known as natural convection
solar dryers. Such solar dryers have slowdrying rate due to the slow
movement of air [95].

4.1.2. Active solar dryers

Active solar dryers require fans to duct air through the dryer
components which can be mounted either at the inlet or at the exit.
It has a higher drying rate compared to the passive mode, but it
needs electrical energy to drive the fan [96].

4.2. Mode of transferring heat

4.2.1. Direct solar dryer

Direct solar dryer is composed of a drying chamber which is
covered by transparent glazing made up of plastic or glass [97]. In
direct solar dryer, the product is placed in an enclosure of trans-
parent cover. Solar radiation is absorbed by the material and the
internal surfaces of the drying chamber, generating heat. Then heat
evaporates moisture from the product and thus it is dried. Fig. 4
illustrates a schematics of direct passive and direct active solar
dryers respectively.

Direct dryers can be constructed simply, they are inexpensive
and require low maintenance cost. However, such dryer has low
drying rate because it is dependable on climate conditions. Also, it
requires large space area and it lowers the product quality due to
direct sun exposure [93].

4.2.2. Indirect solar dryer

Indirect solar dryer [95] is made up of drying chamber which
has opaque cover, fan and solar air heater/solar collector whichmay
be fixed plate collector or concentrated type collector [98]. Solar
collector heats the atmospheric air, in which the product is not
exposed directly to solar radiation. Then, warm air is ducted to the
drying chamber by the fan (in active type) where it transfers heat to
the material and evaporates moisture from it. Fig. 5 shows a
schematics of indirect passive and indirect active solar dryers
respectively.

Indirect solar dryer is more efficient than direct type, it has a
high drying rate compared to direct dryer. Having said that, in an
indirect solar dryer air velocity, dryer temperature and solid
loading can be simply controlled compared to direct solar dryers
[99]. Moreover, it preserves product quality by preventing direct
exposure to sun, and it is recommended for photosensitive prod-
ucts. But this dryer has high capital cost and requires high

maintenance compared to direct dryer [100].
Phadke et al. [100] did a review on indirect solar dryers, where

the various technologies of indirect dryers against direct type solar
dryers and against each other were presented. Also different
techniques that can be installed to solar dryers for improvising their
efficiency were implemented. Pastrana [101] designed and studied
the drying process of an indirect solar dryer.

4.2.3. Mixed solar dryer

Mixed solar dryer [95,102] is a combination of the direct and
indirect types [98,103]. The cover of drying chamber in mixed dryer
is transparent. In such dryer a separate collector preheats air before
entering drying chamber and then sunlight adds heat to the
products which will be dried.

Mixed solar dryer has the highest drying rate compared to direct
and indirect dryers. Besides, it can achieve in a short time tem-
perature much higher than ambient which serves in attaining
suitable level of moisture in the product [99]. But it is complex and
of high initial cost [100].

4.2.4. Hybrid solar dryer

Hybrid solar dryers [104e106] are dryers that depend on solar
energy and another source such as biomass or fossil fuel. Such
dryers have the ability to operate without solar energy which
reduce the risk of losing food. Ayala and Topete [107] reported in a
study on drying pineapple in hybrid solar dryer that the time
needed to dry pineapple in solar dryer is 31.2% longer than that
required when utilizing hybrid solar dryer. Thus, hybrid solar dryer
reduced the drying time compared to solar dryer. On the other
hand, hybrid solar dryers are expensive and they may lead to fuel
dependent, where the main purpose of solar dryers is to decrease
fuel dependence.

The substantial difference between mixed solar dryers and
hybrid solar dryers is that in mixed solar dryers the only source of
energy is solar energy however the operational mode includes a
combination between direct and indirect solar dryers. Having said
that, hybrid solar dryers do not depend only on solar energy it
couples several energy sources such as solar energy and biomass.

4.3. Type of drying chamber

4.3.1. Cabinet solar dryer

Cabinet solar dryer is a large box made up of metal or wood. The
products that will be dried are placed in shelves inside the chamber.
Heat storage systems can be installed in the dryer [108,109].

(a) (b)
Fig. 4. (a) Direct passive solar dryer; (b) Direct active solar dryer.
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Cabinet dryers may be of direct or indirect type depending on the
type of drying chamber. In direct type the chamber is transparent
while in the indirect one the chamber is opaque. Figs. 6 and 7 are
schematic diagrams for direct and indirect cabinet solar dryer
respectively.

Cabinet solar dryer can be simply constructed and it has low
initial cost [63]. Ghaffari and Mehdipour [110] modeled and
improved a typical cabinet solar dryer by using computational fluid
dynamics. However, cabinet solar dryer has a low removal of
moisture and it has tendency to over dry the lower trays.

4.3.2. Greenhouse solar dryer

Greenhouse dryer is a solar dryer which combines the operation
of solar collector with greenhouse system. The dryer's walls and

roofs are manufactured from a transparent material such as glass,
fiber glass, UV stabilized plastic or polycarbonate sheets [108]. To
enhance the absorption of solar radiation, black surface is required.
Such type of dryer has a considerable drying control compared to
other types. It can be applied for large quantities of products. Fig. 8

(a) (b)
Fig. 5. (a) Indirect passive solar dryer; (b) Indirect active solar dryer.

Fig. 6. Direct cabinet solar dryer.

Fig. 7. Indirect cabinet solar dryer.

Fig. 8. Passive greenhouse solar dryer.
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represents a schematic diagram for passive greenhouse solar dryer.
Kaewkiew et al. [111] investigated the performance of large

scale greenhouse solar dryer for chili drying. The dryer has para-
bolic shape coveredwith polycarbonate sheets, and its base is made
up of concrete with 8� 20m2 area. The dryer is ventilated by nine
DC (direct current) fans which are powered by three solar cell
modules of 50W each. It was implemented in Ubon Ratchathani,
Thailand, where three chili batches were dried in it. The experi-
ment revealed that 500 kg of chili with 74% initial moisture content
needs 3 days to be dried in solar dryer while 5 days to be dried by
natural sun.

4.3.3. Tent solar dryer

Tent solar dryer consists of wooden pillars covered with plastic
sheet, where the background plastic sheet has black color to absorb
more solar radiation. At the upper side of the tent a vent is applied
to allow flow of air stream inside it. The products to be dried are
located on a ledge above the ground [108]. Solar drying using tent
solar dryer requires same duration of time as drying in open air
drying [63]. Tent dryer is cheap and it can be simply constructed.
However, strong wind can easily destroy it. Fig. 9 illustrates a
schematic diagram of tent solar dryer.

5. Affecting parameters on solar dryers performance

Drying rate of solar dryers can be affected by several parameters.
The most essential parameters that affect solar dryer performance
are the type of material, it's loading and pretreatment, temperature
attained inside the dryer, drying air velocity and relative humidity.
Kapadiya and Desai [99] described the influence of the aforemen-
tioned parameters on performance of solar dryer. Kucuk et al. [112]
reviewed 67 models of thin-layer drying curve and compared their
drying behavior by taking into consideration several effecting pa-
rameters including product type, pretreatment type, temperature,
air velocity and others.

Drying rate is influenced by the type of the product to be dried
in which some materials are sensitive to heat so they don't endure
high drying temperature or long drying duration. Fudholi et al. [92]
reviewed numerous designs of solar dryers that has been devel-
oped for drying several types of agricultural and marine products.

A vital parameter affecting performance of solar dryer is the
amount of dried products. Higher load of solids requires greater
amount of drying air. This increases the risk of obtaining poor
quality of the dried products due to inability to attain the desired
moisture content inside the materials. In contrast, small amount of

dried products rises the drying rate of the solar dryer but in some
cases this may cause loss of energy.

Pretreatment of samples before undergoing drying process is
essential in which it enhances the drying rate and reduces the
drying time [113]. Thus, high quality of the product will be achieved
with less consumption of energy. Pretreatment may include slicing
the fruits where in Ref. [114] mango fruits were utilized for drying
test and cut into horizontal 4mm thick slices.

Temperature is a parameter that has an influence on both drying
rate and the final properties of a sample. Higher temperature
achieved inside the dryer rises the drying rate and shortens drying
duration, when the initial moisture content is high. However, at low
moisture content, temperature doesn't have a considerable effect
since small amount of heat is required to evaporate moisture. Be-
sides, temperature control is significant when drying material that
are sensitive to heat. Bennamoun and Belhamri [94] stated in their
study on simple efficient and inexpensive solar batch dryer for
agriculture products that drying is essentially affected by air tem-
perature. For 60 �C, the time needed to achieve the desired mois-
ture was 500min, however; it took 900min for temperature equal
to 40 �C.

Another key parameter is air flow rate. The increase in flow rate
of air leads to decrease in conduction and radiation losses due to
the negligible increase in temperature. However, at high flow rate
air may not have sufficient contact time with product to remove
moisture from it leading to a deterioration in the efficiency of the
solar dryer. Insufficient flow rate increases the dryer temperature
and slows down moisture extraction.

Relative humidity of air is a primary factor that has great impact
on solar dryer performance. Higher amount of energy is needed in
case of high humidity due to the fact that air can't capture moisture
when it is saturated. Thus slow drying rate is obtained when the
humidity is high. However, when air has low humidity it has the
tendency to catch moisture from the dried material and drying
duration becomes shorter.

Leon et al. [115] presented a detailed review of parameters that
are generally used in testing and evaluating different types of solar
food dryers. In this work the authors highlighted on the effect of air
temperature, flow rate and relative humidity in addition to other
parameters. Table 1 illustrates recent researches that are performed
on various types of solar dryers.

6. Discussion

6.1. Benefits of solar dryers

Solar dryers are in general of relatively low cost because they are
made of locally available materials and their mode of construction
is relatively simple [63,166]. They offer several advantages such as
drying food without affecting its flavor, texture or color in which
the dried food is tasty and nutritious. Moreover, solar dryers reduce
losses of products, promote longer storage duration and prevent
spoilage of stored materials [167,168]. Furthermore, the energy
required to dry food is less than that needed to freeze or can, and
the storage space is negligible in comparison with that required for
freezing containers or canning jars. That said, solar dryers mitigates
consumption of conventional sources of energy such as fossil fuels,
thus they allow to reduce CO2 emissions [100,108].

6.2. Drawbacks of solar dryers

Despite its several advantages, solar dryers have some limita-
tions that deteriorate its performance and negatively affect its
drying rate. Indeed, the use of solar dryers is exclusively limited to
daytime where there is sufficient amount of solar radiation.Fig. 9. Tent solar dryer.
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Table 1

Recent researches on various types of solar dryers.

St.

No.

Reference Title of journal Year Topic Type of solar dryer Type of study

1 Yaldiz et al. [116] Energy 2001 Mathematical modeling of thin layer solar drying of sultana grapes � Solar cabinet dryer � Mathematical

modeling

� Experimental

study

2 Pangavhane et al.

[117]

Energy 2002 Design, development and performance testing of a new natural

convection solar dryer

� Natural convection

cabinet solar dryer

� Experimental

study

3 Prakash et al.

[118]

Journal of Food

Engineering

2004 Performance evaluation of blanched carrots dried by three different

driers

� Cabinet solar dryer � Mathematical

modeling

� Experimental

study

4 Sreekumar et al.

[119]

Energy Conversion and

Management

2008 Performance of indirect solar cabinet dryer � Indirect solar cabinet

dryer

� Experimental

analysis

� Economic

analysis

5 Olokor et al. [120] Nature and Science 2009 Adaptation And Improvement Of A Simple Solar Tent Dryer To

Enhance Fish Drying

� Tent solar dryer � Experimental

analysis

6 Ojutiku et al. [121] Pakistan Journal of

Nutrition

2009 Comparative Study of Sun Drying and Solar Tent.

Drying of Hyperopisus bebe occidentalis

� Tent solar dryer � Experimental

study

7 Banout et al. [122] Journal of Food Process

Engineering

2010 Effect of solar drying on the composition of essential oil of sacha

culantro (eryngium foetidum l.) grown in the peruvian amazon

� Direct and indirect

cabinet solar dryer

� Experimental

analysis

8 Fudholi et al. [92] Renewable and

Sustainable Energy

Reviews

2010 Review of solar dryers for agricultural and marine products � Natural convection

solar dryer

� Forced convection

solar dryer

� Hybrid solar dryer

� Review

9 Akbulut and

Durmus [123]

Energy 2010 Energy and exergy analyses of thin layer drying ofmulberry in a forced

solar dryer

� Forced convention

cabinet solar dryer

� Experimental

analysis

� Modeling

10 Sami et al. [124] Energy 2011 Energy and exergy analysis of an indirect solar cabinet dryer based on

mathematical modeling results

� Indirect solar cabinet

dryer

� Mathematical

modeling

� Experimental

analysis

11 Bennamoun [1] Renewable and

Sustainable Energy

Reviews

2011 Reviewing the experience of solar drying in Algeria with presentation

of the different design aspects of solar dryers

� Passive mode solar

dryer

� Active mode solar

dryer

� Review

12 Bennamoun [125] International Journal of

Energy Engineering

2012 An Overview on Application of Exergy and Energy for Determination

of Solar Drying Efficiency

� Cabinet solar dryer � Mathematical

modeling

13 Almuhanna [88] Journal of Agricultural

Science

2012 Utilization of a Solar Greenhouse as a Solar Dryer for Drying Dates

under the Climatic Conditions of the Eastern Province of Saudi Arabia

Part I: Thermal Performance Analysis of a Solar Dryer

� Solar greenhouse

dryer

� Mathematical

modeling

� Experimental

analysis

14 Janjai [126] International journal of

energy and environment

2012 A greenhouse type solar dryer for small-scale dried food industries:

Development and dissemination

� Solar greenhouse

dryer

� Experimental

analysis

� Modeling

� Economic

evaluation

15 Sebaii and S. M.

Shalaby [127]

Renewable and

Sustainable Energy

Reviews

2012 Solar drying of agricultural products: A review � Direct solar dryer

� Indirect solar dryer

� Mixed solar dryer

� Review

16 Kaewkiew et al.

[111]

Procedia Engineering 2012 Experimental investigation of the performance of a large-scale

greenhouse type solar dryer for drying chilli in Thailand

� Greenhouse solar

dryer

� Experimental

study

17 Singh and Kumar

[83]

International Journal of

Sustainable Energy

Development

2012 Comparative Thermal Performance Study of Indirect and Mixed-mode

Solar Dryers

� Indirect solar dryer

� Mixed solar dryer

� Experimental

analysis

� Parametric

study

18 Singh and Kumar

[128]

Energy 2013 Solar drying for different test conditions: Proposed framework for

estimation of specific energy consumption and CO2 emissions

mitigation

� forced convection

mixed mode cabinet

solar dryer

� Experimental

study

19 Aritestya and

Wulandani [129]

Energy Procedia 2014 Performance of the Rack Type-Greenhouse Effect Solar Dryer for Wild

Ginger (Curcuma xanthorizza Roxb.) Drying

� Solar greenhouse

dryer

� Experimental

study

20 Mustayen et al.

[89]

Renewable and

Sustainable Energy

Reviews

2014 Performance study of different solar dryers: A review � Direct, indirect and

mixed solar dryer

� Natural and forced

convection solar

dryer

� Review

21 Prakash and

Kumar [130]

Renewable and

Sustainable Energy

Reviews

2014 Solar greenhouse drying: A review � Solar greenhouse

dryer

� Review

22 Ayala and Topete

[107]

Energy Procedia 2014 Pineapple drying using a new solar hybrid dryer � Hybrid solar dryer � Experimental

analysis

23 Finck-Pastrana

[101]

Energy Procedia 2014 NOPAL (Opuntia Lasiacantha) drying using an indirect solar dryer � Indirect solar cabinet

dryer

� Experimental

study
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Table 1 (continued )

St.

No.

Reference Title of journal Year Topic Type of solar dryer Type of study

24 Ferreira et al.

[131]

Applied Thermal

Engineering

2014 Solar drying of a solid waste from steel wire industry � Active indirect solar

dryer

� Experimental

analysis

25 ELkhadraoui et al.

[132]

Renewable Energy 2015 Experimental investigation and economic evaluation of a new mixed

mode solar greenhouse dryer for drying of red pepper and grape

� Mixed mode solar

greenhouse solar

dryer

� Experimental

study

� Economic

analysis

26 Phadke et al. [100] ARPN Journal of

Engineering and Applied

Sciences

2015 A review on indirect solar dryers � Natural and forced

convection indirect

solar dryer

� Review

27 Ghaffari and

Mehdipour [110]

International Journal of

Food Engineering

2015 Modeling and Improving the Performance of Cabinet Solar Dryer

Using Computational Fluid Dynamics

� Cabinet solar dryer � Numerical

modeling

28 Sansaniwal and

Kumar [65]

Journal of Mechanical

Engineering and Sciences

2015 Analysis of ginger drying inside a natural convection indirect solar

dryer: An experimental study

� Natural convection

indirect solar cabinet

dryer

� Experimental

study

29 Chauhan et al. [79] Renewable and

Sustainable Energy

Reviews

2015 Applications of software in solar drying systems: A review � Direct solar dryer

� Indirect solar dryer

� Mixed solar dryer

� Hybrid solar dryer

� Review

� Case study

30 Patil and Gawande

[133]

Renewable and

Sustainable Energy

Reviews

2016 A review on solar tunnel greenhouse drying system � Natural and forced

convection Solar

greenhouse dryer

� Review

31 Afriyie et al. [134] International Journal of

Science and Engineering

Applications

2016 Field Drying of Cassava in a Solar Tent Dryer equipped with a Solar

Chimney

� Tent solar dryer � Modeling

� Experimental

study

32 Kumar et al. [71] Renewable and

Sustainable Energy

Reviews

2016 Progress in solar dryers for drying various commodities � Direct solar dryer

� Indirect solar dryer

� Hybrid solar dryer

� Review

33 Sekyere et al.

[102]

Renewable Energy 2016 Experimental investigation of the drying characteristics of a mixed

mode natural convection solar crop dryer with back up heater

� Mixed mode natural

convection solar

dryer

� Experimental

study

34 Tiwari et al. [90] Renewable and

Sustainable Energy

Reviews

2016 Development and recent trends in greenhouse dryer: A review � Solar greenhouse

dryer

� Review

35 Hasan and

Langrish [135]

Energy 2016 Time-valued net energy analysis of solar kilns for wood drying: A solar

thermal application

� Solar greenhouse

dryer

� Modeling

36 Kiggundu et al.

[136]

Agricultural Engineering

International

2016 Solar fruit drying technologies for smallholder farmers in Uganda, A

review of design constraints and solutions

� Cabinet solar dryer

� Solar greenhouse

dryer

� Review

37 Hasan and

Langrish [137]

Solar Energy 2016 Development of a sustainable methodology for life-cycle performance

evaluation of solar dryers

� Solar greenhouse

dryer

� Modeling

38 Yahya et al. [138] Solar Energy 2016 Comparison of solar dryer and solar-assisted heat pump dryer for

cassava

� Cabinet solar dryer � Modeling

� Experimental

study

39 Shrivastava and

Kumar [139]

Heat Mass Transfer 2016 Experimental investigation on the comparison of fenugreek drying in

an indirect solar dryer and under open sun

� Indirect cabinet solar

dryer

� Experimental

study

� Numerical

computation

40 Kabeel and

Abdelgaied [140]

Process Safety and

Environmental Protection

2016 Performance of novel solar dryer � Indirect solar dryer � Numerical

investigation

� Theoretical

modeling

� Experimental

validation

41 Nabnean et al.

[141]

Renewable Energy 2016 Experimental performance of a new design of solar dryer for drying

osmotically dehydrated cherry tomatoes

� Indirect cabinet solar

dryer

� Experimental

investigation

42 Blanco-Cano [142] Applied Thermal

Engineering

Modeling the thin-layer drying process of Granny Smith apples:

Application in an indirect solar dryer

� Indirect solar dryer � Mathematical

modeling

� Experimental

validation

43 Daghigh and

Shafieian [143]

Renewable Energy 2016 An experimental study of a heat pipe evacuated tube solar dryer with

heat recovery system

� Indirect solar dryer � Experimental

study

� Numerical

44 Dejchanchaiwong

et al. [144]

Energy for Sustainable

Development

2016 Mathematical modeling and performance investigation of mixed-

mode and indirect solar dryers for natural rubber sheet drying

� Mixed mode solar

dryer

� Indirect solar dryer

� Mathematical

modeling

� Experimental

investigation

45 Vijayan et al. [145] Innovative Food Science

and Emerging

Technologies

2016 Mathematical modeling and performance analysis of thin layer drying

of bitter gourd in sensible storage based indirect solar dryer

� Indirect solar dryer � Mathematical

modeling

� Experimental

analysis

46 Rabha et al. [146] Renewable Energy 2017 Experimental investigation of thin layer drying kinetics of ghost chilli

pepper (Capsicum Chinense Jacq.) dried in a forced convection solar

tunnel dryer

� Forced convection

solar dryer

� Experimental

study

(continued on next page)
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Consequently, they can't be utilized during night. As a matter of
fact, their use varies with month since the daytime varies from
month to month. That is why an electric backup heater should be
harnessed which increases the cost of the solar dryers [100,108].

6.3. Barriers of solar dryers

Having said that utilization of solar dryer is very beneficial, some
barriers inhibit adaptation of such vital technology. The first barrier
is the lack of funding and governmental support to perform
advanced research program on solar drying. Besides, the high initial
investment and initial cost of some types of solar dryers are major

affecting barriers. Another key barrier is the lack of technical
expertise which is a vital factor for manufacturing and installing a
solar drying systemwith high efficiency. In addition to that, the lack
of awareness of the importance and benefits of solar drying pre-
vents utilizing solar dryer.

7. Economic and environmental concerns: lebanese case

Solar dryer serves in mitigating usage of conventional sources of
energy, mainly fossil fuels [169]. As a matter of fact it reduces
production of CO2 gas which is the main factor causing global
warming. As a result, solar dryer could be a contributor in

Table 1 (continued )

St.

No.

Reference Title of journal Year Topic Type of solar dryer Type of study

47 T�ellez et al. [147] Applied Thermal

Engineering

2017 Dehydration of the red chilli (Capsicum annuum L., coste~no) using an

indirect-type forced convection solar dryer

� Forced convection

indirect solar dryer

� Modeling

� Experimental

study

48 Baniasadi et al.

[148]

Renewable Energy 2017 Experimental investigation of the performance of a mixed-mode solar

dryer with thermal energy storage

� Mixed mode solar

dryer

� Experimental

investigation

49 Morad et al. [149] Renewable Energy 2017 Thermal analysis and performance evaluation of a solar tunnel

greenhouse dryer for drying peppermint plants

� Forced convection

greenhouse solar

dryer

� Experimental

study

50 Rabha and

Muthukumar

[150]

Solar Energy 2017 Performance studies on a forced convection solar dryer integrated

with a paraffin waxebased latent heat storage system

� Forced convection

solar dryer

� Thermal

modeling

51 Tiwari and Tiwari

[151]

Energy 2017 Energy and exergy analysis of a mixed-mode greenhouse-type solar

dryer, integrated with partially covered N-PVT air collector

� Mixed mode

greenhouse solar

dryer

� Thermal

modeling

� Experimental

validation

52 Erbay and

Hepbasli [152]

Energy 2017 Assessment of cost sources and improvement potentials of a ground

source heat pump food drying system through advanced

exergoeconomic analysis method

� Cabinet solar dryer � Experimental

analysis

53 Atalay et al. [153] Energy 2017 Modeling of the drying process of apple slices: Application with a solar

dryer and the thermal energy storage system

� Indirect solar dryer � Mathematical

modeling

� Experimental

analysis

54 Jafarian et al. [154] Journal of Agricultural

Science and Technology

2017 Experimental Investigation on Dill Drying in a Solar-Assisted Heat

Pump Dryer

� Cabinet solar dryer � Experimental

analysis

55 Simo-Tagne1et al.

[155]

Maderas. Ciencia y

tecnología

2017 Modeling and simulation of an industrial indirect solar dryer for iroko

wood (chlorophora excelsa) in a tropical environment

� Indirect solar dryer � Modeling

� Experimental

analysis

� Numerical

56 El Khadraoui et al.

[156]

Journal of Cleaner

Production

2017 Thermal behavior of indirect solar dryer: Nocturnal usage of solar air

collector with PCM

� Indirect solar dryer � Experimental

investigation

57 Azaizia et al. [157] International Journal of

Hydrogen Energy

2017 Investigation of a new solar greenhouse drying system for peppers � Solar greenhouse

dryer

� Mathematical

modeling

� Experimental

analysis

58 Kabeel and

M.Abdelgaied

[158]

Desalination 2018 Experimental evaluation of a two-stage indirect solar dryer with

reheating coupled with HDH desalination system for remote areas

� Indirect cabinet solar

dryer

� Experimental

analysis

59 Lakshmi et al.

[159]

Renewable Energy 2018 Drying kinetics and quality analysis of black turmeric (Curcuma

caesia) drying in a mixed mode forced convection solar dryer

integrated with thermal energy storage

� Mixed mode forced

convection solar

dryer

� Experimental

analysis

60 Simo-Tagne et al.

[160]

Applied Thermal

Engineering

2018 Mathematical modeling and numerical simulation of a simple solar

dryer for tropical wood using a collector

� Indirect solar dryer � Mathematical

modeling

� Numerical

simulation

61 Deeto et al. [161] Renewable Energy 2018 The experimental new hybrid solar dryer and hot water storage

system of thin layer coffee bean dehumidification

� Hybrid solar dryer � Experimental

study

62 Singh et al. [162] Renewable Energy 2018 Heat transfer analysis of PV integrated modified greenhouse dryer � Greenhouse solar

dryer

� Experimental

analysis

� Mathematical

modeling

63 Wang et al. [163] Applied Thermal

Engineering

2018 Thermal performance of indirect forced convection solar dryer and

kinetics analysis of mango

� Indirect forced

convection solar

dryer

� Experimental

analysis

64 Chauhan and

Kumar [164]

Applied Thermal

Engineering

2018 Thermal modeling and drying kinetics of gooseberry drying inside

north wall insulated greenhouse dryer

� Greenhouse solar

dryer

� Thermal

modeling

65 Singh et al. [165] Renewable and

Sustainable Energy

Reviews

2018 Recent developments in greenhouse solar drying: A review � Greenhouse solar

dryer

� Review
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protecting the environment. It was reported in Ref. [170] that the
electricity demand of Lebanon in year 2009 was 2300MW, where
the “�Electricit�e Du Liban” (EDL) is permanently struggling to cover
the needed load however the production is lower than the local
demand. Moreover, energy demand is rising, nevertheless there is a
continuous shortage in local resources of energy and limitations in
power generation capabilities. In addition to that, Lebanon is
suffering from economic shortage which limits its ability to cover
the need in terms of fuel. In other words it is unescapable to find
new renewable techniques that permits to decrease the use of
conventional sources of energy.

Another key element that should be mentioned is the nutritive
value of dried food. Indeed, it contains large quantity of vitamins,
fiber, minerals and carbohydrates, and low in fat which make them
healthy. Also, this improves the economic flexibility of farmers,
since they sometimes sell at low prices during harvest periods
because they can't preserve excess products [127]. Moreover, solar
dryer can open new markets and income in which it offers
employment opportunities.

7.1. Economic analysis

To assess the economic impact of using solar dryer, a study is
performed using a typical dryer of 15 kW input power, 120 kg/batch
capacity and 50e140 �C working temperature. The study is con-
ducted to compute the amount of electrical energy consumedwhen
drying several types of fruits and vegetables. Then, the cost of
electric energy is calculated to estimate the money saved when
replacing this conventional dryer by solar dryer. Besides, the PP of
solar dryer is calculated depending on the amount of SM and the
cost of a solar dryer which has similar specifications as the con-
ventional dryer.

7.1.1. Amount of saved money

The energy consumed by the electric dryer can be calculated
using the formulas of equations (1) and (2).

Eday ¼ Pinput$t (1)

where “Eday” is the energy consumed per day (kWh/day), “Pinput” is
the input power (kW) and “t” is the time where the dryer is used
per day (h/day), it can be calculating according to equation (2).

t ¼
M

C
$d (2)

where “M” is the mass of food to be dried per day (kg/day). In this
study, several cases were taken into account where in each case the
amount of load (mass) is varies and four different values are
considered: 120 kg, 360 kg, 600 kg and 960 kg “C” is the capacity of
the dryer (kg/batch) and “d” is the drying time (hr/batch). It defers
according to the type of food. Table 2 illustrates the drying time for
the studied type of fruits and vegetables.

After computing energy consumed per day, energy consumed
per month should be calculated to estimate from it the amount of
money that could be saved when utilizing solar dryers. Equations
(3) and (4) represent calculations of energy consumed per month
and amount of saved money, respectively.

Emonth ¼ Eday$nwd (3)

where “Emonth” is the energy consumed per month (kWh/month)
and “nwd” is the number of working days permonth, it is equal to 20
days/month.

SM ¼ Pr$Emonth$P1Kwhr (4)

where “SM ” is the saved money per month, “Pr” is the percentage
of time where the solar dryer is utilized. Pr varies from 0.1 to 1.
“P1Kwhr” is the price of 1 kWh. In Lebanon it is equal to 0.0867
$/kWh for industrial sectors.

Fig. 10 illustrates the variation of SM as function of Pr for each
type of food and for differentmasses of the dried food. Results show
that the amount of SM depends on Pr, mass and type of dried food.
In order of magnitudes, as Pr increased from 0.1 to 1, the amount of
SM raised from 130 $/month, 185 $/month, 235 $/month, 260
$/month, 290 $/month, 200 $/month, 545 $/month and 415
$/month to 1300 $/month, 1820 $/month, 2340 $/month, 2600
$/month, 2860 $/month, 2080 $/month, 5460 $/month and 4160
$/month for drying 120 kg of carrots, corn, mushrooms, potatoes,
apples, bananas, cherries and peaches respectively.

For Pr equal to 0.6, the amount of SM is 1400 $/month, 1560
$/month, for drying 120 kg of mushrooms and potatoes respec-
tively. By fixing Pr at 0.6 and increasing the mass from 120 kg to
360 kg the amount of SM becomes 4200 $/month, 4700 $/month for
drying mushrooms and potatoes respectively. On the other hand,
when raising themass to 900 kg and for 0.6 Pr, higher amount of SM
is attained where it becomes 11240 $/month, 12500 $/month for
drying mushrooms and potatoes respectively. This indicates that
for higher amount of dried food, more money will be saved when
using solar dryer.

7.1.2. Payback period (PP)

The studied solar dryer is an indirect cabinet solar dryer type
which has similar specifications as the electric dryer. Its cost is
8000$. To calculate the payback period of such dryer formula of
equation (5) can be used.

PP ¼
Csd
SM

(5)

where “PP ” is the payback period and “Csd” is the cost of solar dryer
(8000$).

Fig. 11 presents the PP as function of Pr for each type of food and
for different masses of the dried food. The results reveals that the PP
is affected by Pr, mass and type of dried food. For illustration, as Pr
increased from 0.1 to 1, the PP decreased from approximately 62
months, 44 months, 34 months, 31 months, 28 months, 39 months,
15 months and 19 monthse6 months, 5 months, 4 months, 3
months, 2.8 months, 4 months, 1.5 months and 2 months for drying
120 kg of carrots, corn, mushrooms, potatoes, apples, bananas,
cherries and peaches respectively.

Moreover, for Pr equal to 0.6, the PP was about 5 and 7 months
for drying 120 kg of apples and bananas respectively. For the same
value of Pr and higher amount of food (600 kg), the amount of SM
becomes approximately 0.9 and 1.3 months, for drying apples and
bananas respectively. Therefore, higher amount of dried food leads

Table 2

Drying time for studied type of fruits and vegetables.

Food Carrot Corn Mushrooms Potatoes Apples Bananas Cherries Peaches

Drying time (hr) 5 7 9 10 11 8 21 16
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to lower payback duration for solar dryer.

7.2. Environmental analysis

From an environmental point of view, solar dryer serves to a
great extent in reducing the amount of CO2 emissions. Fudholi et al.
[171] reviewed various economic and environmental analyses that
has been developed on solar dryers. Kumar and Kandpal [125]

estimated the mitigated CO2 emissions relying on the amount of
fuels that would be saved when solar dryer is harnessed.

To size the environmental influence of solar dryer, a study is
conducted on the aforementioned electrical dryer to compute the
amount of CO2 produced per month. Thus, by replacing this dryer
by a solar dryer CO2 emission will be mitigated.

The amount of CO2 produced ðMproduced CO2
Þ and amount of

reduction in CO2 emission ðMreduced CO2
Þ can be calculated from

Fig. 10. Variation of amount of SM as function of Pr for mass equal to (a) 120 kg (b) 360 kg (c) 600 kg (d) 960 kg.

Fig. 11. Variation of PP as function of Pr for mass equal to (a) 120 kg (b) 360 kg (c) 600 kg (d) 960 kg.
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equations (6) and (7) respectively.

Mproduced CO2
¼ Emonth$MCO2=1 Kwhr (6)

where “MCO2=1 Kwhr” is the amount of CO2 produced from 1 kWh
electricity. In Lebanon it is estimated to be about 0.71 kg CO2/
1 kWh.

Mreduced CO2
¼ Pr$Mproduced CO2

(7)

Fig.12 represents the variation ofMreduced CO2
as function of Pr for

different masses varying between 120 and 960 kg. For drying
120 kg of food, utilizing solar dryer for 60% of the drying time will
lead to decrease in CO2 emissions approximately 26850 kg/month
and 20500 kg/month for drying cherries and peaches respectively.
However, for higher value of Pr (0.9), 40300 kg/month and
30700 kg/month of CO2 emissions will be minimized from drying
the aforementioned foods.

Thus, it can be concluded from the above analysis that the
Mreduced CO2

increases as solar dryer is more utilized. Having said
that, it can be confirmed that Mreduced CO2

varies according to the
type of load (food).

Moreover, Fig. 12 highlights the relation between
Mreduced CO2

and the amount of load to be dried. For example, using
solar dryer for 70% of the drying time to dry peaches lead to in-
crease in Mreduced CO2

from 71600 kg/month to 190900 kg/month as
mass increased from 360 kg to 960 kg. It is obvious that the more
dependence on solar dryer the least amount of CO2 will be
produced.

8. Conclusions

A review on solar dryers was presented in this work. Principle,
components and various classifications of solar dryer has been re-
ported. In addition to that, impact of several parameters on per-
formance of solar dryer and its benefits and limitations have been
described. Nevertheless, an economic and environmental analyses

have been conducted to quantify the effects of utilizing solar dryer.
A case study on Lebanon was considered. A typical electrical

dryer was taken under considerations to compute the amount of
electric energy consumed when drying different masses of food
ranging from 120 to 960 kg. Furthermore, the amount of SM was
calculated when replacing this traditional dryer by solar dryer. The
amount of SM was dependent on Pr, mass and type of dried food. It
was shown that the amount of SM increased from 130 to 182 to
1300 and 1820 for drying 120 kg of carrots and corn respectively, as
Pr increased from 0.1 to 1.

Furthermore, an indirect cabinet solar dryer of similar specifi-
cations of electrical dryer had been examined to evaluate the PP. It
was shown that the PP decreased from approximately 62 months
and 44 monthse6 months and 5 months for drying 120 kg of car-
rots and corn respectively, when Pr increased from 0.1 to 1. That
said, an environmental study is performed on the aforementioned
dryers to estimate the decrease in the amount of CO2 gas produced
when using solar dryer instead of electrical one. It was shown that
for drying 120 kg of carrots and corn 6400 kg/month and 8950 kg/
month of CO2 emissions will beminimized respectively, for Pr equal
to 60%.

9. Future works and recommendations

From the above-presented studies it can be concluded that solar
dryers could offer a broad panel of advantages for countries like
Lebanon where sun is available about 300 days per year. Such
benefits have to do with economic and technological progress,
health and environment. As future works, huge effort should be
carried out to enhance and promote solar drying. First, the per-
formance of the system could be enhanced by using more efficient
solar receivers [172]. Moreover, mutli-function solar systems
incorporating solar dryer and other solar systems such as solar
cooker [173], could be suggested as a solution to offer more flexi-
bility in using solar energy. That said, implementing hybrid systems
coupling solar dryer to other energy concepts such as biomass

Fig. 12. Variation of Mreduced CO2
as function of Pr for mass equal to (a) 120 kg (b) 360 kg (c) 600 kg (d) 960 kg.
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based systems [174e176], energy storage [177,178] and energy re-
covery [179] could be an efficient solution especially for isolated
regions such as islands. Furthermore, numerical and experimental
comparison should be conducted for different types of solar dryers
to evaluate their thermal and energy performance in terms of
location and weather conditions.

As amatter of fact, it is tremendously beneficial to encourage the
usage of solar dryers especially in region with high solar energy
potential. Achieving such aim requires financial and technical ef-
forts to promote studies and investigations on solar dryers. Besides,
scientific marketing such as awareness, expedition, lectures and
advertisements is required to attract attentions toward this
domain.
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1.3 Chauffage solaire de l'eau 

 Cette étude devrait être soumise à« Renewable Energy focus »

Résumé - Le but de ce travail est de présenter une revue des systèmes solaires de chauffe-eau 

(SWHS1). Dans ce contexte, le principe, les composants et la classification des SWHS sont 

présentés dans cet article. En outre, plusieurs études menées sur les SWHS ainsi que leurs 

avantages et inconvénients sont établis dans cette revue. En outre, un aperçu des problèmes 

d'électricité au Liban est présenté, y compris des études économiques et environnementales. Les 

études précitées sont développées pour plusieurs cas libanais (famille, école, restaurant, hôtel et 

salle de sport). L'objectif principal de ces analyses est d'estimer le montant d'argent qui sera 

économisé en utilisant un SWHS au lieu du chauffage électrique et sa durée d’amortissement ainsi 

que la réduction d'émissions de dioxyde de carbone. Il est obtenu à partir des résultats des analyses 

que pour une dépendance plus élevée à SWHS, la durée d’amortissement du système est plus faible 

et les réductions d’émissions de CO2 sont plus élevées. De plus, pour une utilisation élevée de 

SWHS (Pr = 0,9), la durée d’amortissement moyenne du système pour une famille, une école, un 

restaurant, un hôtel et une salle de sport est respectivement de 14,2 ans, 4,6 ans, 9,2 ans, 4,4 ans et 

5,3 ans. En outre, les résultats révèlent que la quantité annuelle de réduction d’émissions de CO2 

est de 0,16 tonne/personne, 0,016 tonne/élève, 0,04 tonne/service, 0,37 tonne/lit et 0,11 

tonne/personne si SWHS est utilisé dans la famille, l'école, le restaurant, l'hôtel et salle de sport 

respectivement. 

1 Solar Water Heating System 
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Abstract. The purpose of this work is to present a review on solar water heating systems (SWHS). 
In this context, principle, components and classification of SWHS are being presented in this 
paper. In addition, several studies conducted on SWHS as well as their advantages and 
disadvantages are established in this review. Moreover, an overview on electricity concern in 
Lebanon is presented including economic and environmental studies. The aforesaid studies are 
developed for several Lebanese cases (family and school, restaurant, hotel and gym). The main 
aim of these analyses is to estimate the amount of money that will be saved by using SWHS instead 
of electric heater and its payback period as well as the amount of carbon dioxide emissions 
mitigated. It is obtained that for a higher dependence on SWHS, the payback period of the system 
is lower and the mitigated CO2 emissions is higher. Furthermore, for a high usage of SWHS 
(percentage of time when the system is used Pr=0.9), the average payback period of the system for 
a family, school, restaurant, hotel and gym is 14.2 years, 4.6 years, 9.2 years, 4.4 years and 5.3 
years respectively. Besides, the results reveal that the annual amount of CO2 reduced is 0.16 
ton/person, 0.016 ton/pupil, 0.04 ton/service, 0.37 ton/bed and 0.11 ton/person if SWHS is used in 
family, school, restaurant, hotel and gym respectively.  
 

Keywords: SWHS, Renewable Energy, Review, Classification, Environment, Economy. 

 

 INTRODUCTION  

During the last decades, energy became an essential solicitude all over the world. Its quality and 
quantity are directly related to human lifestyle. Presently, energy demand requires the usage of 
80% of the conventional sources of energy, and its consumption is predicted to increase 1.5% per 
year till 2030 [1–3]. The main concerns of conventional energy sources depletion in addition to 
economic and environmental problems demands intensive efforts to encourage exploiting 
renewable energy sources [4–8] or to rely on energy management; mainly energy recovery [9–15]. 
Renewable energy sources mainly include wind [16–18], solar [19–24], biomass and geothermal 
[25–28], while energy recovery is the reuse of energy that is dissipated to environment.  

42



  To be submitted to Renewable Energy Focus 

 
 

Indeed, solar energy is one of the solutions that has a great potential to meet the global energy 
demand. Solar energy may be mainly utilized either for thermal uses or electricity production. 
Various technologies have been progressed to exploit solar energy, but they had limitations over 
systems that depend on fossil fuel. Harnessing solar thermal energy is effective in comparison to 
other solar energy conversions. Figure 1 illustrates the major applications operated by solar 
thermal energy.  

 
 

Figure 1.  Solar thermal energy applications.  

Heating water by solar energy [29–31] is an elegant application of solar thermal energy. The main 
concept of SWHS is to absorb solar radiations and convert thermal energy into heat energy that 
heats water. SWHS has been constructed and utilized for many years due to its simplicity in 
exploiting solar radiations in addition to its role in saving money and energy. In the 18th century, 
Horace-Bénédict de Saussure constructed an insulated box painted by black color at its bottom to 
maximize absorption of solar energy [32]. In 1891, the first commercially produced SWHS was 
by Clarence Kemp. The system was a simple batch SWHS which consists of metal tank placed 
inside a wooden box that is covered by glazing. The system was named by “The Climax” and it 
produced hot water during sunny days of temperature 38.8°C. In 1909, William Bailey patented 
the first thermosiphon type SWHS where the tank is located above the level of the solar collector 
[33]. The system works by relying on heating water which becomes lighter so that it rises to the 
top of the tank and cold water enters from its bottom. In these days, SWHSs are utilized in wide 
manners all over the world. Solar water heating accounts for 80% of the worldwide solar thermal 
market [34]. Residential and service sectors consume 35.3% of the global energy consumption, 
where 75% of this percentage is utilized for water and space heating [52, 53]. 
 
Pandey et al [37] presented a review which compromises the recent researches that are conducted 
on the energy, exergy, exergo-economic and enviro-economic approach of SWHSs with and 
without phase change materials (PCMs). The review also proffers the technical conflicts that 

43



  To be submitted to Renewable Energy Focus 

 
 

challenges SWHSs.  It was concluded that the integration of PCMs increases the exergy and energy 
efficiency of SWHS. Gautam et al [38] proffered a review on SWHSs regarding their classification 
based on the flow of the working fluid, their components as well as their progresses. The review 
also includes their global scenario and economic advantages. It was concluded that there is 
noticeable progress in the SWHS technical part, however, it has high initial cost in comparison to 
the traditional water heating systems. Jamar et al [39] reviewed the recent progress of SWHS and 
developments of several types of solar collectors that are utilized in SWHSs such as the non-
concentrating collectors (evacuated tube collector and flat plate collector) and the concentrating 
type (parabolic trough and parabolic dish collectors). It was obtained that the parabolic dish 
reflector attains the best global performance. Kalair et al [40] implemented a simulation study on 
evacuated glass tube SWHS using TRNSYS software. Also, the authors carried out parametric 
analysis to estimate the optimal configurations and sizes of heat exchangers, solar collectors, tank 
heights and volumes for yearly evaluation of the performance of solar water heaters. It was 
concluded that the optimum system must has collector area of 6 m2, tank volume and height of 
0.42 m3 and 1.2 m respectively in order to meet a single family dwelling heating demands. 
Sadhishkumar and Balusamy presented a review which summarizes the latest conducted 
researched on SWHSs with distinct heat transfer development methods including the collector 
design and tilt angle, pipes coating, fluid flow rate, thermal energy storage, thermal insulation, 
usage of phase change material, integrated collector storage and integration of twisted tapes. The 
authors investigated the methods for optimizing and simulating SWHSs by estimating the thermal 
behavior of the solar collectors which serves in enhancing its thermal performance.  
 
 It is clear from the literature that there are numerous researches that are implemented on SWHSs, 
however, rare are the studies which presents a detailed review on such system and highlights the 
economic and environmental benefits of utilizing it. On the other hand, it is well known that 
Lebanon is a country that is permanently striving to compensate the shortage in electricity demand. 
Besides, it has been stated in [41] that 81% of Lebanese residences utilize electric heaters for 
domestic hot water. Hence, SWHS reliance may be the optimum choice which will reduce 
electricity consumption and thus recompense the deficiency. Moreover, it has been reported in 
[42] that 60 to 80% of residential electricity utilized may be saved if SWHSs are used which is a 
noticeable value.  

In this context, the target of this paper is to present a review on solar water heating applications 
regarding their principle, main components and classifications including mode of operation of each 
type. In addition, the review compromises the recent researches performed on SWHS as well as 
their benefits and drawbacks. Moreover, electricity concern in Lebanon is summarized to shed 
light on the electricity deficiency and the role of using SWHSs in reducing such problem. 
Furthermore, economic and environmental analyses are conducted to manifest the significance of 
utilizing solar energy for heating water instead of electric heater in Lebanon, on both economic 
and environmental issues. 
Section 2 of the paper describes the principle of solar water heating, lists the main components of 
SWHS and illustrates the pros and cons of SWHS. Section 3 is devoted for classification of SWHS. 
Section 4 investigates the previous work that are conducted on SWHS. Section 5 illustrates the 
electricity concern in Lebanon in addition to economic and environmental analyses. Finally, 
Section 6 draws out the main conclusions of the paper.  
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 PRINCIPLE OF SOLAR WATER HEATING  

Solar water heating is an application of solar energy which exploits thermal energy from solar 
radiation to heat water for domestic and industrial aims [43]. Hot water is essential for domestic 
purposes, at hotels, hostels, hospitals, as well as in industries. Numerous studies [44–52] have been 
conducted to evaluate the thermal performance of SWHS, identify the parameters that affect it and 
maximize it to reach the optimum performance. In 2010, the global capacity of installed SWHS 
was 160 GW and it raised to 185 GW in year 2011 [53], while in 2018 it increased to 483 GW 
[54].  

 

Figure 2.  Schematic of principle of SWHS.  

Figure 2 shows a schematic that summarizes the principle of water heating system. In such system, 
fluid is heated by transporting it in contact with dark surface which is imposed to solar radiation. 
This dark surface is the solar collector whose role is to absorb solar radiation and reduce heat loss 
[55,56]. Flat plate collector [57] and evacuated tube collector [58] are the most utilized solar 
collectors in SWHS. Flat plate collector consists of a plate absorber which is attached to fins or 
tubes and welded by transparent glazing. Evacuated tube collector is composed of heat pipe inside 
a vacuum sealed tube. In SWHS, the fluid may be either water which will be heated and utilized 
directly, or heat transfer fluid such as glycol/water that will pass through form of heat exchanger 
and heat water to be used.  
SWHS may be utilized in many areas such as residential houses, hospitals and nursing home, hotels 
and restaurants, swimming pools and gyms. SWHS are simply constructed and installed and they 
require very low maintenance and operating cost compared to other solar systems.  
 

 Components of solar water heating system 

Typically, a SWHS consists of three major components which are the solar collector, the storage 
tank and the heat transfer fluid. Nevertheless, various supplementary constituents are harnessed in 
some systems such as auxiliary heating unit (when no solar radiation is available), piping units, 
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heat exchangers and pumps (to recirculate water inside the system and prevent the pipes from 
freezing). 
The solar collector is a distinguished type of heat exchangers which represents the heart of any 
solar system. The main role of solar collector is to absorb solar energy as much as possible, convert 
it into heat energy to be transferred to the working fluid (water, oil or air) that is circulating through 
the system. The most commonly used solar collectors in SWHS are flat plate collector, evacuated 
tube collector and parabolic trough collector.  
The working fluid is utilized to complete the role of the solar collector in which it is the link 
between the solar collector and the water inside the storage tank that should be heated. It receives 
the heat energy from the solar collector and conveys it to the storage tank containing water either 
in a direct way or in an indirect way by the mean of heat exchanger. The heat transfer fluid is 
selected according to some properties such as high specific heat capacity and thermal conductivity, 
low viscosity, thermal expansion coefficient and cost and anti-corrosive property. Generally, the 
heat transfer fluid utilized are water, silicon oils, hydrocarbon oils and glycol group. Among these 
fluids, water is the best choice due to its low cost, availability and thermal efficiency. Nevertheless, 
it has negative points in which it freezes easily and it causes corrosion.  
The third main constituent of SWHS is the storage tank which is incorporated into the solar 
collector or placed above it. The storage tank can be either integrated unit in which it is combined 
with the solar collector (solar collector is also a storage tank), or it can be a single unit where it is 
separated from it.  In some SWHS, an insulated storage tank is required to prohibit heat losses.  
 

 Pros of solar water heating systems 

SWHS is a promising technology which has several advantages that attracts people all over the 
world to utilize it. Free and endless amount of energy necessitated to heat water will be available 
when utilizing such system. First of all, concerning the economic issue, SWHS is cost saving since 
it decreases the cost of energy bills required to heat water. To explain, such system mitigates the 
consumption of conventional energy which is expensive and whose cost is continuously increasing 
day after day. Hence, these saved utility bills can be used to pay back the cost of SWHS. Also, the 
aforementioned system requires low maintenance after installation and it has long lifetime span 
compared to conventional systems. Besides, SWHS is characterized by its high efficiency in which 
about 80% of the sun’s radiation is exploited to heat water. Moreover, SWHS requires less 
installation space compared to other solar systems such as photovoltaic. Furthermore, such system 
has a significant benefits on environment. It is environmentally friendly where it keeps 
environment clean, reduces emissions of greenhouse gases and hence saves it from pollution and 
several environmental problems.  
 

 Cons of solar water heating systems 

Despite its several avails, SWHS has few negative points that affects its performance. To begin 
with, regardless to the fact that SWHS can pay back its cost on the long run, its initial investment 
and installation cost is expensive. Besides, SWHS performance is highly dependent on the 
weather. To illustrate, its efficiency greatly decreases, or even it may not operate during cloudy, 
rainy or foggy days. Hence, backup heaters are essential to compensate the absence of solar energy. 
Therefore, the cost of the system increases in addition to the energy bills that should be paid to run 
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the backup heaters. Moreover, insulated storage tank that maintain water temperature is another 
additional component that should be integrated to the system. To explain, SWHS doesn’t function 
during nighttime so, the excess heated water provided during daytime can be stored in such 
insulated tanks to be used later (during night or even during bad weathers). Furthermore, SWHS 
is located on the roofs to collect the best amount of solar energy, due to that it requires overheating 
or freezing protection to emphasize the optimal performance of all components of the system.   
 

 CLASSIFICATION OF SOLAR WATER HEATING  

SWHS can be categorized according to different manners [59]. In this review SWHS is classified 
according to the method of circulation of the flow inside the system (between storage tank and 
solar collector) into passive and active systems, and according to the type of solar collector used 
whether it is flat plate collector, evacuated tube collector or parabolic trough collector. Figure 3 
illustrates the different classifications of SWHS [60,61]. 

 

Figure 3.  Classifications of SWHS [60,61].  

Jamar et al. [62] presented a review which discusses the latest progress of SWHS based on three 
major components that may influence the thermal performance of the system. The review also 
includes the different types of solar water heating collector such as non-concentrating collectors 
which include flat plate collector and evacuated tube collector, and concentrating collectors such 
as parabolic dish reflector, parabolic trough collector. Patel et al. [63], Chaudhari et al. [64], Tiwari 
et al. [65] and Shelke et al. [66] presented reviews including the existing SWHS as well as their 
applications. 
 

3.1- Method of flow circulation 

Passive systems are the systems in which they don’t depend on pumps to circulate the flow between 
the storage tank and collector. They are less expensive compared to active systems and have low 
maintenance cost due to the absence of moving parts in the system (pumps). On the other hand, 
active solar water heating requires some mechanical forces in order to circulate fluid through the 
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system [67]. It utilizes one or more pumps, valves and controllers to circulate the heat transfer 
fluid through the collector. Due to that, active systems are also named as forced circulation 
systems.  
 

3.1.1 Thermosiphon system  

Thermosiphon system [68–72] depends on the natural convection in which water in collector is 
heated and expands, becoming less dense. Water in the tank which is above the collector is cooler, 
having higher density, so it flows down to the collector forcing hot water to go up to the storage 
insulated tank. The water will remain circulating as longer as the sun is shining. It requires a large 
size diameter pipe to reduce the friction since the flow is driven by a small density difference force. 
Storage tank bottom should be about 30 cm above collector top in order to prevent the reversed 
motion of flow at night which is caused by the presence of cool water in collector and hot water in 
storage tank. Pressure reducing valve is required when there is no cold water storage tank (city 
water is directly connected to the inlet port of the collector). Figure 4 shows a schematic and a real 
image of thermosiphon system. 
Thermosiphon system is characterized by its low maintenance and installation cost in addition to 
its relatively high efficiency. However, pipes in collector in such systems may clog or corrode due 
to impurity of water. Also it has tall unit which make them unattractive. Liu et al. [73] installed 
eight thermosiphon SWHSs in series to evaluate the thermal performance and temperature profiles 
under designated charge conditions. The authors tested the system under no load, interrupted and 
continues load conditions. The results showed that the thermal efficiency for interrupted load 
conditions is approximately 5.8% to 7% higher than that for no load conditions.  

  
(a) (b) 

Figure 4. (a) Schematic and (b) Real image of thermosiphon system.  

 

3.1.2 Integrated collector storage  

Integrated collector storage system [74–76] is also known as batch system. This system works as 
thermosiphon system works but the main difference is that the storage tank is used also as a 
collector. The storage tank is placed in an insulated box having a glazed side which allows solar 
radiation to heat the tank. Singh et al. [77] presented a review including the recent developments 
in integrated collector storage SWHS. The main disadvantage of such system is thermal losses at 
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night, in winter, or in a cloudy low ambient temperature day. Figure 5 shows a schematic and a 
real prototype of integrated collector storage. 
Advanced integrated collector storage systems use two tanks in which one is glazed and the other 
is totally insulated to reduce thermal losses, or they use compound parabolic collector [78] installed 
on the glazed tank to increase thermal efficiency during sunshine. Kessentini and Bouden [79] 
conducted a numerical study to test the thermal performance of a double tank integrated collector 
storage system with compound parabolic concentrator. A prototype of the system is implemented 
and experiments are developed to validate the results of the model. The experimental results 
showed that during day time a significant increase in water temperature takes place while during 
night a moderate temperature is preserved.  

  
(a) (b) 

Figure 5. (a) Schematic and (b) Real prototype of integrated collector storage [75].  

 

3.1.3 Open loop system  

In the direct active system, water is directly circulated by a pump from the storage tank to the 
collector to be heated by solar energy, and then returned to the storage tank to be used when needed 
[80], as shown on a schematic of open loop system on Figure 6. The storage tank can be mounted 
above or below the collector. Direct circulation systems typically utilize single storage tank with 
an auxiliary water heater, but it can also use two-tank storage systems. Also, this system can be 
used with water supplied from a cold water storage tank or connected directly to service water. 
When the pressure of the city water is greater than the working pressure, pressure-reducing valves 
and pressure relief valves will be required. This system is effective and has low operating cost, 
and it can be used in areas where freezing is not permanent, but it is not appropriate for hard or 
acidic water where corrosion instantly damages the system.  
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Figure 6. Open loop system.  

3.1.4 Closed loop system  

In the closed loop active system, potable water is heated in an indirect way by circulating a heat 
transfer fluid through the collector where it rejects its heat via a heat exchanger to the water in the 
storage tank [80], as illustrated on a schematic of closed loop system on Figure 7. Water/ethylene 
glycol solution is the most utilized heat transfer fluid, although silicone oils and refrigerants can 
be also used. Double-wall heat exchanger must be involved when the fluid used are toxic or non-
potable. The heat exchanger can be placed inside the storage tank, around it, or it can be external. 
An expansion tank and pressure relief valve should be required since the collector loop is closed. 
This design offers good freeze protection which made it popular in areas that are subjected to 
extended freezing temperature.  

 

 

Figure 7. Closed loop system.  

 

 Type of solar collector  

3.2.1 Flat plate collector 

Flat plate collector is a stationary solar collector that is described by its ability to exploit both direct 
and diffused rays of solar radiations. It is one of the most harnessed collectors in SWHS since it 
can attain temperature between 40 and 70°C. Basically, flat plate solar collector is composed of 
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glazing, tubes and dark colored absorber plate, header, insulation and casing, as Figure 8 shows a 
schematic of flat plate solar collector. The glazing can transmit up to 90% of the entering 
shortwaves solar irradiation while it is opaque to the long wave radiation that is coming back from 
the absorber plate. Also, it minimizes the convection losses by inhibiting air to hit the absorber. 
Tubes are connected at both ends by large header tubes so that they direct the heat transfer fluid 
from inlet to outlet. The major role of the absorber plate, is to carry the retained heat by the glazing 
to the transport fluid, while the insulation is utilized to minimize heat losses. The casing is a frame 
for the aforementioned components which protects them from dust, moisture, etc. 

 
Figure 8. Flat plate solar collector.  

Kalogirou et al. [81] established a new TRNSYS type for evaluating energy of thermosiphon solar 
water heating system using solar flat plate collector. The agreement attained between simulation 
and experimental results shows that the developed TRNSYS type is legitimized successfully. 
Hashim et al. [82] experimentally studied the performance of solar water heating with flat plate 
collector. The results showed that the maximum achieved temperature is 51.4°C and 49°C at 5.3 
L/min and 6.5 L/min flow rate, respectively. The authors concluded that higher water temperature 
can be attained at lower flow rate (5.3 L/min). Dondapati et al. [83] described the effect of design 
parameters and ambient conditions such as solar irradiance, overall heat loss coefficient and heat 
removal factor on the solar flat plate collector efficiency. The authors aimed from their work to 
enhance and optimize the efficiency of solar flat plate collector. Sint et al. [84] analyzed 
theoretically the efficiency of nano-fluid based solar flat plate collector. The authors developed a 
mathematical model and MATLAB code to compute the efficiency of solar flat plate collector for 
domestic hot water heating system taking into account weather conditions of a city in Myanmar. 
The efficiency of the collector raises with the increase in the volume concentration by 2%, while 
it is marginally affected by the nanoparticle size. Under the same ambient, operating and radiant 
conditions, the efficiency of solar flat plate collector efficiency could be improved up to 5% when 
the working fluid used is CuO-water nano-fluid, in comparison with water.  
 

3.2.2 Evacuated tube collector  

Evacuated tube collector is another type of stationary solar collectors that is utilized in SWHS. It 
is more expensive but more efficient compared to flat plate collector since it can achieve an outlet 
temperature between 50 and 200°C.  Such collector mainly consists of parallel rows of glass tubes 
that are connected to a manifold, Figure 9 presents a schematic of evacuated tube solar collector. 
Each tube is composed of a heat pipe inside an evacuated tube. The pipe comprises a small amount 
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of liquid-vapor phase fluid (mainly methanol) which performs a continuous evaporation-
condensation cycle. Black copper fins are attached to the heat pipe to absorb solar radiations and 
convey heat to the fluid which evaporates and moves to the top of the pipe. When it reaches the 
top of the pipe it condensates after releasing latent heat to the moving fluid in the manifold. 

 
Figure 9. Evacuated tube solar collector.  

Wannagosit et al. [85] performed an experimental and theoretical investigation on evacuated tube 
thermosiphon solar water heating system. The authors developed a mathematical model in which 
thermal resistance method and explicit finite difference method (EFDM) are validated 
experimentally. The results revealed that solar water heating system thermal efficiency was 58.3% 
based on the experimental results, 56.0% based on thermal resistance method and 57.6% based on 
EFDM.  It was concluded that the results provided by EFDM are more accurate than that provided 
by thermal resistance method. Feliński and Sekret [86] established the influence of Phase Change 
Material (PCM) utilization in evacuated tube collector on the properties of the functioning 
parameters of solar water heating system. The authors suggested a methodology to identify the 
thermal performance of the evacuated tube collector/storage unit. It was obtained that the 
evacuated tube collector with PCM storage enhances the annual solar fraction of domestic hot 
water system by 20.5% in comparison with evacuated tube collector with no storage. Daghigh and 
Shafieian [87] performed a theoretical and experimental investigation to assess the performance 
of a solar water heating system utilizing evacuated tube collector. The authors developed a 
mathematical model based on thermal and exergy analysis to demonstrate the performance of the 
collector. Then, the system prototype was built and tested experimentally. The results reveal that 
the optimum number of collector pipes should be 15 and the maximum water temperature attained 
by the collector is 64°C. The developed mathematical model was validated by the experimental 
results, which means that the model is capable of predicting the performance of heat pipe solar 
water heater with maximum relative and standard errors of 8.4% and 1.91% respectively. Shafieian 
et al. [88] conducted a theoretical and experimental analysis to assess the performance of evacuated 
tube heat pipe solar water heating system during cold season. The authors developed a 
mathematical model to compute the optimal number of glass tubes of the collector. Also, a 25 glass 
tubes collector was designed, constructed and tested. The results showed that the performance of 
solar water heating system is considerably affected by the hot water extraction. It was obtained 
that the highest exergy efficiency is 15.58% and the highest thermal efficiency is 92.7%.  
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3.2.3 Parabolic trough collector  

Heating water using solar energy by the mean of parabolic trough collector [89–91] is one of the 
most progressed solar technology in which parabolic trough collector can generate heat 
temperature up to 400°C. Parabolic trough collector is composed of reflective material sheet that 
is bent into parabolic shape and directed towards the sun [92]. Besides, it is made of a receiver 
where a metal black glazed tube is located at its focal line. The space between the receiver and the 
glass cover is evacuated to decrease convective losses. Solar radiation hits the parabola which in 
its turn reflects it into the receiver where a working fluid is passing inside it. The heated working 
fluid transmits heat into the water to be used for several aims. Figure 10 illustrates a schematic and 
a real image of parabolic trough collector.  

  
(a) (b) 

Figure 10. (a) Schematic and (b) Real image of parabolic trough collector [91].  

Ramadan et al. [93] developed a prototype of a new design of heating water using parabolic trough 
with solar tracking system. The authors implemented an experimental study to evaluate the 
performance of the system as function of the weather conditions. It was found that water can be 
heated from 23 to 57°C using a parabolic trough of 0.6 m2, where the temperature can reach 69°C 
when activating the tracking system. Besides, Khaled et al. [94] conducted theoretical and case 
studies related to a new design of residential water heating using parabolic trough. A comparison 
between parabolic trough and flat plate collector has been presented. It was observed that for a 
constant volume, the time needed to heat water up to 70°C is minimized by 33% and 22.4% when 
using parabolic trough with and without tracking respectively. Moreover, Zou et al. [95] suggested 
a small-sized parabolic trough collector, and assessed its characteristics via conducting 
experimental analysis and testing. The results showed that even under solar radiation less than 310 
W/m2, the thermal efficiency of the collector is 67% which means that it can operate efficiently. 
The results also reveal that the maximum attained efficiencies were 26% and 56% during frosting 
and at 5 m/s wind velocity, respectively.  
 

 ANALYSIS OF PREVIOUS WORKS ON SOLAR WATER HEATING 
SYSTEMS 

Since its invention, numerous studies have been conducted to study SWHS in order to progress its 
performance to maintain the optimum one. Hence, the aim of this section is to review and analyze 
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several researches that are performed on SWHS throughout the years. Table 1 summarizes various 
studies that have been developed on SWHS.  

Table 1. Developed studies on SWHS.  

Authors Journal Year Title Type of study Objectives 

Kalogirou 
and 

Papamarcou 
[96] 

Renewable 
Energy 

2000 

Modelling of a 
thermosiphon solar 

water heating system 
and simple model 

validation 

Modeling and 
experimental 

 Modeling, using TRNSYS, a 
thermosiphon solar water heater which 
consists of two flat plate collectors of 
2.7 m2 aperture area and 150 L storage 
tank.  

 Experimental validations of the model. 

Kalogirou 
and Panteliou 

[97] 
Solar Energy  2000 

Thermosiphon solar 
domestic water heating 

systems: long term 
performance prediction 
using artificial neural 

networks 

Modeling and 
experimental 

 Predicting the long term performance 
for a thermosiphon solar domestic 
water heating system by utilizing 
artificial neural networks.  

Faiman et al. 
[98] 

Solar Energy 2001 

Reducing the heat loss 
at night from solar 
water heaters of the 
integrated collector–

storage variety 

Experimental 

 Perform experimental study to present 
a method for reducing the heat loss 
during night in an integrated collector 
storage solar water heater.  

Diakoulaki et 
al. [99] 

Energy 
Conversion and 

Management 
2001 

Cost benefit analysis for 
solar water heating 

systems 
Analytical 

 Conduct a cost benefit analysis to 
evaluate SWHS in comparison with 
competitive conventional technologies 
in Greece.  

Bojic et al. 
[100] 

Renewable 
Energy 

2002 

Simulation of a solar 
domestic water heating 

system using a time 
marching model 

Modelling and 
numerical 

 Modelling and simulation of a SWHS 
using a time marching model. 

Chuawittaya
wuth and 

Kumar [101] 

Renewable 
Energy 

2002 

Experimental 
investigation of 

temperature and flow 
distribution in a 

thermosiphon solar 
water heating system 

Experimental 

 Experimental observation of the 
temperature and flow distribution in a 
natural circulation SWHS. 

 Comparison between experimental and 
theoretical models.  

Mohsen and 
Akash [102] 

International 
Communications 
in Heat and Mass 

Transfer 

2002 
On integrated solar 

water heating system 
Experimental 

 Perform experiment at local conditions 
to investigate the performance of 
integrated solar water heater.  

Kuang et al. 
[103] 

Energy 
Conversion and 

Management 
2003 

Experimental study on 
solar assisted heat pump 
system for heat supply 

Experimental 

 Development of a simple and cost 
effective solar assisted heat pump 
system which consists of flat plate 
collector, hot water storage tank and 
water source heat pump.  

Chyng et al. 
[104] 

Solar Energy 2003 
Performance analysis of 

a solar-assisted heat 
pump water heater 

Modelling and 
numerical 

 Perform modeling and simulation of an 
integral type solar assisted heat pump 
water heater. 

Smyth et al. 
[105] 

Solar Energy 2003 

Heat retaining 
integrated collector / 
storage solar water 

heaters 

Experimental 

 Develop experimental study on an 
integrated collector / storage solar 
water heater (ICSSWH) that can 
noticeably decrease heat loss to 
ambient during non-collection periods.  

Langniss and 
Ince [106] 

Refocus 2004 
Solar water heating: A 

viable industry in 
developing countries 

Review 

 Overview of the underused potential of 
solar thermal energy in certain 
developing countries, with a special 
focus on the experience of the island of 
Barbados in the Caribbean. 
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Tripanagnost
opoulos and 

Souliotis 
[107] 

Renewable 
Energy 

2004 

ICS solar systems with 
horizontal cylindrical 

storage tank and 
reflector of CPC or 
involute geometry 

Modeling and 
experimental 

 Perform experimental models of six 
integrated collector storage solar 
system to determine their stored water 
temperature variation, mean daily 
efficiency and thermal losses during 
night.  

Souliotis and 
Tripanagnost

opoulos 
[108] 

Solar Energy 2004 
Experimental study of 

CPC type ICS solar 
systems 

Experimental 

 Perform experiments on integrated 
collector storage solar systems that 
have different storage tank diameter to 
estimate their thermal performance and 
the ratio of the stored water volume per 
aperture area and per total external 
surface area.  

Kaldellis et 
al. [109] 

Renewable and 
Sustainable 

Energy Reviews 
2005 

Investigating the real 
situation of Greek solar 
water heating market 

Review 

 Valuation of the local domestic SWHS 
market by analyzing its time variation, 
taking into consideration the 
corresponding annual replacement rate.  

Esen and 
Esen [110] 

Solar Energy 2005 

Experimental 
investigation of a two-

phase closed 
thermosiphon solar 

water heater 

Experimental 

 Conduct experimental studies to show 
how the thermal performance of a two-
phase thermosiphon solar collector was 
influenced by utilizing distinct 
refrigerants.  

Houri [111] 
Renewable 

Energy 
2006 

Solar water heating in 
Lebanon: current status 

and future prospects 
Case study 

 Highlight the significance of utilizing 
SWHS in Lebanon by performing a 
case study on thermosiphon SWHS.  

Chow et al. 
[112] 

Applied Energy 2006 

Potential application of 
a centralized solar 

water-heating system 
for a high-rise 

residential building in 
Hong Kong 

Numerical 

 Estimation of the potential application 
of a centralized SWHS in high-rise 
residence.  

 

Pillai and 
Banerjee 

[113] 
Solar Energy 2007 

Methodology for 
estimation of potential 
for solar water heating 

in a target area 

Numerical 

 Suggestion of a methodology for 
potential evaluation of solar water 
heating in a target area taking into 
account the parameters that influence 
adoption at the end use level (micro-
level factor) and parameters that 
impact the aggregate market (macro-
level factor).  

Gunerhan 
and Hepbasli 

[114] 

Energy and 
Buildings 

2007 

Exergetic modeling and 
performance evaluation 
of solar water heating 
systems for building 

applications 

Modeling 

 Use exergy analysis to model and 
evaluate SWHS. 

 Study the influence of variation of 
water inlet temperature to the collector 
on the exergy efficiencies of SWHS. 

 Discuss several thermodynamic 
parameters and exergetic improvement 
potential. 

 Perform exergy efficiency curve 
similar to the thermal efficiency curve 
for solar collectors.  

Currie et al. 
[115] 

Building 
Services 

Engineering 
Research and 
Technology 

2008 

Modelling bulk water 
temperature in 

integrated collector 
storage systems 

Modeling, 
experimental 
and numerical 

 Experimental and numerical study on 
integrated collector storage solar water 
heating. 

 Comparison between experimental and 
numerical results with a new 
constructed macro model.  

Sutthivirode 
et al. [116] 

Applied Energy 2009 

A new version of a solar 
water heating system 
coupled with a solar 

water pump 

Experimental 
 Improvement of the thermal efficiency 

of a SWHS connected to built-in solar 
water pump.   
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Smyth and 
Skates [117] 

Solar Energy 2009 

A passive solar water 
heating system for 

vineyard frost 
protection 

Experimental 
 Design and testing the performance of 

a passive SWHS under real vineyard 
operating conditions.  

Kishor et al. 
[118] 

Solar Energy 2010 

Fuzzy model 
representation of 

thermosiphon solar 
water heating system 

Modeling 

 Present a fuzzy model to represent the 
solar collector in thermosiphon SWHS 
and improve the prediction accuracy of 
such model.  

Jaisankara et 
al. [71] 

Renewable and 
Sustainable 

Energy Reviews 
2011 

A comprehensive 
review on solar water 

heaters 
Review 

 Review on different techniques to 
improve the thermal efficiency of solar 
water heaters.  

 Detailed discussion on the restrictions 
of present research, research gap and 
possible modifications are suggested. 

Patel et al. 
[63] 

International 
Journal of 
Advanced 

Engineering 
Technology 

2012 
Review of solar water 

heating systems 
Review 

 Review of the existing SWHS and their 
applications. 

Sivakumar et 
al. [119] 

ARPN Journal of 
Engineering and 
Applied Sciences 

2012 

Performance 
improvement study of 

solar water heating 
system 

Experimental 
 Experimental implementation to 

progress the performance of a flat plate 
solar collector and reduce the cost. 

Souliotis et 
al. [75] 

Renewable 
Energy 

2013 

Experimental study of 
integrated collector 
storage solar water 

heaters 

Experimental 
 Design and construction of solar water 

heaters of low cost with progressed 
thermal performance and lower depth.  

Liu et al. [69] 
Energy 

Conversion and 
Management 

2013 

Thermal performance of 
an open thermosiphon 

using nanofluid for 
evacuated tubular high 
temperature air solar 

collector 

Experimental 

 Design of evacuated tube solar air 
collector integrated with compound 
parabolic concentrator and open 
thermosiphon using water based CuO 
nanofluid as the working fluid. 

Kessentini 
and Bouden 
et al. [79] 

Renewable 
Energy 

2013 

Numerical and 
experimental study of 

an integrated solar 
collector with CPC 

reflectors 

Numerical and 
experimental 

 Implementation of numerical code 
which predicts the thermal 
performance of a double integrated 
collector storage system with 
compound parabolic concentrator. 

 Construction of prototype and 
experimental testing to validate the 
numerical results.   

Chaudhari et 
al. [64] 

International 
Journal of 
Advanced 

Engineering 
Technology 

2013 
A critical review on 
solar water heater 

Review 
 Review of researches conducted on 

SWHS by several researchers in the 
world.  

Shukla et al. 
[53]  

Renewable and 
Sustainable 

Energy Reviews 
2013 

Recent advances in the 
solar water heating 
systems: A review 

Review 

 Review on the design aspects of SWHS 
including summary of the progress of 
several system components and 
technological advancements in 
developing the performance and cost 
effectiveness of SWHS. 

Omojaro and 
Breitkopf 

[120] 

Renewable and 
Sustainable 

Energy Reviews 
2013 

Direct expansion solar 
assisted heat pumps: A 
review of applications 

and recent research 

Review 
 Summary of different investigations 

and analysis of direct expansion solar 
assisted heat pump systems.  

Amin and 
Hawlader 

[121] 

Renewable and 
Sustainable 

Energy Reviews 
2013 

A review on solar 
assisted heat pump 

systems in Singapore 
Review 

 Summary of the results obtained from 
testing of solar assisted heat pump 
systems that were performed under 
meteorological conditions of 
Singapore for different applications.  
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Sadhishkuma
r and 

Balusamy 
[59] 

Renewable and 
Sustainable 

Energy Reviews 
2014 

Performance 
improvement in solar 

water heating systems -
a review 

Review 

 Summary of the previous works on 
SWHS with various heat transfer 
enhancement techniques such as 
collector design, collector tilt angle, 
coating of pipes, fluid flow rate, 
thermal insulation, integrated collector 
storage, thermal energy storage, use of 
phase change materials, and insertion of 
twisted tapes. 

Tiwari and 
Jaurkar [65] 

Global Journal of 
Multidisciplinary 

Studies 
2014 

Theoretical analysis of 
solar water heater - a 

review 
Review 

 Review of the existing SWHS and their 
applications.  

Shelke et al. 
[66] 

International 
Journal of 
Scientific 

Engineering and 
Research 

2015 
Solar water heating 
systems: a review 

Review 
 Review which studies the existing 

SWHS and their applications. 

Halawa et al. 
[122] 

Renewable and 
Sustainable 

Energy Reviews 
2015 

Thermal performance 
evaluation of solar 

water heating systems 
in Australia, Taiwan 

and Japan - A 
comparative review 

Review 

 Discussion of benefits and weaknesses 
of each approach and investigation of 
possible common approach that will 
develop the present methodologies. 

Wang et al. 
[60] 

Renewable and 
Sustainable 

Energy Reviews 
2015 

Solar water heating: 
From theory, 

application, marketing 
and research 

Review 

 Comprehensive critical review 
including the theoretical issues related 
to solar water heating technology, solar 
water heating production, engineering 
applications and its future marketing in 
addition to research questions related to 
solar water heating.  

Ko [52] Energies 2015 

A novel design method 
for optimizing an 

indirect forced 
circulation solar water 

heating system based on 
life cycle cost using a 

genetic algorithm 

Mathematical 
modeling and 

case study 

 Novel design method for optimizing 
different design variable of an indirect 
forced circulation SWHS which is 
dependent on the life cycle cost and 
uses a genetic algorithm.  

Garg et al. 
[43]  

International 
Journal of 

Engineering 
Research & 

Management 
Technology 

2015 
Solar water heating 

system (SWHS) 
Review 

 Review including researches 
performed by various researchers on 
solar water heater. 

Lima et al. 
[48] 

Solar Energy 2015 
Solar water heating for 
a hospital laundry: A 

case study 

Modeling, 
Numerical and 

case study 

 Numerical simulation to investigate the 
technical and financial viability of a 
SWHS for a hospital laundry in the city 
of Recife, Brazil.  

Singh et al. 
[77] 

Renewable and 
Sustainable 

Energy Reviews 
2016 

Recent developments in 
integrated collector 
storage (ICS) solar 

water heaters: A review 

Review 
 Review on various concentrating and 

non-concentrating integrated collector 
storage SWHS.  

Ntsaluba et 
al. [67] 

Renewable 
Energy 

2016 

Optimal flow control of 
a forced circulation 
solar water heating 
system with energy 
storage units and 
connecting pipes 

Mathematical 
modeling and 

case study 

 Determination of the optimal pump 
flow rate for forced circulation SWHS 
with pipes in the primary and 
secondary loops to maximize the 
energy transfer to circulating fluid 
storage tank.  

Jamar et al. 
[62]  

International 
Communications 
in Heat and Mass 

Transfer 

2016 
A review of water 

heating system for solar 
energy applications 

Review 

 Discussion of the latest improvements 
of a solar water heater based on three 
major components that may influence 
the thermal performance of the system.  
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Khan et al. 
[123] 

International 
Journal of 

Photoenergy 
2016 

Design, fabrication, and 
efficiency study of a 
novel solar thermal 

water heating system: 
towards sustainable 

development 

Experimental 

 Development and testing of new loop 
heat pipe based solar thermal heat 
pump system for small scale hot water 
production for household purposes.  

Liu et al. 
[124] 

Energy Procedia 2017 

Experiments of a heat 
pump water heating 
system using stored 

solar energy to defrost 

Experimental 

 Suggestion of a novel solar assisted 
heat pump system which uses stored 
solar energy for defrosting.  

 Implementation of experiments to 
study the performance of the new 
design.  

Semmaria et 
al. [125] 

Case Studies in 
Thermal 

Engineering 
2017 

Case study for 
experimental validation 
of a new presizing tool 

for solar heating, 
cooling and domestic 

hot water closed 
systems 

Case study 

 Presentation of a case study 
experimental validation of a new 
presizing tool named PISTACHE 
which allow to foretell the design and 
performance of solar heating, cooling 
and domestic hot water systems.  

Ciocănea and  
Burețea 
[126] 

Energy Procedia 2017 

The influence of flow 
tube vibrations over the 
efficiency of solar water 

heating collectors 

Modeling and 
experimental 

 Modeling and experimental validation 
to study the influence of vibration over 
a flow tube from a solar water heating 
collector and improve the heat 
exchange.  

Shrivastava 
et al. [127] 

Renewable and 
Sustainable 

Energy Reviews 
2017 

Modeling and 
simulation of solar 

water heater: A 
TRNSYS perspective 

Review 

 Critical review of simulation of SWHS 
including early works, comparative 
analysis of popular simulation tools 
and their architecture in perspective of 
TRNSYS 

 Discussion of assumptions, modeling 
of different components, advantages 
and drawbacks of simulation. 

Varghese et 
al. [128]  

Applied Thermal 
Engineering 

2017 

A parametric study of a 
concentrating integral 

storage solar water 
heater for domestic uses 

Parametric 
and 

experimental 

 Perform parametric study on 
concentrating integral storage solar 
water heater.  

 Conduct experimental studies to 
calculate the mean collector efficiency 
for the model with an air gap 
introduced in the side walls.  

 Compare the results of the parametric 
study with the collected results from 
the experiments.  

Abas et al. 
[129] 

Cold Regions 
Science and 
Technology 

2017 

A thermosiphon solar 
water heating system 

for subzero temperature 
areas 

Modeling and 
experimental 

 Perform modeling and experimental 
testing of thermosiphon SWHS for 
subzero temperature areas to show how 
solar energy could be used for water 
heating in low solar insolation areas. 

Liu et al. 
[130] 

Solar Energy  2017 

Design of high-
performance water-in-
glass evacuated tube 

solar water heaters by a 
high-throughput 

screening based on 
machine learning: A 

combined modeling and 
experimental study 

Experimental 
and modeling 

 Conduct experimental and modeling to 
show that HTS method can be used to 
modify the design of water-in-glass 
evacuated tube solar water heater with 
a few knowledge about the highly 
complicated correlations between the 
extrinsic properties and heat collection 
rate of solar water heaters. 
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Gautam et 
al.[131] 

Renewable and 
Sustainable 

Energy Reviews 
2017 

A review on technical 
improvements, 

economic feasibility 
and world scenario of 

solar water heating 
system 

Review 
 Present the studies that demonstrate the 

economic feasibility of SWHS in the 
long run. 

Poppi et al. 
[132] 

Renewable and 
Sustainable 

Energy Reviews 
2018 

Techno economic 
review of solar heat 
pump systems for 
residential heating 

applications 

Review, 
modeling and 

numerical 

 Review the different system 
boundaries and the main performance 
indicators used for assessing energetic 
and economic performances. 

 Review techno-economic studies in the 
literature and identify which studies 
give enough information and are 
compatible enough for making an 
economic inter-comparison. 

 Present an economic inter-comparison 
based on the identified systems. 

Razavi et al. 
[133]  

Applied Thermal 
Engineering 

2018 

Modeling, simulation 
and dynamic control of 
solar assisted ground 
source heat pump to 
provide heating load 

and DHW 

Modeling and 
numerical 

 Suggest a sustainable renewable 
energy system to heat residential 
buildings and supply domestic hot 
water. 

 Using TRNSYS software, perform 
modeling, simulation, and operation 
controlling. 

 Estimate and compare the coefficient 
of performance (COP), electrical 
power consumption of the GSHP, soil 
temperature, as well as building and 
domestic hot water temperatures for 10 
years of operation. 

Abdelghani-
Idrissi et al. 

[134]  

Renewable 
Energy 

2018 

Solar tracker for 
enhancement of the 

thermal efficiency of 
solar water heating 

system 

Experimental 
and modeling 

 Improvement of the thermal efficiency 
of SWHS integrated with a solar 
tracker.  

 Establish the thermal behavior of 
SWHS by conducting energy balance 
on solar panels, heat exchanger and 
storage system.  

 The experimental results reveal that the 
solar tracker leads to 40% gain in the 
global thermal energy stored in 
comparison to the fixed inclinations of 
the solar panels.   

Sadiq [135] 
Journal of 
Cleaner 

Production 
2018 

Solar water heating 
system for residential 

consumers of 
Islamabad, Pakistan: A 

cost benefit analysis 

Analytical 
 Perform a cost benefit analysis of 

SWHS in residential sector of 
Islamabad, Pakistan.  

Shafieian et 
al. [88] 

Applied Thermal 
Engineering 

2018 

Thermal performance of 
an evacuated tube heat 

pipe solar water heating 
system in cold season 

Modeling and 
experimental 

 Estimate the performance of a heat 
pipe SWHS to meet a real residential 
hot water consumption pattern under 
non-ideal climatic conditions during a 
cold day in Perth, Australia. 

Zhang et al. 
[136] 

Sustainable 
Energy 

Technologies and 
Assessments 

2018 

Techno-economic 
feasibility of solar water 

heating system: 
Overview and meta-

analysis 

Overview and 
analytical 

 Present an overview of the existing 
techno-economic analyses of SWHS. 
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Yılmaz [137] 
Journal of 
Cleaner 

Production 
2018 

Residential use of solar 
water heating in 
Turkey: A novel 

thermos-economic 
optimization for energy 

savings, cost benefit 
and ecology 

Modeling and 
analytical 

 Present the recent trends in residential 
solar water heating and its efficient 
usage in Turkey.  

 Suggest a novel methodology for 
determining the optimum orientation 
and sizing of water-in-glass evacuated 
tube SWHS. 

 Perform a transient modeling for the 
prediction of a full year's system 
performance via the System Advisor 
Model. 

Baneshi and 
Bahreini 

[138] 

Sustainable 
Energy 

Technologies and 
Assessments 

2018 

Impacts of hot water 
consumption pattern on 

optimum sizing and 
techno-economic 

aspects of residential 
hybrid solar water 
heating systems 

Modeling and 
case study 

 Conduct a techno-economic modeling 
of hybrid water heating systems 
considering different domestic hot 
water (DHW) consumption patterns. 

Wu et al. 
[139] 

Solar Energy  2018 

Experimental study on 
the performance of a 

novel solar water 
heating system with and 

without PCM 

Experimental 

 Implement a novel SWHS which is 
capable of reducing the impact of solar 
radiation intensity fluctuations, by 
using phase change materials for 
thermal energy storage and inserted 
oscillating heat pipe for performance 
improvement. 

Hashim et al. 
[140] 

Case Studies in 
Thermal 

Engineering 
2018 

Case study on solar 
water heating for flat 

plate collector 

Experimental 
and case study 

 Conduct experiments to study the 
performance of solar water heating for 
flat plate collector. 

Endale [141] 
Renewable 

Energy 
2019 

Analysis of status, 
potential and economic 

significance of solar 
water heating system in 

Ethiopia 

Numerical 
simulation 

 Estimate the energy output of a closed 
loop SWHS using System Advisor 
Model software. 

 Predict the future energy demand for 
hot water production using Long-range 
Energy Alternatives Planning System 
software.  

 Estimate the amount of electric energy, 
imported oils and firewood that can be 
saved through SWHS.  

Garcia et al. 
[142] 

Renewable 
Energy 

2019 

Profitability of a solar 
water heating system 
with evacuated tube 
collector in the meat 

industry 

Experimental 

 Analyze the feasibility and 
profitability of using thermal solar 
systems with evacuated tube collectors 
to supply part of the hot water demand 
of meat industries. 

Gomariz et 
al. [143] 

Solar Energy  2019 
An analysis of low flow 
for solar thermal system 

for water heating 

Experimental 
and numerical 

 Estimate the thermal performance of a 
typical serpentine collector for several 
mass flow rates.  

 Conduct modeling of the system and 
compute the initial investment and 
operating cost for high and low flow 
designs.  

Hohne et al. 
[144] 

Sustainable 
Energy 

Technologies and 
Assessments 

2019 

Optimal energy 
management and 

economic analysis of a 
grid-connected hybrid 

solar water heating 
system: A case of 

Bloemfontein, South 
Africa 

Modeling and 
case study 

 Present the optimum energy 
management of a hybrid solar electric 
water heater. 

 Assess the energy and cost saving 
potential of the system.  
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Prakash et al. 
[145] 

Applied Energy  2019 

Off-grid solar thermal 
water heating system 
using phase-change 
materials: design, 

integration and real 
environment 
investigation 

Experimental 

 Design, construct and assess an off-
grid solar thermal water heating system 
which utilizes paraffin wax, PureTemp 
68 and Stearic Acid/Palmitic Acid 
eutectic mixture based phase change 
materials.  

Giglio et al. 
[146] 

Renewable 
Energy 

2019 

Analyzing the impact of 
small solar water 

heating systems on peak 
demand and on 
emissions in the 
Brazilian context 

Experimental 

 Demonstrate a methodology to 
evaluate the influence of solar heating 
systems on mitigating the peak demand 
and reduce emissions when it is 
utilized in low-income housing project.  

Nwaji et al. 
[147]  

Energy & 
Buildings 

2019 

Hybrid solar water 
heating/nocturnal 
radiation cooling 

system I: A review of 
the progress, prospects 

and challenges 

Review 

 Present a review on hybrid 
SWH/nocturnal radiation cooling 
system utilizing a single 
collector/radiator for double functions.  

Abas et al. 
[148] 

Applied Thermal 
Engineering 

2019 

Dynamic simulation of 
solar water heating 

system using 
supercritical CO2 as 

mediating fluid under 
sub-zero temperature 

conditions 

Numerical 
simulation and 
experimental 

 Implement simulation using TRNSYS 
software to study the performance of 
SWHS using CO2 as mediating fluid 
under conditions of sub-zero 
temperature.  

 Design, fabricate and test an evacuated 
tube solar collector.  

Shafieian et 
al. [149] 

Applied Thermal 
Engineering 

2019 

Thermal performance of 
an evacuated tube heat 

pipe solar water heating 
system in cold season 

Modeling and 
experimental 

 Conduct a theoretical and experimental 
assessment of a heat pipe SWHS to 
provide the required hot water 
consumption for real residence under 
non ideal climatic conditions and 
during a cold day in Perth, Australia.  

 Develop a mathematical model to 
compute the optimum number of glass 
tubes of the studied solar collector.  

 A heat pipe solar collector of 25 glass 
tubes is designed based on the obtained 
data of the model, built and tested.  

Mehmood et 
al. [150] 

Energy Reports 2019 

Performance evaluation 
of solar water heating 
system with heat pipe 

evacuated tubes 
provided with natural 

gas backup 

Numerical 
simulation and 
experimental 

 Conduct a simulation model, using 
TRNSYS, on heat pipe evacuated 
tubes SWHS which is hybridized with 
traditional fuel backup for preventing 
the interrupted supply of thermal 
energy.  

 Develop experimental setup to validate 
the simulated model.  

Morrison et 
al. [151] 

Solar Energy 2019 

Design and simulated 
performance of a solar-

thermal system 
employing seasonal 

storage for providing 
the majority of space 
heating and domestic 

hot water heating needs 
to a single-family house 

in a cold climate 

Numerical 
simulation and 
experimental 

 Perform simulation study and design a 
building-scale solar thermal system 
with seasonal storage for a research 
house with a heated floor area of 
approximately 150 m2.  
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Allouhi et al. 
[152] 

Energy  2019 

Forced-circulation solar 
water heating system 
using heat pipe-flat 

plate collectors: Energy 
and exergy analysis 

Modeling and 
simulation 

 Introduce a new design of solar 
thermal collector and integrate it to 
SWHS.   

 Provide a detailed one-dimensional 
transient mathematical model for the 
suggested system and evaluate its 
exergetic and energetic performance 
under severe meteorological 
conditions.  

Modi et al. 
[153] 

Cleaner 
Engineering and 

Technology 
2020 

Efficacy of organic and 
inorganic nanofluid on 
thermal performance of 

solar water heating 
system 

Experimental 
 Carry out experiment investigation to 

evaluate the performance of SWHS 
using organic and inorganic nanofluid.  

Kulkarni et 
al. [154] 

Materials Today: 
Proceedings 

2020 

An innovative design 
approach of hot water 
storage tank for solar 
water heating system 
using artificial neural 

network 

Modeling 

 Conduct Artificial Neural Network 
(ANN) modeling to evaluate the 
accuracy of calculated total 
conductance in terms of equivalent 
thermal resistance. 

Shafieian and 
Khiadani 

[155] 

Case Studies in 
Thermal 

Engineering 
2020 

Integration of heat pipe 
solar water heating 

systems with different 
residential households: 

An energy, 
environmental, and 

economic evaluation 

Modeling and 
experimental 

 Present detailed methodology to assess 
the energy, economic and 
environmental contributions of heat 
pipe SWHS in several households.  

 Design, manufacture and test the 
considered system.  

Mohamed 
and Michel 

[156] 
Energy Reports 2020 

Design optimisation of 
a combined pellets and 
solar heating systems 
for water heating in a 

public bathhouse 

Analytical 

 Evaluate the economic and energy 
potential of flat plate collectors utilized 
in combination with modern, 
automatic pellet boilers for large hot 
water preparation in a commercial 
building under the weather conditions 
of Marrakesh, Morocco.  

 Conduct annual simulations using 
TRNSYS software and carry out 
financial analysis using life cycle 
savings methods.  

Li et al. [157] 
Energy and 
Buildings 

2020 

Energy Efficiency 
Improvement of Solar 

Water Heating Systems 
- An IoT Based 
Commissioning 
Methodology 

Analytical and 
experimental 

 Investigate and enhance the energy 
efficiency of SWHS in a hospital 
building in Singapore.  

 Implement a comprehensive energy 
audit to evaluate the sub-system 
efficiency and the overall system 
performance.  

 Conduct experimental test on the site 
of the studied SWHS to confirm the 
effectiveness of the suggested control 
strategies.  
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Xiao et al. 
[158] 

Solar Energy 2020 

The application of 
solar-to-thermal 
conversion phase 
change material in 
novel solar water 
heating system 

Experimental 

 Prepare composite PCMs with and 
without graphene oxide and examine 
their thermal stabilities, phase change 
characteristics and thermal 
conductivities by utilizing a 
differential scanning calorimeter 
(DSC), a thermal constant analyzer and 
thermal gravimetric analyzer (TG). 

 Construct a novel SWHS using 
SAT/GO/EG at proper density as solar-
absorbing substance and heat storage 
media and investigate the solar to 
thermal conversion efficiency of the 
system.  

Heidari and 
Khovalyg 

[159] 
Solar Energy 2020 

Short-term energy use 
prediction of solar-

assisted water heating 
system: Application 

case of combined 
attention-based LSTM 

and time-series 
decomposition 

Analytical 

 Introduce a hybrid model which 
amalgamates the attention mechanism 
and time series decomposition with 
Long Short Term Memory neural 
networks in order to increase the 
accuracy of predicting long term time 
series data.  

Ding et al. 
[160] 

Solar Energy 2020 

Dynamic simulation 
and parametric study of 

solar water heating 
system with phase 
change materials in 

different climate zones 

Modeling and 
simulation 

 Assess the performance of integrating 
PCM to SWHS and estimate the 
optimal design parameters of PCM.  

 Establish mathematical models for 
SWHS with and without PCM.  

 Carry out annual simulation under 
several PCM parameters in six distinct 
cities.  

Huang et al. 
[161] 

Solar Energy 2020 

A policy study on the 
mandatory installation 
of solar water heating 

systems – Lessons from 
the experience in China 

Review 

 Review the development history and 
status of China's mandatory 
installation policy for SWHS. 

 Summarize the lessons learned and 
experience derived from mandatory 
installation in buildings lower than 100 
m in Ji’nan City and Shenzhen City, 
China. 

Wu et al. 
[162] 

Renewable 
Energy  

2020 

A novel composite 
PCM for seasonal 

thermal energy storage 
of solar water heating 

system 

Numerical and 
experimental 

 Suggest a novel composite PCM which 
is able to meet the demand for seasonal 
thermal energy storage.  

 Develop 3-D numerical model for 
evacuated tube collector and validate it 
by implementing an outdoor test rig.  

Khargotra et 
al. [163] 

Case Studies in 
Thermal 

Engineering 
2021 

Impact of perforated 
shapes in delta type 

hindrance promoter on 
thermo-hydraulic 

performance of solar 
water heating system 

(An experimental study) 

Experimental 

 Study the effect of non-circular holes 
in perforated delta-winglets on the 
thermo-hydraulic performance of 
SWHS.  

Nasirov et al. 
[164] 

Renewable and 
Sustainable 

Energy Reviews 
2021 

Public perception and 
adoption of solar water 

heating systems in 
Chile: The role of 

supply side income tax 
credits 

Analytical 

 Assess the public knowledge regarding 
utilizing SHWS and the specific 
function of tax credit program in the 
diffusion of SWHS during the initial 
period.  

Singh et al. 
[165] 

Sustainable 
Energy 

Technologies and 
Assessments 

2021 

Environmental, 
technical and financial 

feasibility study of 
domestic solar water 

heating system in India 

Analytical 

 Study the technical, environmental and 
financial viability of evacuated tube 
SWHS at distinct geographical 
locations in seven Indian cities.  
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Long et al. 
[166]  

Energy 
Conversion and 

Management 
2021 

Study on energy-saving 
operation of a combined 
heating system of solar 
hot water and air source 

heat pump 

Modeling, 
simulation and 
experimental 

 Propose a hybrid solar hot water and 
air source heat pump combined heating 
system.  

 Simulate and analyze the energy 
efficiency of the combined heating 
system during cold season.  

 
 

 ELECTRICITY CONCERN IN LEBANON  

Lebanon is one of the countries that are struggling for several years to meet the energy demand of 
its population [167]. To clarify, in year 2009 the electricity demand of Lebanon was 2300 MW 
while the main electricity company in Lebanon, EDL is constantly striving to supply a maximum 
power delivery of 1500 MW [168]. Consequently, the constant production of electricity in 
Lebanon and the permanent increase in the population made meeting the electricity demand 
impossible to be achieved. It has been reported in Yathreb [169] that the energy demand of 
Lebanese in year 2030 is predicted to be 250% of the energy required in 2010. 

 

Figure 11. Electricity consumption in Lebanon [170].  

Figure 11 shows a pie diagram for electricity consumption [170]. It is clear that the amount of 
electricity consumed for heating and heating water (30% and 21% respectively) is high compared 
to the other uses. Thus, heating water requires high amount of electricity in Lebanon which suffers 
from electricity deficiency. From this point, investment of solar energy may recompense electricity 
shortage in Lebanon, especially for water heating. This explains that adopting SWHS may be the 
best solution for electricity crisis in Lebanon. In addition, utilization of solar energy for heating 
water serve in saving energy consumption which in its turn lead to evolve in the national economy 
as well as progress in environmental conditions. 
In order to emphasize the significance of solar energy to heat water in Lebanon and utilize solar 
heating systems, economic and environmental analyses will be developed in the coming sections.  
 

 Economic study 

Martinopoulos and Tsalikis [171] conducted a technical economic and environmental evaluation 
of a typical solar space and water heating systems for four climatic zones according to Greek 
regulation.  
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In order to highlight the economic impact of utilizing solar energy in heating water, a study is 
developed to evaluate the amount of money saved when using SWHS instead of electric heaters. 
Then, a common type of SWHS will be taken to calculate its payback period depending on the 
saved money and the cost of this system. The study is conducted in Lebanon and for several 
scenarios where each scenario is found in three sizes as shown in table 2. The first case deals with 
family of 4, 6 and 8 persons, the second case includes school containing 400, 850 and 1200 pupils, 
the third one is restaurant which serves 25, 60 and 150 services, the forth case is a four stars hotel 
with 50, 100 and 200 beds and the last case is gym which includes 30, 50 and 100 persons.  
 

Table 2. The considered scenarios and their sizes.  

Case Size 

Family 
4 persons 
6 persons 
8 persons 

School 
400 pupils 
850 pupils 
1200 pupils 

Restaurant 
25 services 
60 services 

150 services 

Hotel 
50 beds 
100 beds 
200 beds 

Gym 
30 persons 
50 persons 

100 persons 
 

5.1.1 Saved money 

To calculate the amount of monthly consumed energy to heat water to 60°C, the formulas of 
equations (1) and (2) can be used.  𝑄𝑚𝑜𝑛𝑡ℎ𝑆 = 𝑁𝑑𝑎𝑦𝑠. 𝑚.𝐶𝑝.(𝑇𝑜𝑢𝑡−𝑇𝑖𝑛𝑆 )𝜂  

(1) 

𝑄𝑚𝑜𝑛𝑡ℎ𝑊 = 𝑁𝑑𝑎𝑦𝑠. 𝑚.𝐶𝑝.(𝑇𝑜𝑢𝑡−𝑇𝑖𝑛𝑊)𝜂  
(2) 

where 𝑄𝑚𝑜𝑛𝑡ℎ𝑆  and 𝑄𝑚𝑜𝑛𝑡ℎ𝑊  are the monthly energy required to heat water (kJ/month) during 
summer and winter respectively. 𝑁𝑑𝑎𝑦𝑠 is the number of days per month, considered equal to 30. 
m  is the mass of water calculated using equation (3) and pC  is the specific heat of water equals 

4.1855 kJ/kg.K. 𝑇𝑜𝑢𝑡 is the outlet water temperature which is equal to 60°C [172], 𝑇𝑖𝑛𝑆  and 𝑇𝑖𝑛𝑊 are 
the inlet water temperatures during summer and winter which are 28°C and 13°C respectively 
[173].   is the efficiency of the electric heater, equal to 80% [174].  
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𝑚 = 𝜌. 𝑉 (3) 

where   is the density of water which is 1000 kg/m3 and V  is the volume of water. Table 3 shows 
the daily volume of hot water (HW) required for each type of the studied scenarios (L/day) [175]. 

Table 3. Amount of HW demand for each scenario [175].  

Type of HW costumer  HW demand (L/day) 

Family  30 L/person 
School  3 L/person 

Restaurant  8 L/service  
Hotel 70 L/bed 

Gym  20 L/person 
                                             
After estimating the amount of energy required to heat water during summer and winter, the cost 
of this energy is calculated using formulas of equations (4) and (5).  

𝑃𝐸𝑚𝑜𝑛𝑡ℎ𝑆 =𝑄𝑚𝑜𝑛𝑡ℎ𝑆 . 𝑃1𝑘𝑊ℎ (4) 𝑃𝐸𝑚𝑜𝑛𝑡ℎ𝑊 =𝑄𝑚𝑜𝑛𝑡ℎ𝑊 . 𝑃1𝑘𝑊ℎ (5) 

 

where 𝑃𝐸𝑚𝑜𝑛𝑡ℎ𝑆  and 𝑃𝐸𝑚𝑜𝑛𝑡ℎ𝑊  are the monthly price of energy consumed ($/month) during summer 
and winter and 𝑃1𝑘𝑊ℎ is the price of one kilowatt hour. Table 4 illustrates the price of kWh in 
Lebanon.  

Table 4. Price of kWh in Lebanon [176].  

Range Price ($) 

Below 100 kWh 0.023 
100 – 300 kWh 0.040 
300 – 400 kWh 0.053 
400 – 500 kWh 0.080 
Above 500 kWh  0.133 

To evaluate the amount of money saved when utilizing SWHS, equation (6) can be utilized.  𝑆𝑀𝑦𝑒𝑎𝑟 = 𝑃𝑟. [(𝑁𝑚𝑜𝑛𝑡ℎ𝑆 . 𝑃𝐸𝑚𝑜𝑛𝑡ℎ𝑆 ) + (𝑁𝑚𝑜𝑛𝑡ℎ𝑊 . 𝑃𝐸𝑚𝑜𝑛𝑡ℎ𝑊 )] (6) 

where 𝑆𝑀𝑦𝑒𝑎𝑟 is the amount of annual saved money ($/year) and Pr  is the percentage of time 
during when SWHS is utilized. 𝑁𝑚𝑜𝑛𝑡ℎ𝑆  and 𝑁𝑚𝑜𝑛𝑡ℎ𝑊  are the number of summer and winter months 
per year. It is assumed that there are six summer and six winter months per year.  
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Figure 12 shows the variation of saved money for family of 4, 6 and 8 persons. It is clear that as 
Pr and number of persons in the family increase the amount of saved money increases linearly. 
For a moderately efficient case where Pr equals to 0.6, the annual amount of saved money is about 
$48, $81 and $127 for family of 4, 6 and 8 persons respectively. While for a very efficient case 
(Pr=0.9), the annual amount of saved money is duplicated to $71, $121 and $190 for family of 4, 
6 and 8 persons respectively. Moreover, the average ratio of annual saved money per person is 
$10.8, $12.3 and $14.5 for family of 4, 6 and 8 persons respectively. Hence, the average annual 
saved money in a family is about 12.5 $/person.  

 

Figure 12. Variation of saved money for family of 4, 6 and 8 persons. 

Figure 13 presents the variation of saved money for school of 400, 850 and 1200 pupils. It is 
obvious that the saved money increases as the utilization of SWHS increases. As Pr increase from 
0.6 (moderately efficient case) to 0.9 (highly efficient case), the annual amount of saved increases 
from $1073, $2412, $3453 to $1609, $3618 and $5180 for school of 400, 850 and 1200 pupils, 
respectively. Besides, the average ratio of annual saved money per pupil is $2.5, $2.6 and $2.7 for 
school of 400, 850 and 1200 pupils respectively. Therefore, the average annual saved money in a 
school is about 2.6 $/pupil. 
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Figure 13. Variation of saved money for school of 400, 850 and 1200 pupils.  

Figure 14 illustrates the variation of saved money for restaurant of 25, 60 and 150 services. It is 
obvious that there is direct relationship between the amount of saved money and the percentage of 
time where SWHS are used and between the amount of saved money and the number of services 
of the restaurant. To illustrate, for 60% dependence on SWHS which is a moderately efficient case, 
the annual amount of saved money is $81, $359 and $1073 for restaurant of 25, 60 and 150 
services, respectively. While the increase in the percentage of time when SWHS is used to 90%, 
the annual amount of saved money is $121, $538 and $1609 for restaurant of 25, 60 and 150 
services, respectively. Furthermore, the average ratio of annual saved money per person is $2.9, 
$5.5 and $6.6 for restaurant of 25, 60 and 150 services respectively. Hence, the average annual 
saved money in a restaurant is about 5 $/service. 
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Figure 14. Variation of saved money for restaurant of 25, 60 and 150 services. 

Figure 15 shows the variation of saved money for hotel of 50, 100 and 200 beds. For rise in Pr 
from 0.6 to 0.9, the annual amount of saved money increases from $3354 to 5031$, $6826 to 
10239$ and $13770 to $20655 for four stars hotels of 50, 100 and 200 beds. Hence, as Pr and 
number of beds increase, the amount of saved money increases. Moreover, the average ratio of 
annual saved money per bed is $61.5, $62.6 and $63.1 for hotel of 50, 100 and 200 beds 
respectively. Hence, the average annual saved money in a hotel is about 62.4 $/bed. 

 

 

Figure 15. Variation of saved money for hotel of 50, 100 and 200 beds.  
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Figure 16 represents the variation of saved money for gym of 30, 50 and 100 persons. The annual 
amount of saved money increases from $478 to 796$, $874 to $1457 and $1866 to $3110 for gym 
of 30, 50 and 100 persons respectively in the time that Pr rises from 0.6 (moderately efficient case) 
to 0.9 (highly efficient case). Thus, Pr and number of persons have direct effect on the increase in 
the amount of saved money when SWHS is utilized. Besides, the average ratio of annual saved 
money per person is $14.6, $16.0 and $17.1 for gym of 30, 50 and 100 persons respectively. Hence, 
the average annual saved money in a gym is about 15.9 $/person. 

 

Figure 16. Variation of saved money for gym of 30, 50 and 100 persons.  

 

5.1.2 Payback period 

Due to the fact that thermosiphon system is the most commonly utilized type of SWHS in Lebanon, 
it will be taken under consideration in this analysis. Hence, to estimate the payback period of this 
system formula of equation (7) is used.  

𝑃𝑏𝑝 = 𝐶𝑆𝑊𝐻𝑆𝑇𝑆𝑀𝑦𝑒𝑎𝑟 
(7) 

where 𝑃𝑏𝑝 is the payback period (month) and 𝐶𝑆𝑊𝐻𝑆𝑇 is the total cost of SWHS ($). 𝐶𝑆𝑊𝐻𝑆𝑇 is 
calculated using equation (8).  𝐶𝑆𝑊𝐻𝑆𝑇=𝐶𝑆𝑊𝐻𝑆 .  𝑁𝑆𝑊𝐻𝑆 (8) 

where 𝐶𝑆𝑊𝐻𝑆 is the cost of specific type of SWHS and  𝑁𝑆𝑊𝐻𝑆 is the number of SWHS required, 
computed from equation (9).  
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𝑁𝑆𝑊𝐻𝑆 = 𝑉𝑆𝑖𝑧𝑒 
(9) 

where 𝑆𝑖𝑧𝑒 is the size of SWHS.  
Table 5 illustrates the sizes and costs of SWHS in Lebanon and Table 6 shows the number, type 
and total cost of SWH systems required for each case.  

Table 5. Size and cost of SWH systems [177].  

Size (L) Cost ($) 

200 867 
250 1134 
300 1267 

Table 6. Number, type and total cost of SWH systems required for each case. 

Type of HW costumer 
Number of 

SWH system 
Type of SWH 

system 
Total cost of SWH system ($) 

Family  

4 persons  1 200 L 867 
6 persons  1 250 L 1134 

8 persons  1 300 L 1267 

School  

400 pupils 4 300 L 5068 

850 pupils 9 300 L 11403 

1200 pupils 12 300 L 15204 

Restaurant  

25 services  1 300 L 1267 

60 services 2 300 L 2534 

150 services 4 300 L 5068 

Hotel 

50 beds 12 300 L 15204 

100 beds 24 300 L 30408 

200 beds 47 300 L 59549 

Gym  

30 persons 2 300 L 2534 

50 persons 4 300 L 5068 

100 persons 7 300 L 8869 

Figure 17 shows the variation of payback period for family of 4, 6 and 8 persons. According to 
equation (7) the payback period and the saved money are inversely proportional to each other. 
Furthermore, the amount of saved money is directly proportional to the number of persons and Pr. 
Hence, the payback period mitigates as the percentage of time for using SWHS and the number of 
persons increase. To illustrate, for a moderately efficient case (Pr is 60%), the payback period is 
about 18.3 years, 14.1 years and 10.0 years for family of 4, 6 and 8 persons respectively. While 
when Pr is 90%, the payback period decreases to approximately 12.2 years, 9.4 years and 6.7 years 
for family of 4, 6 and 8 persons respectively. Hence, the average payback period of SWHS for a 
family is 14.2 years and 9.5 years in case of moderate and high usage of the system respectively.  
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Figure 17. Variation of payback period for family of 4, 6 and 8 persons. 

Figure 18 illustrates the variation of payback period season for school of 400, 850 and 1200 pupils. 
It is obvious that there is inverse relationship between the payback period and the percentage of 
time where SWHSs are used. Also, the payback period is approximately the same in the three 
cases. To illustrate, when Pr was 0.6, the payback period in school is about 4.7 years for 400 and 
850 pupils and 4.4 years for 1200 pupils. While for a high dependence on SWHS (Pr=0.9), the 
payback period decreased to approximately 3.2 years for 400 and 850 pupils and 2.9 years for 1200 
pupils. Hence, regardless to the number of pupils, more utilization of SWHS minimizes its payback 
period. Furthermore, the average payback period of SWHS for a school is 4.6 years and 3.1 years 
in case of moderate and high utilization of the system respectively. 

 

Figure 18. Variation of payback period for school of 400, 850 and 1200 pupils.  
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Figure 19 represents the variation of payback period for restaurant of 25, 60 and 150 services. The 
payback period reduces from 15.8 to 10.5, 7.1 to 4.7 and from 4.7 to 3.2 years for restaurant of 25, 
60 and 150 services respectively in the time that Pr rises from 0.6 to 0.9. Thus, Pr has direct effect 
on minimizing the payback period when SWHS is utilized. Hence, as much as the SWHS is used 
efficiently, the payback period decreases. Besides, the average payback period of SWHS for a 
restaurant is 9.2 years and 6.1 years for moderately efficient and highly efficient case respectively. 

 

Figure 19. Variation of payback period for restaurant of 25, 60 and 150 services. 

Figure 20 presents the variation of payback period for hotel of 50, 100 and 200 beds. It is shown 
that the payback period decreases with increase in Pr as well but it is not affected as the number 
of beds in hotel differs. To clarify, the payback period is 4.5 years, 4.4 years and 4.3 years for Pr 
equals to 0.6 for hotel of 50, 100 and 200 beds respectively. For 90% Pr, the payback period is 3.0, 
2.9 and 2.8 years for Pr equals to 0.6 for hotel of 50, 100 and 200 beds respectively. Therefore, the 
payback period in a hotel is dependent on Pr more than the number of beds. Moreover, the average 
payback period of SWHS for a hotel is 4.4 years and 2.9 years for moderate and high usage of the 
system, respectively. 
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Figure 20. Variation of payback period for hotel of 50, 100 and 200 beds.  

Figure 21 shows the variation of payback period for gym of 30, 50 and 100 persons. It is clear that 
as Pr rises the payback period mitigates. In orders of magnitudes, when Pr increases from 0.6 to 
0.9 the payback period decreases from 5.3 to 3.5, 5.8 to 3.9 and from 4.8 to 3.2 years for gym of 
30, 50 and 100 persons respectively. Moreover, the average payback period of SWHS for a gym 
is 5.3 years and 3.5 years for moderate and high exploitation of the system, respectively. 

 

Figure 21. Variation of payback period for gym of 30, 50 and 100 persons.  
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 Environmental study  

Koroneos and Namaki [178] investigated the technical and environmental impact of solar water 
heater using the method of life cycle assessment. Greenhouse effect, ozone depletion, acidification, 
eutrophication, heavy metals, carcinogens, winter smog and summer smog are the environmental 
effects that are taken into account in this study. Acidification is the major environmental effect 
whose percentage reached 54%, while the second one is winter smog potential which reached value 
of 25%. In third position is the global warming potential due to CO2, which is 12%, and the other 
environmental impacts have lower contribution of 9%. Furundzic et al. [179] presented the 
privileges that could be maintained when utilizing SWHS instead of water heating systems that rely 
on conventional fuel oil, electricity or gas based. Bessa and Prado [180] estimated the expected 
mitigation in carbon dioxide when using SWHS in comparison with electric showers in social 
houses in various Brazilian climatic zones.  
To evaluate the environmental impact of SWHS in Lebanon, a study is developed to compute the 
amount of carbon dioxide released per month when an electric heater is used. Then, estimate the 
amount of carbon dioxide emission that will be mitigated by replacing the electric heater by SWHS 
to demonstrate the privilege of utilizing solar energy in heating water.  
The annual amount of CO2 produced can be calculated from equation (10).  𝑀𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑𝐶𝑂2 = 𝑄𝑦𝑒𝑎𝑟  . 𝑀1𝑘𝑊ℎ𝐶𝑂2  

 

(10) 

where 𝑀𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑𝐶𝑂2  is the annual amount of CO2 produced (ton/year) and 𝑀1𝑘𝑊ℎ𝐶𝑂2  is the amount of CO2 
produced from 1 kWh electricity. In Lebanon it is estimated to be about 0.47 kg CO2/1 kWh [174] . 𝑄𝑦𝑒𝑎𝑟 is the annual amount of consumed energy (kJ/year) which is calculated using equation (11).  𝑄𝑦𝑒𝑎𝑟=(𝑁𝑚𝑜𝑛𝑡ℎ𝑆 . 𝑄𝑚𝑜𝑛𝑡ℎ𝑆 ) + (𝑁𝑚𝑜𝑛𝑡ℎ𝑊 . 𝑄𝑚𝑜𝑛𝑡ℎ𝑊 ) (11) 
 
The annual amount of reduced CO2 emissions can be computed using the following equation:  𝑀𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝐶𝑂2 = 𝑃𝑟 . 𝑀𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑𝐶𝑂2  

(12) 

where 𝑀𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝐶𝑂2  is the annual amount of CO2 reduced (ton/year).  

Figure 22 illustrates the variation of annual amount of CO2 mitigated for family of 4, 6 and 8 
persons. It is obvious that there is direct relationship between the amount of CO2 reduced and the 
percentage of time where SWHS are used and between the amount of CO2 decreased and the 
number of persons. To illustrate, when Pr increases from 0.6 to 0.9, the amount of CO2 mitigated 
for family of 4, 6 and 8 persons respectively increases from 0.7 to 1.0, 1.0 to 1.6 and 1.4 to 2.1 
ton/year. Moreover, the ratio of annual decreased CO2 emissions to the number of persons in a 
family is 0.17 ton/person and 0.26 ton/persons for moderately efficient and high efficient case 
respectively. Furthermore, the average annual amount of CO2 reduced when SWHS is utilized in 
a family is 0.16 ton/person.  
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Figure 22. Variation of amount of CO2 reduced for family of 4, 6 and 8 persons. 

Figure 23 shows the variation of amount of CO2 reduced for school of 400, 850 and 1200 pupils. 
For rise in Pr from 0.6 to 0.9, the amount of decreased CO2 increases from 7.0 to 10.5, 14.9 to 22.3 
and 21.0 to 31.5 ton/year for school of 400, 850 and 1200 pupils. Hence, as Pr and number of 
pupils increase, the amount of amount of CO2 reduced increases. Therefore, for moderately 
efficient and high efficient case, the ratio of annual mitigated CO2 emissions to the number of 
pupils in a school is 0.017 ton/pupil and 0.026 ton/ pupil respectively. Besides, the average annual 
amount of CO2 mitigated when SWHS is utilized in a school is 0.016 ton/pupil. 

 

Figure 23. Variation of amount of CO2 reduced for school of 400, 850 and 1200 pupils.  
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Figure 24 represents the variation of annual amount of CO2 decreased for restaurant of 25, 60 and 
150 services. The amount of mitigated CO2 increases from 1.2 to 1.7, 2.8 to 4.2 and 7.01 to 10.5 
ton/year for restaurant of 25, 60 and 150 services respectively in the time that Pr rises from 0.6 to 
0.9. Thus, Pr and number of services have direct effect on the increase in the amount of CO2 
mitigated when SWHS is utilized instead of electric heater. Furthermore, the ratio of the annual 
reduced CO2 emissions to the number of services in a restaurant is 0.05 ton/service and 0.07 
ton/service for moderately efficient and high efficient case respectively. Besides, the average 
annual amount of CO2 decreases when SWHS is utilized in a restaurant is 0.04 ton/service. 

 

Figure 24. Variation of amount of CO2 reduced for restaurant of 25, 60 and 150 services. 

Figure 25 shows the variation of annual amount of mitigated CO2 for hotel of 50, 100 and 200 
beds. It is clear that as Pr and number of beds in the hotel increase the amount of decreased CO2 
increases. In orders of magnitudes, when Pr rises from 0.6 to 0.9 the amount of mitigated CO2 rises 
from 20.4 to 30.6, 40.8 to 61.2 and from 81.6 to 122.4 ton/year for hotel of 50, 100 and 200 beds 
respectively. Besides, the ratio of the annual alleviated CO2 emissions to the number of beds in a 
hotel is 0.41 ton/bed and 0.61 ton/bed for moderately efficient and high efficient case respectively. 
Moreover, the average annual amount of CO2 decreases when SWHS is utilized in a hotel is 0.37 
ton/bed. 
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Figure 25. Variation of amount of CO2 reduced for hotel of 50, 100 and 200 beds. 

Figure 26 presents the variation of annual amount of reduced CO2 for gym of 30, 50 and 100 
persons. It is shown that the amount of decreased CO2 increases with increase in Pr as well as the 
number of persons. To clarify, the amount of mitigated CO2 rises from 3.5 to 5.2, 5.8 to 8.7 and 
from 11.7 to 17.5 ton/year for gym of 30, 50 and 100 persons respectively when Pr increases from 
60 to 90%. Moreover, the ratio of the annual reduced CO2 emissions to the number of persons in 
a gym for moderately efficient and high efficient case is 0.12 ton/person and 0.17 ton/person 
respectively. Moreover, the average annual amount of CO2 decreases when SWHS is utilized in a 
gym is 0.11 ton/person. 

 

Figure 26. Variation of amount of CO2 reduced for gym of 30, 50 and 100 persons.  
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 CONCLUSIONS 

Solar energy is a renewable energy that has tremendous effect on human life and environment. 
Solar water heating is an efficient application of solar energy due to the fact that hot water is 
essential for public, schools, hotels, restaurants, etc. Thus, such application exploits the thermal 
solar energy and serve in solving the current problems regarding depletion of fossil fuel in addition 
to the environmental and economic disasters.  
In this work, a short review on SWHS is presented. The principle, components and classifications 
are carried out with a brief description of mode of operation of each kind. Also, the previous 
researches implemented on SWHS and the pros and cons of such system are summarized in this 
work. Besides, electricity concern in Lebanon is exposed. In addition to that, economic and 
environmental analyses have been conducted to quantify the effects of utilizing SWHS instead of 
electric heater.  
The economic study was implemented to compute the payback period for several scenarios in 
Lebanon where Pr is varied from 0.1 to 1. The scenarios include family of 4, 6 and 8 persons, 
school of 400, 850 and 1200 pupils, restaurant of 25, 60 and 150 services, hotel of 50, 100 and 200 
beds and gym of 30, 50 and 100 persons. The results confirmed that there is inversely relationship 
between Pr and payback period. The results show that for a moderate and high utilization of SWHS 
the average payback period of the system is 14.2 years and 9.5 years for a family, 4.6 years and 
3.1 years for a school, 9.2 years and 6.1 years for a restaurant, 4.4 years and 2.9 years for a hotel, 
and 5.3 years and 3.5 years for a gym.  
The environmental study was conducted on the aforementioned scenarios to shed light on the effect 
of utilizing solar energy for heating water on carbon dioxide production. It was obtained that 
SWHS serves in mitigating carbon dioxide emissions in which Pr and reduction in carbon dioxide 
production has a proportional relationship. It was also shown that for moderate and high utilization 
of SWHS, the annual amount of CO2 reduced is respectively about 0.17 ton/person and 0.26 
ton/person in a family, 0.017 ton/pupil and 0.026 ton/pupil in a school, 0.05 ton/service and 0.07 
ton/service in a restaurant, 0.41 ton/bed and 0.61 ton/bed in a hotel, and 0.12 ton/person and 0.17 
ton/person in a gym. Hence, if SWHS is utilized in family, school, restaurant, hotel and gym the 
average annual amount of CO2 mitigated is 0.16 ton/person, 0.016 ton/pupil, 0.04 ton/service, 0.37 
ton/bed and 0.11 ton/person, respectively.  
This paper clearly investigates the significant influence of SWHS on economic and environmental 
sides and inevitably on health of human beings. Due to this, it is anticipated that utilization of 
SWHS will be one of the priority and will be spread all over the world, likewise in Lebanon 
country.  
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1.4 Solaire photovoltaïque : bilan avec étude économique et environnementale 

au Liban 

 

Il est prévu de soumettre cet article à « Solar Energy » 

 

Résumé - Le système photovoltaïque (PV) est l'une des principales applications de l'énergie solaire 

qui concerne la production d'électricité. Le rôle principal de ce système est de convertir la lumière 

solaire en électricité par absorption de photons. L'objectif de ce travail est de présenter une revue 

des systèmes et technologies solaires photovoltaïques. Le principe du système solaire PV est 

exposé en plus de ses principaux composants. En outre, les types de système PV et ses trois 

générations sont passés en revue dans cet article. En outre, des analyses économiques et 

environnementales sont mises en œuvre pour mettre en évidence le rôle vital de l'utilisation des 

systèmes solaires photovoltaïques pour produire de l'électricité au Liban pour plusieurs scénarii 

(maison, salle de sport, restaurant et hôtel). Le but des analyses susmentionnées est d'évaluer le 

montant d'argent économisé lors de l'utilisation du système solaire photovoltaïque ainsi que sa 

durée d’amortissement et d'évaluer la réduction des émissions de dioxyde de carbone. Les résultats 

montrent que pour une utilisation élevée du système PV (Pr = 0,9), la durée d’amortissement du 

système et le montant annuel des émissions de CO2 atténuées sont de 16,2 ans et 4,7 tonnes pour 

la maison, 2,1 ans et 97,7 tonnes pour la salle de sport, 4,1 ans et 154 tonnes pour le restaurant, et 

13,0 ans et 383 tonnes pour l'hôtel. 
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Abstract. Photovoltaic (PV) system is one of the main applications of solar energy which is 

concerned in generating electricity. The main role of this system is to convert sun light to 

electricity by the absorption of photons. The aim of this work is to present a review on solar 

photovoltaic systems and technologies. The principle of solar PV system is exposed in 

addition to its main components. Also, types of PV system and its three generations are 

reviewed in this paper. Besides, economic and environmental analyses are implemented to 

highlight the vital role of utilizing solar PV systems for generating electricity in Lebanon for 

several scenarios (home, gym, restaurant and hotel). The aim of the aforementioned analyses 

is to assess the amount of saved money when utilizing solar photovoltaic system as well as 

its payback period and to evaluate the reduction in the amount of carbon dioxide emission. 

The results show that for a high usage of PV system (for a percentage of time where solar 

photovoltaic is utilized Pr=90%), the payback period of the system and the annual amount 

of mitigated CO2 emissions are 16.2 years and 4.7 tons in house, 2.1 years and 97 tons for 

gym, 4.1 years and 154 tons for restaurant, and 13.0 years and 383 tons for hotel.  

 
Keywords: Solar Energy, Photovoltaic Systems, Renewable Energy, Review, Classification, 
Environment, Economy. 
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1. INTRODUCTION  

In recent decades, energy request has raised continuously due to its importance. It became the key 
for economic progress of any country. The depletion of conventional energy sources and the 
continuous variation of fossil fuel prices, in addition to the context of environmental issues [1–4], 
have encouraged intense researches on energy management or renewable energy resources. Energy 
recovery [5–10] is one of the major technologies of energy management which rely on reusing 
wasted energy. Renewable energy is green, clean and sustainable source of energy. At present 
time, it is supplying about 13.5% of the world energy request [11,12]. Wind [13,14], geothermal 
[15], solar [16–21], biomass [22,23], tidal [24,25], hydropower [26,27] are the main sources of 
renewable energy. Indeed, solar energy occupies the throne of renewable energy sources. It 
became popular renewable source of energy due to the fact that the amount of solar energy 
absorbed by the earth is about 1.8×1011 MW which is more than the world energy request by 10000 
times [28,29].  
Solar energy provides wide range of applications to exploit such renewable energy. Solar energy 
can be categorized into two main systems: the first converts solar energy into thermal energy, 
while the other transforms solar energy into electrical energy. Figure 1 illustrates a schematic of 
the main categories of solar energy. There are several applications that are integrated from solar 
energy which produce thermal energy to be used for drying, cooking, heating water, heating and 
cooling space or refrigerating. Among the applications which produce thermal energy, solar 
chimney and concentrated solar power are categorized also under the type of generating electricity. 
Solar chimney exploits solar energy to supply ventilation (cooling and heating) for buildings or to 
generate electricity. Concentrated solar power uses solar energy to transform it into thermal energy 
and then into electric energy. However, solar photovoltaic produces electricity directly from solar 
radiations. Solar photovoltaic system can be combined with thermal system to produce both 
thermal and electric energy simultaneously. There are numerous studies [30–34] that are conducted 
on combined photovoltaic solar thermal collector systems. 
 

 
Figure 1. Categories of solar energy.  

 
Solar photovoltaic systems [35–38] are excellent choice technology for generating electricity in a 
clean way without harming environment. Photovoltaic cells are made up of semi-conductive 
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material which absorb spread and concentrated solar radiation to convert solar energy into direct 
current electricity.  
From many years ago several scientists studied and worked on solar photovoltaic mechanism 
[39,40]. In 1839, Alexandre Edmond Becquerel, a French physicist, discovered the photovoltaic 
effect. In 1877, Adams and Day observed the photovoltaic effect where they developed the first 
selenium cell. Later on in 1883, Charles Fritts constructed the first photovoltaic cell of 1% 
maximum efficiency.  Albert Einstein published a paper which describes the photoelectric effect 
in 1905. A new photovoltaic cell was built in 1927 using copper and the semiconductor copper 
oxide, its efficiency was also less than 1%. In 1941, Russell Ohl constructed the silicon 
photovoltaic cell. Further progress served in attaining 6% efficiency in direct sunlight which was 
also raised to 11% by Bell laboratories in 1954.  
Recently, photovoltaic has revealed a vital potential in meeting the progressing global energy 
demand. During 2011, growth rate of photovoltaic attained about 70% which is distinguished level 
over renewable applications [41]. In 2012, the whole operating capacity of photovoltaic was 100 
GW [42].  
Electricity shortage is one of the most serious problems facing Lebanon since many years ago. 
Every year, there is an increase in electricity consumption per capita by 7%, meanwhile the 
electricity production is underdeveloped [43]. Hence, solar PV systems are the most suitable option 
which serves in generating more electricity to meet the demand and in a clean way.  
The present work aims to present a review on solar photovoltaic regarding its principle, 
components, systems and technologies with the advantages and disadvantages of each one. 
Moreover, economic and environmental studies are conducted to demonstrate the influence of 
utilization of solar PV systems in Lebanon.  
The rest of the paper is organized as follows: section 2 of the paper details the PV systems: 
principle, components, systems and technologies, section 3 enumerates previous works that have 
been performed on solar PV, section 4 is devoted for economic and environmental analyses and 
section 5 summarizes the main conclusions of this work.  
 

2. PHOTOVOLTAIC SYSTEMS 

2.1 Principle of PV system 

The word photovoltaic comes from the combination of word photon (particle in light) and volt 
which is a unit for electric potential [44,45]. 
The sun surface temperature is about 6,000 °C, the gases found on sun at this temperature emits 
light which are received by the earth at different wavelengths starting from the ultraviolet to the 
visible, to the infrared light. Light can behave as wave or as a particle depending in the specific 
interaction with matter, this phenomenon is called wave-particle duality of light. One of the main 
particles found in light is photons, which have energy whose unit is electron volt (eV). When light 
which contains photons hits solar cell, the cell will just absorb photons above a threshold energy, 
called energy gap (Eg) or band gap. Photons below the band gap will pass the cell while photons 
higher than the band gap will be absorbed.  
Mainly the solar cell consists of three layer of semi-conductors: the upper layer is the N-type 
semiconductor, it is called N-type relative to the negative charge formation in this layer. The 
second layer is the semiconductor band gap, and the third is the P-type semi-conductor which is 
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relative to the positive charge in this layer. When the photon is absorbed it forms in the 
semiconductors electrons (e-) and holes (h+) which are responsible for generating electricity [46]. 
Figure 2 is a schematic that shows the structure of a PV solar cell and the mechanism of electricity 
generation. 
 

 
Figure 2. Solar photovoltaic cell.  

 
Numerous researches [47–50] were conducted to study solar photovoltaic systems in several 
countries all over the world. Mundo-Hernández et al. [49] presented an overview of energy policies 
and solar photovoltaic energy potential in Germany and Mexico, where the first is the world leader 
in producing photovoltaic technology and the second has great potential of solar photovoltaic. 
Besides, the authors reviewed the characteristics, advantages and disadvantages of photovoltaic 
technology. Also, Lin et al. [50] performed a study which supplies policy makers with evaluation 
agents to stimulate concrete scenarios and optimal conditions that serve in progressing 
photovoltaic power as an applicable renewable energy source in Taiwan. Besides, Paiano [47] 
stimulated the exponential growth in the installed photovoltaic system. The aim of this work is to 
evaluate the prospective waste emerging in Italy from utilizing end-of-life phases of these 
renewable energy systems in the coming years and their recycling or/and elimination. Moreover, 
Khan and Pervaiz [48] presented a technological review on solar photovoltaic in Pakistan. The 
optimum components and technology which is appropriate for producing energy in the remote 
places within the country are identified.  
 

2.2 Components of PV systems 

Photovoltaic systems consist mainly of three parts: PV module, power electronics, and balance of 
system (BOS) [51]. 
The PV module is the heart of the solar system.  It is made up of solar cells, formed from 
semiconductor materials, that there role is to convert light into electricity by collecting photons 
from sun light [52]. When these photons hit the surface of the semiconductor materials they 
produce pairs of electrons and holes that diffuse in electric field, generating direct current (DC). 
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When solar modules are connected together in series they form strings [53]. Strings of modules 
are connected in parallel to form an array [54].  
Power electronics is important in PV installation, since the solar cell produces DC and all electrical 
applications found at home need alternating current (AC). Power electronics are mainly DC/AC 
inverters [55], or regulators for the voltage. Chen et al. [56] showed that the ideal size of the 
inverter can be either less than or equal to the rated size of PV array. This is due to several factors 
such as meteorological and economic factor, in addition to the intrinsic parameters of the inverter. 
The remaining components to produce a complete PV system is called the “BOS”. It includes 
wiring, switches, a mounting system, a battery bank and battery charger, and other installation 
component. 
Several reviews [57–59] were performed to describe solar photovoltaic technology and maintain 
the optimum performance of the system. Khatib et al. [57] presented a review including the present 
research on size optimization of PV systems and the size optimization techniques for the inverter 
in the photovoltaic systems. The authors concluded from the review that the optimization of PV 
system is significantly affected by the meteorological variables such as solar energy, ambient 
temperature and wind speed. Also, Makki et al. [58] performed a comprehensive review which 
describes different design and operating parameters that affect the cooling capacity for 
photovoltaic systems which serves in progressing its performance. Besides, Jordehi [59] developed 
a review which comprises the existent research works on photovoltaic cell parameter evaluation 
problem in addition to some recommendations for future works based on this review.  
 

2.3 Photovoltaic systems 

At the start of photovoltaic technology, PV cells were able to power small applications which need 
low power. Nowadays photovoltaic systems can power a whole building, center, or even a town 
(PV power plants). PV solar technology is installed today for build environment and for homes 
that are difficult to be connected to the grid. Photovoltaic systems have two major types: grid-
connected PV, and off-grid PV system. 
Grid connected PV system [57,60,61] is a system which is connected to the local electricity 
network. This system can take electricity from grid when the PV cells are not producing sufficient 
power and it feedbacks the electricity grid when there is an excess of power generated. Wong et 
al. [62] presented a review to study the voltage issues of grid-connected photovoltaic system in 
Malaysia, where a 7.2 kW grid connected PV system has been installed. Figure 3 shows a 
schematic for grid-connected PV system. 
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Figure 3. Grid connected solar PV systems. 

 
Whereas, off-grid PV system or stand-alone system [63–67] is refereed to systems which are not 
connected to local electricity network. Large markets on PV systems are available [12,68] and 
development has been made for the spread of small off-grid PV systems [69,70]. Figure 4 presents 
a schematic for off-grid PV system. Stand-alone system mainly composed of number of 
photovoltaic modules that are connected to form a single array that supplies the desired power 
output, charge controller, inverter and batteries.  
Charge controller is also known as charge regulator, it is connected between the solar panel and 
the batteries. It controls and regulates the output from the solar array to prohibit the overcharging 
or over discharging of the batteries which causes its damage. The inverter is utilized to transform 
the direct current (DC) from the solar array and batteries into an alternating current (AC) to power 
the AC main appliances such as TV`s, washing machines, freezers, etc. Furthermore, such systems 
need a backup battery to overcome the insufficient power production by the solar cell due to low 
irradiation or at night.  

 

 
Figure 4. Off-grid connected solar PV systems. 

 

2.4 Photovoltaic technologies 

The photovoltaic technology can be classified in many ways, according to its operational way, 
flexibility, power generated, or even according to materials used in fabricating the solar cell. In 
this work PV technologies will be classified according to their generation [71–76]. First generation 
PV system is crystalline silicon, second generation is based on thin film PV technology, while the 
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third generation include technologies such as Dye-sensitized solar cell, organic cell, and the 
concentrated photovoltaic system (CPV). Figure 5 illustrates types of each generation of PV 
technology. 
 

 
Figure 5. Solar photovoltaic technologies.  

 

The performance and overall efficiency vary greatly from one generation and other due to the 
difference in type of semi-conductive materials utilized in each one. The first and the second 
generations are being commercially matured, however the third one is still in pre-maturation. 
Parida et al. [77] presented a review of solar photovoltaic technologies, which includes the power 
generating capability, the distinct existing light absorbing materials utilized and its environmental 
aspect combined with various applications. Table 1 illustrates the commercial and maximum PV 
module efficiency for each type of the three technologies [78].  

 

Table 1. Commercial and maximum PV module efficiency of photovoltaic technologies [78].  
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2.4.1 First generation PV technology: Crystalline silicon cells 

Silicon is one of the plentiful elements found on the surface of our planet. It is a semi-conductive 
material that can be utilized in PV applications with energy band gap 1.1 eV. Crystalline silicon 
[73,75,79] mainly consists of two types, monocrystalline and polycrystalline. In the world market, 
the most manufactured type of the photovoltaic solar cell is the crystalline silicon. It occupies 
about 90% of the market, one third is monocrystalline silicon and two third is polycrystalline 
silicon. The power output of monocrystalline and polycrystalline modules of the same area is 
similar. Both are efficient, very durable and have stable power output over time. Monocrystalline 
has commercial module efficiency (15-19%) greater than that of the polycrystalline (13-15%), this 
difference is related to the grains found in the polycrystalline which are not found in 
monocrystalline [80]. But monocrystalline is more expansive than polycrystalline due to hard 
formation of single crystal. Figure 6 presents monocrystalline and polycrystalline PV modules.  

 

 
Figure 6. Monocrystalline and polycrystalline PV modules.  

 
Such generation is stable, simple and environmentally friendly. But it requires thick absorber area 
in order to achieve high efficiency. Also, the cell is made up of silicon of high purity which is 
expensive, thus crystalline silicon cell requires high cost.    
 

2.4.2 Second generation PV technology: Thin film solar cells 

First type of thin film solar cell is perfectly suitable for curves and flat surfaces as industrial roofs, 
its commercial module efficiency is 5-8%. Micro-crystalline silicon (μc-Si) can be added to a-Si 
cell in which it becomes thicker and more stable and increases its module efficiency to 9.5%. CdTe 
[81–83] is the most economical and currently available thin film technology due to its 
manufacturing low cost and solar cell efficiency up to 11%. CdTe-based PV panel does not have 
any hazardous effect on human health. CIGS and CIS manufacturing process is expensive due to 
its complexity. It has module efficiency of 7-11%. 
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Thin film solar cell requires low raw material. It has good performance at high ambient temperature 
and low sensitivity against overheating. On the other hand, it has low efficiency and it needs large 
area to attain high power, which increases its cost.  
 

2.4.3 Third generation PV technology 

Concentrated PV technology requires lenses that must be constantly oriented towards the sun in 
order to concentrate the sunlight to the solar cell and generate electricity. Thus, it needs less semi-
conductive materials to absorb solar radiation. It has the highest commercial module efficiency 
(25-30%). It requires sun tracking systems which increase its capital cost. Concentrated PV may 
become a vital technology in the near future. However, at present time it has a small market share, 
and it is dependent on areas of high sunshine and low pollution due to the fact that only direct rays 
can be concentrated. Concentrated PV can be merged with concentrating solar thermal power 
because both systems have common elements in structure such as trackers, lenses, mirrors, etc.  
Dye sensitized solar cells [84–86] utilize photo-electrochemical solar cells of semiconductor 
structures formed between photo sensitized anode and electrolyte. It has 1-5% commercial module 
efficiency [87]. Dye sensitized solar cells are recently attracting the interest at the scientific and 
technological level due to its high efficiency, simplicity in fabrication and cheaper than other 
photovoltaic appliances [88]. However, it has limited life time and stability since the dye degrade 
when exposed to ultraviolet rays.  
Organic photovoltaic solar cell is composed of organic or polymer P-N junction mainly perlyene 
and phthalocyanine. When photons hit the organic material they produce electrons and holes that 
bond together to form excitons, which have no net electrical charge. When the excitons diffuse to 
the area between P-N junctions, they split and form electrons and holes free, and become ready to 
make electric field when they are connected to load. Its commercial module efficiency is 1%. 
Organic photovoltaic materials are not expensive, abundant and nontoxic. But such technology is 
not stable and it has low efficiency. 
 

3. PREVIOUS RESEARCHES ON SOLAR PHOTOVOLTAIC  

Many researches spent long years in studying solar photovoltaic in order to enhance its 
performance and achieve the optimum system. This section exposes various previous works that 
have been conducted on solar photovoltaic during several years. Table 2 illustrates several studies 
that have been performed on solar photovoltaic systems. 
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Table 2. Performed studies on solar photovoltaic systems. 

Author`s Journal Year  Title Type of study Topic(s) 

Jackson 
and Oliver 

[89] 
Energy Policy 2000 

The viability of 
solar photovoltaics 

Review  

 Summarize the contributions to a 
special issue of Energy Policy in 
order to evaluate the viability of 
solar photovoltaics as a mainstream 
electricity supply technology for 
the 21st century. 

Bilgen [90]  

Energy 
Conversion 

and 
Management 

2001 

Solar Hydrogen 
from photovoltaic-
electrolyzer 
systems 

Modeling and 
case study  

 Conduct a mathematical model to 
estimate and enhance the thermal 
and economic performance of large 
scale photovoltaic-electrolyzer 
systems, either with fixed or sun 
tracking panels using hourly solar 
radiation data.  

Kolhe [91] 
Energy 

Economics 
2002 

Economic viability 
of stand-alone solar 
photovoltaic 
system in 
comparison with 
diesel-powered 
system for India 

Analytical  

 Using a life-cycle cost 
computation, analyze the economic 
viability of a stand-alone solar 
photovoltaic in comparison to 
diesel powered system, the most 
likely conventional source.  

Khedari et 
al. [92] 

Building and 
Environment 

2002 

A PV system 
enhanced the 
performance of 
roof solar collector 

Experimental  

 Improve the performance of the 
roof solar collector system by 
installing a PV powered DC fan in 
the air gap in order to rise the 
ventilation rate. 

Murata et 
al. [93] 

Solar Energy 
Materials & 
Solar Cells 

2003 

New type of 
photovoltaic 
module integrated 
with roofing 
material (highly 
fire-resistant PV 
tile) 

Experimental 

 Implement a new type of PV 
module combined with roofing 
material (a high fire-resistant PV 
tile), and confirm both PV 
performance and its sustainability 
as a roofing material. 

Nagano et 
al. [94] 

Solar Energy 
Materials & 
Solar Cells 

2003 

Development of 
thermal-
photovoltaic hybrid 
exterior wallboards 
incorporating PV 
cells in and their 
winter 
performances 

Experimental 

 Assess the electrical power 
producing ability and the solar heat 
collection capacity during winter of 
six variations of the experimental 
thermal-PV hybrid wallboard.  

 Perform exergy analyses.  

Yamaguchi 
et al. [95] 

Solar Energy 
Materials & 
Solar Cells 

2003 

Investigation on 
abundant 
photovoltaic power 
generated by 40 
kW PV system in 
Wakayama 
National College of 
Technology 

Experimental 

 Demonstrate the output properties 
of a 40 kW photovoltaic power 
system and use the relationship 
among the output performance, the 
solar irradiation and the module 
temperature during 1 year period 
(August 1999–July 2000). 

97



  To be submitted to Solar Energy 

 
 

Wild-
Scholten 

and Alsema 
[96] 

Refocus 2004 

Towards Cleaner 
Solar PV: 
Environmental and 
health impacts of 
crystalline silicon 
photovoltaics 

Review  

 Review the developments that are 
achieved, the expected ones in the 
near future and the issues that 
require to be managed for the 
progress of crystalline silicon 
photovoltaics.  

Waldau 
[97] 

Refocus  2005 

PV Status 
Research, Solar cell 
Production and 
Market 
Implementation of 
Photovoltaics 

Review  
 Review the recent findings from a 

study assessing the whole status of 
solar photovoltaic. 

Othman et 
al. [98] 

Renewable 
Energy 

2005 

Performance 
analysis of a 
double-pass 
photovoltaic/therm
al (PV/T) solar 
collector with CPC 
and fins 

Experimental  

 Design and fabricate a prototype 
double-pass photovoltaic thermal 
solar air collector with CPC and 
fins. 

 Study the performance of the 
prototype over a range of operating 
conditions.  

Zahedi [99] 
Renewable 

Energy 
2006 

Solar photovoltaic 
(PV) energy; latest 
developments in 
the building 
integrated and 
hybrid PV systems 

Review  

 Expose the recent progresses in the 
area of solar photovoltaic energy 
systems.  

 Investigate the long-term prospect 
of the solar photovoltaic energy as 
a sustainable energy supply. 

Denholm 
and 

Margolis 
[100] 

Energy Policy 2007  

Evaluating the 
limits of solar 
photovoltaics (PV) 
in electric power 
systems utilizing 
energy storage and 
other enabling 
technologies 

Numerical  

 Evaluate the technologies that 
enable solar photovoltaic to 
overcome the limits of 
conventional electric power 
systems.   

Denholm 
and 

Margolis 
[101] 

Energy Policy 2007 

Evaluating the 
limits of solar 
photovoltaics (PV) 
in traditional 
electric power 
systems 

Analytical  

 Analyze some of the limits to large-
scale deployment of solar 
photovoltaic in conventional 
electric power systems.  

 Compare the hourly output of a 
simulated large PV system to the 
amount of electricity actually 
usable to assess the ability of PV to 
supply a large fraction of utility 
system`s energy. 

Jiang et al. 
[102] 

Renewable 
Energy 

2008 

The influence of 
PV coverage ratio 
on thermal and 
electrical 
performance of 
photovoltaic-
Trombe wall 

Analytical 
and 

numerical  

 Present a novel photovoltaic-
Trombe wall (PV_TW)  

 Perform a detailed simulation 
model for PV_TW based on the 
actual measured weather data in 
Hefei.  
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Mala et al. 
[103] 

Renewable 
Energy 

2009 

Better or worse? 
The role of solar 
photovoltaic (PV) 
systems in 
sustainable 
development: Case 
studies of remote 
atoll communities 
in Kiribati 

Case study  

 Investigate the role of PV 
technologies in the sustainable 
development process in Kiribati, 
with particular reference to remote 
atoll communities.  

 Present the initial results from on-
site surveys that are carried out, 
identify the reasons why people use 
or do not use PV systems. 

Shum and 
Watanabe 

[104] 
Energy Policy 2009 

An innovation 
management 
approach for 
renewable energy 
deployment - the 
case of solar 
photovoltaic (PV) 
technology 

Review  

 Explain the two strategic financial 
policies concerning grid-connected 
residential distributed PV systems 
in Japan and the United States.  

Park et al. 
[105] 

Energy  2010 

Analysis of thermal 
and electrical 
performance of 
semi-transparent 
photovoltaic (PV) 
module 

Analytical 
and 

experimental  

 Study the electrical and thermal 
performance of a semi-transparent 
PV module that was designed as a 
glazing component.  

 Assess the impacts of the PV 
module thermal properties on its 
electrical generation performance.  

Mani and 
Pillai [106] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2010 

Impact of dust on 
solar photovoltaic 
(PV) performance: 
Research status, 
challenges and 
recommendations 

Review  

 Evaluate the current status of 
research in studying the effect of 
dust on PV system performance and 
identify challenges to further 
pertinent research. 

 Discuss a framework to understand 
the several parameters that govern 
the settling/assimilation of dust and 
likely mitigation measures. 

DeBenedict
is et al. 
[107] 

Energy  2010 

Statistically 
adjusted 
engineering (SAE) 
modeling of 
metered roof-top 
photovoltaic (PV) 
output: California 
evidence 

Modeling and 
numerical  

 Present a statistically adjusted 
engineering (SAE) modeling of 
metered output of 327 roof-top PV 
installations in California for the 
12-month period of January-
December 2008. 

Parida et al. 
[77] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2011 
A review of solar 
photovoltaic 
technologies 

Review  

 Review of photovoltaic technology 
regarding its power generating 
capability, the different existing 
light absorbing materials used and 
its environmental aspect coupled 
with a variety of its applications.   

Marwede 
and Reller 

[4] 

Resources, 
Conservation 

and 
Recycling 

2012 

Future recycling 
flows of tellurium 
from cadmium 
telluride 
photovoltaic waste 

Analytical  

 Estimate the range of which 
recycling and efforts to rise 
material efficiency can reduce the 
request for primary tellurium.  
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Pang et al. 
[108] 

Physics 
Procedia 

2012 

Preparation and 
characteristics of 
MoSe2 interlayer 
in bifacial 
Cu(In,Ga)Se2 solar 
cells 

Experimental 

 Study the influence of MoSe2 layer 
inserted at the ZnO:Ga/CIGS 
interface on electrical properties of 
CIGS with back contacts. 

Singh [39] Energy 2013 

Solar power 
generation by PV 
(photovoltaic) 
technology: A 
review 

Review 
 Review the development attained 

in solar power generation study and 
progress since its onset.  

Tyagi et al. 
[69] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2013 

Progress in solar 
PV technology: 
Research and 
achievement 

Review 

 Review of the present overall status 
of PV technology, research in 
materials for solar cell, parameters 
impacting PV efficiency, current 
cost of solar cell and environmental 
impact. 

Sinha [3] 
Solar Energy 
Materials & 
Solar Cells 

2013 

Life cycle materials 
and water 
management for 
CdTe photovoltaics 

Case study  

 Overview of the present status of 
CdTe solar cells and modules with 
respect to life cycle management of 
raw materials.  

 Present a case study of life cycle 
materials management related to 
the energy–water nexus. 

Khatib et 
al. [70] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2013 

A review of 
photovoltaic 
systems size 
optimization 
techniques 

Review 

 Review the present status of study 
on PV systems size optimization 
taking into consideration stand-
alone PV systems, hybrid 
PV/diesel generator systems, 
hybrid PV/wind systems, hybrid 
PV/wind/diesel generator systems 
as well as grid connected systems.  

 Review size optimization 
techniques for the inverter in PV 
systems 

Chiang et 
al. [86] 

Renewable 
Energy 

2013 

Non-color 
distortion for 
visible light 
transmitted tandem 
solid state dye-
sensitized solar 
cells 

Experimental  

 Elucidate a parallel connected 
tandem solid-state dye-sensitized 
solar cell without color 
deformation with the use of two 
transparent devices made of 
complementary sensitizers in each 
individual sub-cell. 

Kamarzama
n and  Tan 

[42] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2014 

A comprehensive 
review of 
maximum power 
point tracking 
algorithms for 
photovoltaic 
systems 

Review 

 Comparative review of the 
available maximum power point 
tracking algorithms for PV 
systems, ordering from the 
traditional techniques to the newest 
progressed random based 
algorithms.   
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Mundo-
Hernández 
et al. [49] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2014 

An overview of 
solar photovoltaic 
energy in Mexico 
and Germany 

Review  

 Overview of energy policies and the 
potential of photovoltaic energy in 
Germany and Mexico.  

 Describe the characteristic, 
advantages and disadvantages of 
photovoltaic technology including 
building integrated photovoltaic.  

El Alimi et 
al. [33] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2014 

Break-even 
analysis and 
optimization of a 
stand-alone hybrid 
system with battery 
storage for 
residential load 
consumption - A 
case study 

Case study  

 Develop and analyze a PV/wind 
hybrid energy system which is 
designed to supply residential 
household located in Monastir city, 
Tunisia.  

Wong et al. 
[62] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2014 

Grid-connected 
photovoltaic 
system in 
Malaysia: A review 
on voltage issues 

Review 

 Present the characteristics of 
voltage quality on the point of 
common coupling of the 
distribution networks with 
photovoltaic systems in Malaysia.  

Tao and Yu 
[80] 

Solar Energy 
Materials & 
Solar Cells 

2015 

Review on feasible 
recycling pathways 
and technologies of 
solar photovoltaic 
modules 

Review  

 Investigate the feasibility of PV 
module recycling.  

 Study three recycling pathways: 
manufacturing waste recycling, 
disposed PV module recycling and 
PV module remanufacturing and 
reuse are investigated.  

Zarmai et 
al. [109] 

Applied 
Energy 

2015 

A review of 
interconnection 
technologies for 
improved 
crystalline silicon 
solar cell 
photovoltaic 
module assembly 

Review 

 Present a review on contacts and 
interconnection technologies 
utilized to assemble and progress 
crystalline silicon solar cells.  

Sugathan et 
al. [85] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2015 

Recent 
improvements in 
dye sensitized solar 
cells: A review 

Review 

 Summarize all works and 
researches performed to enhance 
the performance of dye sensitized 
solar cells.  

El-
Khozondar 
et al. [52] 

Energy 
Procedia 

2015 

Parameters 
influence on MPP 
value of the photo 
voltaic cell 

Numerical 
and 

parametric 
study  

 Conduct a parametric study using 
Matlab simulation to investigate 
the characteristics of a PV array 
under different conditions.  

Ramli et al. 
[61] 

Renewable 
Energy 

2015 

Optimal sizing of 
grid-connected 
photovoltaic 
energy system in 
Saudi Arabia 

Numerical  
 Analyze the optimal photovoltaic 

array and inverter sizes for a grid-
connected PV system.  
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Hernández-
Moro and 

M. 
Martínez-

Duart [110] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2015 

Economic analysis 
of the contribution 
of photovoltaics to 
the decarbonization 
of the power sector 

Analytical  

 Implement an analytical method to 
estimate the future (2013-2050) 
mitigation of CO2 emissions when 
deploying solar photovoltaic 
systems according to three 
scenarios from IEA. 

 Estimate the financial extra-cost 
endured in the installation of 
photovoltaic systems which could 
be used instead of traditional power 
production systems. 

Tyagi [40] 

International 
Journal of 
Advanced 

Technology 
in 

Engineering 
and Science 

2015 

Review on 
photovoltaic 
technology based 
power generation 

Review  

 Review of the studies and 
improvements performed on PV 
technology in general and its status 
in India in particular.   

Sahoo [12] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2016 

Renewable and 
sustainable energy 
reviews solar 
photovoltaic 
energy progress in 
India: A review 

Review 

 Discuss the development of current 
solar photovoltaic energy in India.  

 Expose the renewable energy trend 
in India with analysis of solar parks 
and industrial applications. 

 Discuss the government policies in 
India to support solar energy.  

Guerrero-
Lemus et 
al. [111] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2016 
Bifacial solar 
photovoltaics – A 
technology review 

Review 

 Describe the state-of-art in bifacial 
PV technology and specify areas 
where future study may promote 
introduction of PV technology to 
the market.  

Kow et al. 
[112] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2016 

A review on 
performance of 
artificial 
intelligence and 
conventional 
method in 
mitigating PV grid-
tied related power 
quality events 

Review 

 Study the negative influence of 
photovoltaic grid-tied system on 
the power networks 

 Investigate the performance of 
artificial intelligence and 
traditional methods in reducing 
power quality event.  

Sengupta et 
al. [84] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2016 

Effects of doping, 
morphology and 
film-thickness of 
photo-anode 
materials for dye 
sensitized solar cell 
application – A 
review 

Review 

 Discuss the impact of affecting 
parameters on the photovoltaic 
characteristics of photo anode for 
dye sensitized solar cell 
application.  
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Humada et 
al. [28] 

Energy and 
Buildings 

2016 

Performance 
evaluation of two 
PV technologies (c-
Si and CIS) for 
building integrated 
photovoltaic based 
on tropical climate 
condition: A case 
study in Malaysia 

Case study  

 Analyze and compare the 
performance of two major 
technologies of PV modules: 
monocrystalline silicon (c-Si) and 
copper–indium–diselenide (CIS). 

 

Forcan et 
al. [53] 

Solar Energy 2016 

An algorithm for 
elimination of 
partial shading 
effect based on a 
Theory of 
Reference PV 
String 

Numerical   

 Investigate a new theoretical 
approach named “theory of 
reference PV string” to analyze the 
influence of partial shading of a PV 
string system. 

Jordehi 
[59] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2016 

Parameter 
estimation of solar 
photovoltaic (PV) 
cells: A review 

Review  
 Review of the present research 

works on PV model parameter 
estimation problems. 

Teffah and 
Zhang 
[113] 

Solar Energy 2017 

Modeling and 
experimental 
research of hybrid 
PV-thermoelectric 
system for high 
concentrated solar 
energy conversion 

Modeling, 
experimental 

and 
numerical   

 Suggest a model which gathers in a 
roof multi-junction solar cell 
(MJSC) with TEG-TEG module.  

 Investigate the behavior of the 
MJSC under distinct high sun 
concentration factor. 

 Demonstrate the ability of using the 
whole hybrid system to attain a 
high efficiency. 

 Conduct experiments to illustrate 
the cooling and the electric 
contribution of the TEC-TEG to the 
system overall efficiency. 

Singh and 
Banerjee 

[114] 
Solar Energy 2017 

Impact of large-
scale rooftop solar 
PV integration: An 
algorithm for 
hydrothermal-solar 
scheduling (HTSS) 

Numerical  

 Discuss a suggested Hydrothermal-
Solar scheduling (HTSS) algorithm 
in order to combine solar 
photovoltaic generation with an 
available hydrothermal system at 
grid level.  

Qureshi et 
al. [115] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2017 

Factors responsible 
for solar PV 
adoption at 
household level: A 
case of Lahore, 
Pakistan 

Review and 
modeling  

 Demonstrate the issue of diffusion 
of solar PV at household level by 
using Rogers’ Theory of 
Innovation Diffusion - a more 
systematic analytical framework. 
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Jayaraman 
et al. [116] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2017 

Reasons for low 
penetration on the 
purchase of 
photovoltaic (PV) 
panel system 
among Malaysian 
landed property 
owners 

Review 

 Discuss the parameters that affect 
utilization of the natural solar 
energy resources through the 
installation of PV panel system. 

 Evaluate the role of customer 
acceptance and efforts to 
demonstrate its effects on 
photovoltaic panel usage. 

Vasel and 
Iakovidis 

[117] 

Energy 
Conversion 

and 
Management 

2017 

The effect of wind 
direction on the 
performance of 
solar PV plants 

Analytical 
and case 

study 

 Analyze the field data from a solar 
farm to study the influence of wind 
direction on the overall 
performance of a utility-scale PV 
plant. 

 Determine the best orientation of 
the area of solar PV plants.  

Quansah et 
al. [118] 

international 
journal of 
hydrogen 

energy 

2017 

Performance 
analysis of 
different grid-
connected solar 
photovoltaic (PV) 
system 
technologies with 
combined capacity 
of 20 kW located in 
humid tropical 
climate 

Analytical  

 Analyze the outdoor performance 
of five solar photovoltaic (PV) 
systems with five different solar 
cell technologies: polycrystalline 
(pc-Si) and monocrystalline (mc-
Si), Copper Indium disulfide (CIS) 
thin-film, Amorphous Silicon (a-
Si), and Heterojunction 
Incorporating thin (HIT) film.  

Ram and 
Rajasekar 

[119] 
Energy  2017 

A new global 
maximum power 
point tracking 
technique for solar 
photovoltaic (PV) 
system under 
partial shading 
conditions (PSC) 

Modeling, 
numerical 

and 
experimental  

 Suggest a new flower pollination 
algorithm for solar PV maximum 
power point tracking.  

Jordehi 
[120] 

Solar Energy 2018 

Enhanced leader 
particle swarm 
optimisation 
(ELPSO): An 
efficient algorithm 
for parameter 
estimation of 
photovoltaic (PV) 
cells and modules 

Modeling, 
numerical 
and case 

study  

 Estimate the PV cells and modules 
parameter by utilizing an improved 
PSO variant, named as enhanced 
leader PSO (ELPSO). 

Dhanalaksh
mi and 

Rajasekar 
[121] 

Energy 
Conversion 

and 
Management 

2018 

Dominance square 
based array 
reconfiguration 
scheme for power 
loss reduction in 
solar Photovoltaic 
(PV) systems 

Modeling and 
numerical  

 Suggest a new mathematical 
methodology following dominant 
square puzzle procedure with 
inherent ability to perform row and 
column wise shade dispersion. 

 Validate the suggested approach by 
analyzing a shade dispersion on a 
5×5 PV array for different shade 
conditions.  
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Palm et al. 
[122] 

Energy 
Research & 

Social 
Science 

2018 

Sufficiency, 
change, and 
flexibility: 
Critically 
examining the 
energy 
consumption 
profiles of solar PV 
prosumers in 
Sweden 

Analytical  

 Analyze the electricity 
consumption and energy-saving 
behaviors of households that own 
photovoltaic (PV) systems in 
Sweden. 

Honrubia-
Escribano 
et al. [123] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2018 

Influence of solar 
technology in the 
economic 
performance of PV 
power plants in 
Europe. A 
comprehensive 
analysis 

Analytical 
and modeling 

 Analyze the impact of solar 
technology on the economic 
performance of distinct topologies 
of PV power plants. 

  Suggest an economic model to 
determine the most convenient type 
of installation for a wide range of 
input parameters. 

Andenæs et 
al. [124] 

Solar Energy 2018 

The influence of 
snow and ice 
coverage on the 
energy generation 
from photovoltaic 
solar cells 

Review  

 Present a review to study the effect 
of snow and ice coverage on the 
energy generation from 
photovoltaic solar cells.  

Moslehi et 
al. [125] 

Energy 2018 

Evaluation of data-
driven models for 
predicting solar 
photovoltaics 
power output 

Modeling  

 Assess the distinct inverse models 
for estimating the power output of 
solar photovoltaic systems under 
different practical scenarios.  

Dehghani 
et al. [126] 

Energy 2018 

Robust design and 
optimization of 
solar photovoltaic 
supply chain in an 
uncertain 
environment 

Modeling and 
case study 

 Implement a two-phase approach 
according to data envelopment 
analysis and robust optimization 
models to design and plan a solar 
photovoltaic supply chain in an 
uncertain environment.  

Xu et al. 
[127] 

Journal of 
Cleaner 

Production 
2018 

Environmental 
effects of China's 
solar photovoltaic 
industry during 
2011-2016: A life 
cycle assessment 
approach 

Analytical  

 Analyze the environmental costs 
and benefits of China's solar PV 
industry for the period of 2011-
2016. 

Saxena et 
al. [128] 

Renewable 
Energy 

2018 

Laboratory based 
Experimental 
Investigation of 
Photovoltaic (PV) 
Thermo-control 
with Water and its 
Proposed Real-
time 
Implementation 

Experimental 
and analytical  

 Conduct a laboratory scale 
experimental study for continuous 
and interrupted water cooling, 
which is tested for distinct flow 
rates.  

 Perform mathematical analysis of 
temperature over PV panel with 
and without water cooling system. 
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Hoffmann 
et al. [129] 

Renewable 
Energy 

2018 

Monthly profile 
analysis based on a 
two-axis solar 
tracker proposal for 
photovoltaic panels 

Analytical  

 Develop a two-axis solar tracker 
and assess the performances of a 
solar panel in comparison with a 
fixed system.  

Jakica 
[130] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2018 

State-of-the-art 
review of solar 
design tools and 
methods for 
assessing 
daylighting and 
solar potential for 
building-integrated 
photovoltaics 

Review  

 Overview of almost 200 solar 
design tools, analyze their 
numerous features regarding 
accuracy, complexity, scale, 
computation speed, representation 
as well as build design process 
integration in about 50 2D/3D, 
CAD/CAM and BIM software 
environments. 

Ram et al. 
[131] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2018 
Analysis on solar 
PV emulators: A 
review 

Review  

 Review on different PV emulator 
topologies. 

 Present a detailed analysis of each 
technique emphasizing on its 
realization cost, accuracy and level 
of complexity, sensitiveness to 
varying environmental conditions, 
hardware implementation and 
efficiency. 

Belarbi et 
al. [132] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2018 

Self-reconfiguring 
MPPT to avoid 
buck-converter 
limits in solar 
photovoltaic 
systems 

Modeling and 
numerical  

 Suggest a new Maximum Power 
Point Tracking (MPPT) 
architecture that enables significant 
improvement of the system output. 

Hyder et al. 
[133] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2018 
Solar PV tree 
design: A review 

Review  

 Review the components of the solar 
tree and its design. 

 Discuss the various commercial 
designs along with applications of 
the solar tree. 

 Present the limitations involved 
with this technology. 

Shayestega
n et al. 
[134] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2018 

An overview on 
prospects of new 
generation single-
phase 
transformerless 
inverters for grid-
connected 
photovoltaic (PV) 
systems 

Review 

 Discuss the main challenges in 
transformerless topologies. 

 Present a review on new single-
phase grid-connected PV systems, 
which are classified into six groups 
based on the number of switches 
required in the system.  
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Novaes 
Pires Leite 
et al. [135] 

Energy 
Conversion 

and 
Management 

2019 

An economic 
analysis of the 
integration 
between air-
conditioning and 
solar photovoltaic 
systems 

Modeling and 
analytical  

 Present an economic analysis 
taking into consideration technical 
sides concerning the integrated 
utilization of solar PV as a 
complement energy source and air 
conditioning systems connected to 
the utility grid.  

 Implement a mathematical model 
to assess the economic avail of the 
integrated use of PV systems.   

Rahnama et 
al. [136] 

Energy 
Conversion 

and 
Management 

2019 

Spatio-temporal 
solar 
exergoeconomic 
and 
exergoenvironment
al maps for 
photovoltaic 
systems 

Analytical  

 Suggest and implement the 
approach of solar exergo-economic 
and exergo-environmental maps 
for PV systems.  

 Carry out a detailed case study to 
investigate how the suggested 
concept can be practically applied 
to enhance PV systems.  

Zhao et al. 
[137] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2019 

An adaptive PID 
control method to 
improve the power 
tracking 
performance of 
solar photovoltaic 
air-conditioning 
systems 

Analytical 

 Propose an adaptive PID control 
method to enhance the 
performance of power tracking of 
solar PV air conditioners.  

Fernández 
et al. [138] 

Energy 
Conversion 

and 
Management 

2019 

Dispatchability of 
solar photovoltaics 
from 
thermochemical 
energy storage 

Analytical  

 Suggest a new concept to integrate 
thermochemical energy storage in 
PV plants.  

 Analyze the sustainability of the 
calcium Looping process as 
thermochemical energy storage 
system in solar PV plants.  

 Develop an economic analysis to 
compare the suggested system with 
batteries.  

Rosas-
Flores  et 
al. [139] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2019 

Potential energy 
saving in urban and 
rural households of 
Mexico with solar 
photovoltaic 
systems using 
geographical 
information system 

Review and 
analytical 

 Verify the state of the art 
implementation of an 
interconnected PV system network.  

 Review the current legislation for 
PV energy in Mexico.  

 Conduct an energy savings analysis 
for solar PV technology execution 
on a large scale in rural and urban 
residences in Mexico.  
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Rajvikram 
and 

Sivasankar 
[140]  

Solar Energy 2019 

Experimental study 
conducted for the 
identification of 
best heat 
absorption and 
dissipation 
methodology in 
solar photovoltaic 
panel 

Experimental 

 Suggest a method to enhance the 
efficiency of solar PV panel by 
controlling the temperature and 
utilizing phase change material 
which is integrated to external 
finned sink to enhance its thermal 
conductivity.  

 Investigate the concept by 
experimental setup under direct sun 
rays for four different cases in the 
environmental conditions.  

Troncoso 
et al. [141] 

Energy 
Procedia 

2019 

Economic 
decision-making 
tool for distributed 
solar photovoltaic 
panels and storage: 
The case of Chile 

Numerical  

 Develop an economic decision 
making tool for the case of Chile 
which calculates the number of 
solar PV panels and batteries that 
optimize the economic return.  

 Conduct a personal computer 
implementation and numerical 
example.  

Trindade 
and 

Cordeiro 
[142] 

Solar Energy 2019 

Automated formal 
verification of 
stand-alone solar 
photovoltaic 
systems 

Numerical  

 Suggest an algorithm which 
conducts the automated 
verification method to formally 
check the sizing and operation of a 
certain stand-alone PV system.  

 Assess the verification method by 
comparing three states of the art 
model checkers in five real case 
studies.  

Liu et al. 
[143] 

Energy 
Conversion 

and 
Management 

2019 

Overview on 
hybrid solar 
photovoltaic-
electrical energy 
storage 
technologies for 
power supply to 
buildings 

Review  

 Present the recent progress in 
hybrid PV electrical energy storage 
systems for buildings regarding the 
whole installation status and 
research development on the 
system optimization and 
performance analysis.  

Kiyaninia 
et al. [144] 

Solar Energy 2019 

Exergoeconomic 
analysis of a solar 
photovoltaic-based 
direct evaporative 
air-cooling system 

Modeling and 
experimental  

 Perform experimental investigation 
on direct evaporative air cooling 
base solar PV system with different 
thicknesses of cellulose and straw 
pads 

 Conduct a mathematical model and 
exergo-economic analysis for the 
system.  

Sow et al. 
[145] 

Sustainable 
Energy 

Technologies 
and 

Assessments 

2019 

Economic analysis 
of residential solar 
photovoltaic 
electricity 
production in 
Canada 

Analytical  

 Present an economical comparative 
analysis of solar PV systems for the 
provinces and territories of Canada 
for 2013 and 2016. 
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Zafrilla et 
al. [146] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2019 

Triple bottom line 
analysis of the 
Spanish solar 
photovoltaic 
sector: A footprint 
assessment 

Analytical  
 Present a comprehensive 

sustainability assessment of the 
solar PV sector. 

Falama et 
al. [147] 

Optik 2019 

A promising 
concept to push 
efficiency of pn-
junction 
photovoltaic solar 
cell beyond 
Shockley and 
Queisser limit 
based on impact 
ionization due to 
high electric field 

Modeling  

 Demonstrate carriers’ 
multiplication in PV cell and its 
implication to enhance the 
efficiency of solar cell.  

Sadanand 
and 

Dwived 
[148] 

Optical 
Materials 

2020 

Numerical 
modeling for earth-
abundant highly 
efficient solar 
photovoltaic cell of 
non-toxic buffer 
layer 

Numerical  

 Study the influence of photoactive 
layer thickness on the photocurrent 
of Cu2ZnSnS4Se4 based PV cell.  

 Implement simulation study to 
study several parameters of device 
layout MoS2/CZTSSe/ZnS/ITO to 
optimize the solar devices. 

Ren et al. 
[149] 

Energy  2020 

Analysis of CO2 
emission reduction 
contribution and 
efficiency of 
China’s solar 
photovoltaic 
industry: Based on 
Input-output 
perspective 

Analytical  

 Demonstrate the contribution of 
solar PV industry to reduce CO2 
emissions based on the relationship 
between efficiency of installed 
capacity and efficiency of CO2 
emission mitigation.  

Qi et al. 
[150] 

Energy 
Conversion 

and 
Management 

2020 

A celestial motion-
based solar 
photovoltaics 
installed on a 
cooling tower 

Analytical 

 Suggest a new PV utilization in 
which PV cells are installed on the 
cooling towers of a thermal power 
plant.  

 Compare and study four 
configurations of PV in three 
power plants to assess the technical 
and economic performances of the 
suggested design.  

Jan et al. 
[151] 

Journal of 
Cleaner 

Production 
2020 

Social acceptability 
of solar 
photovoltaic 
system in Pakistan: 
Key determinants 
and policy 
implications 

Analytical  

 Determine the parameters that have 
a vital role in the social 
acceptability of solar PV system 
and proffer reasonable impacts of 
solar energy policy in Pakistan.  
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Janardhan 
et al. [152] 

Energy 
Reports 

2020 

Performance 
investigation of 
stand-alone solar 
photovoltaic 
system with single 
phase micro 
multilevel inverter 

Modeling and 
numerical  

 Model and simulate solar PV 
system with micro multilevel 
inverter.  

 Investigate the effect of solar PV 
input parameters (solar irradiance 
and panel temperature) on the 
output parameters (DC voltage and 
current).  

Kumar et 
al. [153] 

Sustainable 
Energy 

Technologies 
and 

Assessments 

2020 

Performance 
analysis and 
evaluation of 10 
kWp solar 
photovoltaic array 
for remote islands 
of Andaman and 
Nicobar 

Analytical  

 Proffer the solar PV performance 
analysis, resource assessment and 
normalized performance indices 
evaluation for 10 kWp solar PV 
array taken at climatic conditions 
of five islands of Andaman and 
Nicobar. 

Ali et al. 
[154] 

Energy 
Reports 

2020 

Performance of 
solar pond 
integrated with 
photovoltaic/therm
al collectors 

Experimental  

 Suggest and investigate a new 
system design for PV/solar pond.  

 Implement experimental 
evaluation study of the thermal 
performance of mini PV/solar 
pond. 

Yang et al. 
[155] 

Applied 
Energy 

2020 

Potential analysis 
of roof-mounted 
solar photovoltaics 
in Sweden 

Analytical  

 Present a Geographical 
Information System (GIS)-based 
comprehensive methodology with 
energy system modeling 
techniques to integrate the potential 
geographical assessment, technical 
assessment, and subsidy feasibility 
analysis for solar PV systems. 

Anand et 
al. [156] 

Renewable 
and 

Sustainable 
Energy 

Reviews 

2021 

A review on solar 
photovoltaic 
thermal integrated 
desalination 
technologies 

Review  

 Present a review on photovoltaic 
thermal (PVT) collector combined 
with desalination technologies such 
as humidification 
dehumidification, solar still, 
reverse osmosis, multiple effect 
distillation, multiple stage flash and 
membrane distillation. 

Syahputra 
and 

Soesanti 
[157] 

Energy 
Reports 

2021 

Renewable energy 
systems based on 
micro-hydro and 
solar photovoltaic 
for rural areas: A 
case study in 
Yogyakarta, 
Indonesia 

Analytical  

 Carry out the renewable energy 
systems planning based on micro 
hydro and solar photovoltaic for 
rural areas.  

 Implement a case study in the 
Yogyakarta area, Indonesia. 

Alipour et 
al. [158] 

Renewable 
Energy 

2021 

Residential solar 
photovoltaic 
adoption 
behaviour: End-to-
end review of 
theories, methods 
and approaches 

Analytical  

 Present a critical analysis of studies 
on the utilization of solar PV, solar 
home systems, and solar PV 
combined with battery energy 
storage system.  
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Kazemian 
et al. [159] 

Solar Energy 2021 

Optimization of a 
novel photovoltaic 
thermal module in 
series with a solar 
collector using 
Taguchi based grey 
relational analysis 

Modeling and 
numerical  

 Propose a new compound system 
which compromises a solar 
collector combined in series with 
PVT module.  

 Develop a transient 3-D model to 
numerically compare the 
performance of four systems to 
assess the feasibility of the 
suggested novel system.  

 Perform parametric analysis to 
study the effect of distinct 
operating conditions on the output 
power of the compound system 
module.  

Bhavsar 
and 

Pitchuman
i [160]  

Applied 
Energy 

2021 

A novel machine 
learning based 
identification of 
potential adopter of 
rooftop solar 
photovoltaics 

Modeling  

 Proffer a new data driven modeling 
methodology that prunes a wide 
range of consumer profile features 
utilizing a machine learning 
framework to drill a model for 
expecting possibility of solar 
exploitation.  

De and 
Ganguly 

[161] 

Journal of 
Cleaner 

Production  
2021 

Modeling and 
analysis of a solar 
thermal-
photovoltaic-
hydrogen-based 
hybrid power 
system for running 
a standalone cold 
storage 

Modeling  

 Propose a solar hydrogen hybrid 
power system to drive a remotely 
existing cold storage facility for 
progressing countries on the 
sustainable basis.  

 Develop a mathematical model on 
the proposed system.  

 Analyze the suggested system from 
energy, economic and 
environmental point of view.  

Wang et 
al. [162]  

Renewable 
and 

Sustainable 
Energy 

Reviews 

2021 

Distributed solar 
photovoltaic 
development 
potential and a 
roadmap at the city 
level in China 

Analytical  

 Determine the feasibility and 
availability of implementing 
distributed solar PV system in 
China`s cities.   

Rodziewic
z et al. 
[163] 

Energy 
Reports 

2021 

Modelling and 
analysis of the 
influence of solar 
spectrum on the 
efficiency of 
photovoltaic 
modules 

Analytical 

 Study the effect of changes in the 
distribution of the solar radiation 
spectrum on the characteristics of 
several PV modules.  

 Compare the relative efficiency of 
PV modules with different 
semiconductor absorbers during 
bright and sunny, and cloudy 
summer days.  

 Investigate the influence of module 
tilt angle on the magnitude of 
surface incident scattered 
component and module efficiency.  

 

111



  To be submitted to Solar Energy 

 
 

4. ECONOMIC AND ENVIRONMENTAL ANALYSES  

PV is considered a clean, sustainable and renewable energy conversion technology that can help 
meet energy requests of the world’s growing population. Indeed, generating electricity by adopting 
photovoltaic is a financially and environmentally intelligent decision [164]. Dusonchet and 
Telaretti [165] presented a comparative economic analysis of support policies for solar PV in the 
most representative European countries such as France, Germany, Greece, Italy and the U.K. the 
analysis helps to evaluate the influence of PV energy policies and portend how the PV market 
could progress in the aforementioned European countries. Hernández-Moro and Martínez-Duart 
[110] conducted analytical method to compute the amount of CO2 that will be reduced by adopting 
photovoltaic systems according to three scenarios from the International Energy Agency. Besides, 
by taking European Union, United States, China, and the world's average as a reference, the authors 
estimated the financial extra-cost afforded in the installation of photovoltaic systems which could 
be used instead of the conventional power production systems.  
In countries such as Lebanon where there is permanent electricity shortage, it is beneficial to utilize 
such renewable energy system to generate electricity. Solar PV system reduces consumption of 
conventional sources of energy, which are harmful to the environment and at the same time they 
are not found in Lebanon. Therefore, there will be no need to spend large amounts of money to 
import fuels, and the opportunity to keep environment clean will be higher. In this context, 
economic and environmental studies are performed to expose the significance of solar PV systems 
in Lebanon.  
 

4.1 Economic analysis  

To evaluate the economic influence of using solar photovoltaic, a study is conducted by utilizing 
off-grid PV system of monocrystalline silicon technology. The study is performed to calculate the 
price of electric energy consumed in several scenarios in Lebanon country (house, gym, restaurant 
and hotel). Therefore, the amount of money saved, when utilizing solar photovoltaic to generate the 
required electricity instead of using the supplied electricity from conventional sources, will be also 
estimated. Besides, the payback period of the studied solar photovoltaic systems is calculated 
depending on the amount of saved money and the cost of a solar PV system.  
 

4.1.1 Amount of saved money 

To calculate the price of electricity consumed in each scenario, the amount of consumed energy 
must be known. Table 3 illustrates the amount of monthly consumed electric energy by each 
scenario. The data given in table 3 were obtained from a survey that was performed with several 
number of people having houses, gyms, restaurants and hotels in Lebanon where each scenario 
includes distinct sizes.  
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Table 3. Monthly consumed electricity by each scenario.  

Scenario Electricity consumption (kWh) 

House 926 
Gym 19125 

Restaurant 30400 
Hotel 75500 

 

The price of electric energy consumed can be calculated by equation (1).  

kWhmonthmonthE PEEP 1/   (1) 

where monthEP /  is the price of electric energy consumed ($/month), monthEE  is the electric energy 

consumed (kWh/month) and kWhP1  is the price of 1 kWh. Table 4 illustrates the price of kWh in 

Lebanon.  

Table 4. Price of kWh in Lebanon [166].  

Range Price ($) 

Below 100 kWh 0.023 
100 – 300 kWh 0.040 
300 – 400 kWh 0.053 
400 – 500 kWh 0.080 

500 kWh and above 0.133 

 

By using tables 3 and 4 and equation (1), the price of monthly consumed electricity for each scenario 
is estimated and presented in table 5.  

Table 5. Price of the monthly consumed electricity for each scenario.  

Scenario Price ($/month) 

House 80 
Gym 2500 

Restaurant 4000 
Hotel 10000 

 

To evaluate the amount of money saved when utilizing solar photovoltaic systems, equation (2) 
can be utilized.  
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monthEyear PSM /Pr12   (2) 

where yearSM  is the amount of saved money per year ($/year), Pr  is the percentage of time where 

solar photovoltaic is utilized and 12 is the number of months per year.  

Figure 7 shows the variation of saved money as a function of Pr for each of the studied scenarios. 
It is clear the there is a direct and linear relationship between saved money and Pr in all cases. To 
illustrate, the amount of saved money increases linearly in all scenarios as the percentage of time 
when solar photovoltaic is used increases. Besides, the amount of saved money depends on the 
electricity consumed in each case which explains the difference in the amount of saved money 
between the studied cases. For a moderate usage of PV system (Pr=60%), the amount of saved 
money is 576, 18000, 28800, and 72000 $/year for house, gym, restaurant and hotel respectively. 
While for a high dependence on PV system (Pr=90%), higher amount of saved money is obtained 
which is 864, 27000, 43200, and 108000 $/year for house, gym, restaurant and hotel respectively.  

 

Figure 7. Variation of saved money as a function of Pr for house, gym, restaurant and hotel where the 

results for the house are zoomed in.  

 

4.1.2 Payback period 

To estimate the payback period of monocrystalline silicon PV system, equation (3) is utilized.  

year

PV

SM

P
Pbp  

(3) 

where Pbp  is the payback period (year) and PVP  is the price of solar photovoltaic system ($). 

PVP  is presented in table 6 for each scenario.  
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Table 6. Price of monocrystalline solar photovoltaic system for each scenario [167]. 

Scenario Price ($) 

House 14 000 
Gym 55 000 

Restaurant 175 000 
Hotel 1 400 000  

 

Figure 8 presents the payback period as a function of Pr for house, gym, restaurant and hotel. It 
can be concluded from the results that in all scenarios the payback period decreases as the 
percentage of time when solar PV is utilized increases. Furthermore, the payback period depends 
on the price of PV system divided by the amount of saved money as shown in equation (3). This 
explains the difference in payback period between the four cases where the greatest payback period 
is for house while the lowest is for gym. For a moderately efficient case where Pr=60%, the 
payback period is 24.3, 3.1, 6.1, and 19.4 years for house, gym, restaurant and hotel respectively. 
While for highly efficient case where Pr=90%, lower payback period is obtained which is 16.2, 
2.1, 4.1, and 13.0 years for house, gym, restaurant and hotel respectively. 

 

Figure 8. Variation of payback period as a function of Pr for house, gym, restaurant and hotel.  

 

4.2 Environmental analysis  

In order to show that solar energy is environmentally friendly and mainly assess the environmental 
effect of solar photovoltaic systems in Lebanon, a study is conducted to calculate the amount of 
carbon dioxide released per month when a photovoltaic system is used. Then, compute the amount 
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of carbon dioxide emission that will be reduced by utilizing PV system to produce electricity instead 
of conventional energy.  
The amount of CO2 produced and amount of reduction in carbon dioxide emission per month can 
be calculated from formulas of equations (4) and (5) respectively.  

kWhCOmonthmonthCO MEEMP 1// 22
  (4) 

where 
monthCOMP /2

 is the amount of monthly produced CO2 (kg/month) and kWhCOM 1/2
 is the amount 

of CO2 produced from 1 kWh electricity. In Lebanon country, the amount of produced CO2 from 1 
kWh is estimated to be about 0.47 kg CO2/1 kWh [168]. 

monthCOmonthCO MPMM // 22
.Pr  (5) 

where monthCOMM /2
 is the amount of CO2 mitigated (kg/month).  

Hence, the annual mitigated amount of CO2 can be obtained by multiplying the monthly mitigated 
amount of CO2 by 12.  

Figure 9 illustrates the amount of mitigated CO2 as a function of Pr for house, gym, restaurant and 
hotel.  The obtained results reveal that as Pr increases the minimized amount of CO2 raises linearly 
in all scenarios. Moreover, there is a direct relation between the amount of CO2 reduced and the 
consumed electricity in each case. The amount of mitigated CO2 increases from 3.1 to 4.7 ton/year, 
65 to 97 ton/year, 103 to 154 ton/year, and from 256 to 383 ton/year when the percentage of time 
when PV system is used increases from 60% to 90% for house, gym, restaurant and hotel, 
respectively. Hence, the more efficient utilization of PV system leads to alleviate more amount of 
CO2 emissions.  

 

 

Figure 9. Variation of the amount of mitigated CO2 as a function of Pr for house, gym, restaurant and 

hotel where the results for the house are zoomed in. 
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5. CONCLUSION  

Solar energy is a green, sustainable, wide and ubiquitous renewable source of energy. It has a great 
influence on reducing or even eliminating utilization of fossil fuel in the future and at low cost. 
Solar photovoltaic system is an elegant application of solar energy. It generates electricity directly 
from the sun, thus it minimizes consumption of fossil fuels and emissions of greenhouse gases.  
In this work, a short review on solar photovoltaic is presented. Principle of solar photovoltaic, 
components and types of solar photovoltaic is covered. In addition, classification of photovoltaic 
technologies is carried on with a detailed description for each type. Furthermore, economic and 
environmental studies have been conducted to assess the influence of using solar PV system in 
Lebanon for several scenarios including home, gym, restaurant and hotel.  
The economic analyses were performed by first evaluating the amount of electricity consumed by 
each scenario per month. Then, the amount of saved money is calculated. On the other hand, an 
off-grid PV system of monocrystalline silicon first generation technology is taken under study to 
compute its payback period for each scenario. It was concluded from the results that there is 
inversely relationship between Pr and payback period. It was obtained that for a moderate (60%) 
and high (90%) utilization of PV the payback period of the system is 24.3 years and 16.2 years for 
house, 3.1 years and 2.1 years for gym, 6.1 years and 4.1 years for a restaurant, and 19.4 years and 
13.0 years for hotel.  
Moreover, the environmental study was carried on to calculate the mitigation in CO2 production 
for the aforementioned scenarios when utilizing solar photovoltaic system. It was obtained that 
utilizing PV system reinforces alleviation of CO2 emissions in which there is a proportional 
relationship between Pr and amount of reduced CO2. It was also shown that for moderate (60%) 
and high (90%) usage of PV, the annual amount of CO2 mitigated is about 3.1 and 4.7 tons in 
house, 65 and 97 tons in gym, 103 and 154 tons in restaurant, and 256 and 383 tons in hotel.  
This work strongly highlights the significance of utilizing PV technology on the economic and 
environmental issues and consequently on human health. Therefore, it is expected that solar PV 
systems will have a great potential to become one of the priorities in human’s life and will be 
exploited all over the world, especially in Lebanon. 
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1.5 Capteurs solaires hybrides photovoltaïques / thermiques : classifications, 

applications et nouveaux systèmes 
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Résumé - L'aggravation continue des pollutions environnementales et l'augmentation rapide des 

prix des sources conventionnelles de l'énergie ont incité les scientifiques à explorer des solutions 

telles que la récupération de chaleur et des sources d'énergie alternatives. L'un des types d'énergie 

renouvelable les plus distingués est l'énergie solaire, qui est une énergie renouvelable pure, gratuite 

et respectueuse de l'environnement, ainsi plusieurs systèmes d'énergie solaire doivent être étudiés. 

Dans le même temps, combiner les systèmes d'énergie solaire est une tendance de nos jours qui 

vise à optimiser les bénéfices des radiations solaires. Le système solaire hybride Photovoltaïque / 

Thermique (PVT) est obtenu en combinant des collecteurs solaires thermiques et du solaire 

photovoltaïque pour permettre une production simultanée d'électricité et de chaleur. L'objectif de 

cet article est de proposer une revue sur les capteurs solaires hybrides PVT qui comprend l'histoire 

des systèmes solaires hybrides PVT, le concept principal, les avantages et les classifications selon 

différentes manières en plus de l'intégration des générateurs thermoélectriques avec le système 

PVT. 
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A B S T R A C T

The continuous aggravation of environmental pollutions and the rapid increase in the conventional sources of
energy price advocated scientists to search for solutions such as heat recovery and continual sources of energy.
One of the most distinguished types of renewable energy is solar energy which is neat, free and environmentally
friendly renewable energy. Indeed, there are several solar energy systems that need to be studied. At the same
time, combining solar energy systems is a trend these days which aims to optimize the benefits from solar
radiations. Photovoltaic/Thermal (PVT) hybrid solar system is obtained by combining solar thermal collectors
and solar photovoltaics to enable a simultaneous generation of electricity and production of heat. The target of
this paper is to proffer a review on PVT hybrid solar collectors which comprises the history of PVT hybrid solar
systems, main concept, benefits and classifications according to various manners in addition to integration of
thermoelectric generators with PVT system.

1. Introduction

The stability and firmness provenience of human life is energy. It is
tremendously needed in progress and development for a better life.
However, the increase in energy demand with simultaneous aggrava-
tion of environmental problems and depletion of conventional energy
sources contribute to the search for clean and sustainable sources of
energy. Renewable sources of energy (Afrand et al., 2019; Ananno
et al., 2020; Carvalho et al., 2019; Dong et al., 2020; Fernández-
González et al., 2019a, 2019b; Guo et al., 2020; Herez et al., 2017a;
Jurasz et al., 2020; Shah and Ali, 2019a; Valančius and Mikučionienė,
2020; Yahya et al., 2018) are abundantly existing and capable to pro-
vide energy in a clean way. Solar Energy (SE) (El Hage et al., 2018;
Elsheikh et al., 2019; Herez et al., 2018, 2017b, 2016; Khaled et al.,
2018; Molaei, 2020; Naves et al., 2019) is a type of renewable energy
that can be exploited using Solar Thermal Collectors (STC) or solar
PhotoVoltaic (PV).

Solar collector absorbs SE and transfers it into heat to be harnessed
for various aims including heating water or/and space, cooling space
and/or refrigeration, drying, cooking, etc. Solar PV (Abdul-Wahab

et al., 2019; Dhoke et al., 2019; Kiyaninia et al., 2019; Lindsay et al.,
2020; Olaleru et al., 2020; Paul Ayeng’o et al., 2019; Rajvikram and
Sivasankar, 2019; Robledo et al., 2019; Trindade and Cordeiro, 2019;
Yang et al., 2020) is a technology which gathers solar radiations to
transform it into electrical energy. Indeed, the efficiency of electricity
conversion by solar PV system from solar energy is about 15 to 18%,
whereas the remaining part (82–85%) is either absorbed by PV cell and
thus heating it or reflected to the environment (Browne et al., 2016).
Furthermore, it is approximated that the increase in the module tem-
perature by one degree leads to mitigation in the efficiency of PV
Module (PVM) by 0.4 to 0.65% (Brahim and Jemni, 2017). Hence, PV
systems captivated the efforts of scientists in order to enhance its effi-
ciency.

Nevertheless, there is a great receptivity to amalgamate solar energy
systems to optimize the avail of SE. Hence, PhotoVoltaic/Thermal
(PVT) hybrid solar collector was suggested as a solution for promoting
the PV efficiency and the benefit of solar radiation. It is incorporation of
solar PV with the STC that serves in the simultaneous generation of
electricity and heat with half the area needed and little extra cost.
Numerous investigations are conducted since the development of solar
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hybrid systems (Chow, 2010; Gaur et al., 2017; Greppi and Fabbri,
2018; Ju et al., 2017; Qiu et al., 2015; Sahota and Tiwari, 2017; Sathe
and Dhoble, 2017; Shah and Ali, 2019b).

(Jia et al., 2019) proffered a comprehensive review of the progress
and application of PVT systems. The review comprises the classification
of PVT collectors and a description of suitable applications and condi-
tions for various types of PVT systems.

(Yazdanifard and Ameri, 2018) had reviewed researches that were
performed during the last decade to assess the exergetic performance of
several kinds of PVT hybrid systems. The review concentrates on de-
scribing the performance of water based, air based and thermoelectric
based PVT systems. Also, a comparison of the exergy analysis between
distinct PVT systems of various studies is performed.

(Abdelrazik et al., 2018) presented a comprehensive review in-
cluding the latest works that investigated the design and cooling
parameters that are employed to construct a hybrid PVT system with
high performance.

(Sultan and Ervina Efzan, 2018) conducted a review that exposes
the recent literature on PVT technology by describing its types, fabri-
cation, design, simulation and experimental assessment of its perfor-
mance. Also, the authors reviewed the applications of PVT technology
such as water desalination, solar still, PVT heat pump, solar cooling,
and solar greenhouse.

(Sahota and Tiwari, 2017) performed a review to assess and com-
pare the economic and energy performance of several photovoltaic
hybrid systems which are: photovoltaic thermal compound parabolic
concentrator (PVT-CPC), photovoltaic thermal flat plate collector (PVT-
FPC), PVT-FPC solar still and greenhouse dryer PVT; they concluded
that integrating photovoltaic in solar systems is beneficial and more
economical for the rural sector.

(George et al., 2019) presented a review on the concentrated PVT
systems including the design components, medium of heat transfer and
the latest applications like heating water, dyeing tissue and organic
Rankine cycle as well as the economic side.

(Kasaeian et al., 2018) performed a review which comprises the
literature of integrated solar collectors and photovoltaic systems for the
simultaneous heat and power generation. The review included solar
PVT systems, concentrated PVT systems with several combinations and
applications.

(Jonas et al., 2019) established a novel PVT model to compare the
impact of several factors on the system effectiveness. The model was
simulated and validated using TRNSYS software.

(Huide et al., 2017) developed simulation models on solar photo-
voltaic, solar thermal and solar hybrid PVT systems. The authors vali-
dated the results of models simulation by performing experiments. The
results revealed that for the urban residences where space is limited, the
hybrid PVT system is the best choice to mitigate energy consumption.

Fine et al. (2019) demonstrated a novel methodology to assess the
thermal performance of hybrid solar panel by utilizing only the sup-
plied data by the industrialist. The authors computed the thermal
performance by using the second order efficiency model and the elec-
trical efficiency by using the temperature dependent electrical proper-
ties. They also utilized a solar simulator to carry out an indoor testing.

In this context, the main purpose of the current work is to present a

detailed review on PVT hybrid solar collectors. The background of the
PVT system is presented, which mainly includes the history, concept
and advantages of the system. Also, the classifications of such systems
are exposed depending on different methods. Besides, the review
comprises the main applications that are involved in the studied system.
Moreover, new systems are reviewed such as adding Thermoelectric
Generators (TEGs) to the PVT system. The new contribution of this
work resides in the following points:

(1) Presenting a new classification of PVT systems;
(2) Describing the applications using PVT systems;
(3) Presentation of PVT systems using TEGs (PVT-TE) with their types

and operations;
(4) Summary of numerous works conducted on PVT systems regarding

each classification, application and type of PVT-TE systems;
(5) Description of the most commonly used systems according to the

classifications, applications and PVT-TE system.

Although this work may have partially similar points with those
treated in other review papers, it combines all information on PVT
systems and presents them in a categorized manner in order to con-
stitute a valuable guide for studying PVT systems.

2. Background on PVT hybrid systems

The idea of PVT system was discovered during the mid-1970s where
several studies had been conducted (Joshi and Dhoble, 2018). In 1976,
Wolf (1976) investigated the liquid type PVT solar collector by mon-
itoring the collector performance for single-family residence over a full
year. In 1979, Florschuetz (1979) modified the original parameters of
“Hottel Whillier model” which is thermal modeling for flat plate col-
lector and studied the electrical and thermal performance of PVT col-
lectors. Despite the fact that the concept of PVT solar collectors had
been established for more than four decades, it is not totally commer-
cialized yet. Several types of research had been performed recently to
optimize the PVT collectors performance and minimize its cost (Fine
et al., 2019; Khelifa et al., 2015; Magrassi et al., 2019; Yazdanifard and
Ameri, 2018). Nowadays, PVT systems have become an appealing in-
vention that is environment friendly and mitigates dependence on
conventional sources of energy.

A PVT collector is a hybrid system which is obtained by merging
solar PV cell with a STC to provide electricity and heat simultaneously.
Solar PV converts the absorbed SE into electricity, whereas the STC
converts it into heat. Such a system maximizes the avail of SE; so, it is
more efficient and can produce higher amount of energy per unit area
in comparison to solar PV or solar thermal systems alone. Fig. 1 shows a
schematic of the concept of PVT hybrid solar collector.

PVT hybrid solar collector was established mainly to optimize the
SE exploitation. The utilized region by PVT is greater than that used by
traditional PV or thermal collectors. To clarify, with the same area, PVT
can generate heat and electricity more than that produced by conven-
tional PV or thermal collectors. This explains the fact that PVT has
greater efficiency than both systems when operating separately. Also, it
is suitable for places where there is a limited surface area. Besides, PVT

Fig. 1. Concept of PVT solar collector.
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system combines two systems with each other, and this leads to a re-
duction in the installation cost. Furthermore, the payback period of PVT
has been obviously less than both systems since it exploits more energy.

3. Classifications of PVT

PVT hybrid solar systems can be categorized based on various
characteristics. Several researchers carried out studies including the
classification of PVT (Abdullah et al., 2018; Diwania et al., 2019;
Evangelisti et al., 2019; Joshi and Dhoble, 2018; Lamnatou and
Chemisana, 2017; Riffat and Cuce, 2011). In this work, sorting PVT is
demonstrated by taking into account the type of PV cell, thermal col-
lector, working fluid, glazing and thermal absorber (Babu and
Ponnambalam, 2017; Joshi and Dhoble, 2018). Fig. 2 presents a wide
classification of PVT.

3.1. PV cell

PVT collectors can be categorized regarding the type of PV cell. The
most commonly used PV cells are mono-crystalline silicon (mono c-Si),
poly-crystalline silicon (poly c-Si) or multi-junction. Mono c-Si and poly
c-Si belong to the first generation of PV technologies while multi-
function thin-film silicon belongs to the second PV generation. Mono-
crystalline and poly-crystalline generate the same power when using
same area; however, mono-crystalline has higher efficiency (about
20%) (Cappelletti et al., 2016) than poly-crystalline (15%) due to the
grains existing in the poly-crystalline (Tao and Yu, 2015). Nevertheless,
mono-crystalline silicon is more expensive than poly-crystalline due to
the complex formation of a single crystal. Pang et al. (2019) experi-
mentally demonstrated the performance of the poly-crystalline silicon
and PVT module. A steady state thermal modeling was conducted to
simulate the pressure, temperature, and velocity along the PVT module.
The performances of PV and PVT module were compared. It was ob-
served that the electricity generated by PVT system augmented by
3.25%.

A multi-junction solar cell is formed of more than one p-n junction.
It mainly utilizes three semiconductors: germanium (Ge), gallium in-
dium phosphide (GaInP) and indium gallium arsenide (InGaAs). It is
more efficient than silicon cells (around 40%) and less sensitive to
temperature variation (Mittelman et al., 2007; Nishioka et al., 2006;
Renno and Petito, 2016). Nishioka et al. (2006) demonstrated the in-
fluence of temperature and concentration ratio on nGaP/InGaAs/Ge
triple junction electrical performance. It was obtained that the PV cells
efficiency mitigates with temperature rise and augments with con-
centration ratio increase because of the rise in the open circuit voltage.

Renno et al. (2018) considered a specific structure of a CPV system and
performed experimental analysis on the system with degraded triple
junction InGaP/GaAs/Ge solar cells. The degradation of the PV cell is
caused by the excessive augmentation in the light intensity which
causes its overheating. The results revealed that the degradation of the
cells reduces the power conversion efficiency of the CPV system by 50%
and the electric power by 30%.

Table 1 illustrates the latest researches conducted on PVT hybrid
systems according to the type of PV cell used.

Analysis of Table 1 yields to the following concluding points:

• Crystalline silicon and InGaP/GaAs/Ge triple junction solar cells are
broadly used in PVT systems in comparison to other PV cells.

• InGaP/GaAs/Ge triple junction PV cell yields to higher electrical
efficiency of PVT system compared to crystalline silicon. This is due
to the fact that it has higher electrical efficiency than crystalline
silicon.

• PVT system thermal efficiency is approximately similar when using
crystalline silicon or InGaP/GaAs/Ge triple junction PV cell.

3.2. Solar thermal collector

PVT hybrid solar systems are sorted according to the type of STC
combined with PV cell whether it is a non-concentrated collector like a
Flat Plate Collector (FPC) (Michael et al., 2015; Moss et al., 2018;
Sakellariou and Axaopoulos, 2018; Zhang et al., 2019) or concentrated
like a parabolic trough collector (PTC) (Karathanassis et al., 2017;
Kunnemeyer et al., 2014; Manokar et al., 2016; Mittelman et al., 2007;
Widyolar et al., 2017), Compound Parabolic Concentrator (CPC)
(Atheaya et al., 2016a; Li et al., 2019; Saini et al., 2018; Singh et al.,
2016; Tiwari et al., 2018; Tripathi et al., 2016; Tripathi and Tiwari,
2016), Parabolic Dish Collector (PDC) (Singh and Reddy, 2020) and
Linear Fresnel Reflector (LFR) (Pham et al., 2018; Shanks et al., 2018;
Sharshir et al., 2016).

FPC is made up of flat absorber plate, transparent cover, working
fluid, tubes, insulation and protective case. It is used for applications
that require low temperature (30–80 °C) (Herrando et al., 2014). It is
widely utilized in Solar Space Heating (SSH) and Solar Water Heating
(SWH) systems. Das et al. (2018) presented a detailed review on the
PVT systems coupled to a flat plate collector. Their review includes an
environmental and economic assessment of PVT systems that were es-
tablished by several researchers. Also, it comprises listing thermo-
dynamic ways for assessing efficiency of the system such as energy and
exergy analysis. Guarracino et al. (2019) studied the performance
characteristics of a non-concentrating flat plate PVT collector which is

Fig. 2. Classification of PVT solar collectors.
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Table 1

Conducted researches on hybrid systems according to the type of PV cell.

St. Nb Reference (Author/s,
year)

PV cell Operating conditions Efficiency Type of study
Thermal Electrical Total

Ibrahim et al. (2009a) Poly-crystalline silicon • Solar radiation of 800 W/ m2

• Ambient temperature of 25 °C
45% 10% 55% • Experimental

Bernardo et al. (2011) Mono-crystalline silicon • Incident beam radiation of 997 W/
m2

• Water inlet temperature of 28 °C

45% 6.4% – • Experimental

Chemisana et al. (2011) Crystalline silicon – 65% – – • Experimental

• Theoretical
Sonneveld et al. (2011) Mono-crystalline silicon • Solar radiation of 630 W/ m2 and

792 W/ m2
56% 11% 67% • Experimental

Dupeyrat et al. (2011) Mono-crystalline silicon • Total radiation of 960 W/ m2

• Ambient temperature varied
between 30 and 33 °C

• Wind velocity of 3 m/s

79% 8.8% 86.8% • Theoretical

• Experimental

Calise and Vanoli (2012) InGaP/InGaAs/Ge • Inlet water temperature of 70 °C

• Ambient and sky temperature of
25 °C

• Wind velocity of 5 m/s

• Total and beam radiation of 1000 W/
m2 and 800 W/ m2 respectively

56%-63% 20%–23% 77%-83% • Theoretical

Buonomano et al. (2013) InGaP/InGaAs/Ge triple
junction

• Inlet fluid temperature of 150 °C

• Ambient and sky temperature of
25 °C

• Wind velocity of 5 m/s

• Total and beam radiation of 1000 W/
m2 and 800 W/ m2 respectively

27%-58% 18%-24% 45%-82% • Theoretical

Renno and Petito (2013) InGaP/InGaAs/Ge triple
junction

– 67%-70% 19%-21% 86%-91% • Theoretical

Del Col et al. (2014) InGaP/InGaAs/Ge triple
junction

• Inlet water temperature ranges
between 20 and 80 °C

• Beam radiation of 1000 W/ m2

41.6% 23.1% 64.7% • Theoretical

• Experimental

Hussain and Lee (2015) GuAs and Ge • Solar radiation of 900 W/ m2

• Fluid inlet temperature of 25 °C
68% – – • Theoretical

• Experimental
Xu et al. (2015) InGaP/InGaAs/Ge triple

junction
• Ambient temperature between 15

and 17 °C

• Beam radiation of 700 W/ m2

54% 28% 84% • Experimental

Yew et al. (2015) Triple junction • Solar irradiance of 1000 W/ m2

• Default temperature of 25 °C
34.1%-
38.7%

20%-25% – • Theoretical

Mi et al. (2016) GaInP/GaInAs/Ge triple
junction

• Solar irradiance of 900 W/ m2

• Ambient temperature of 25 °C
– – – • Experimental

• Theoretical
Cui et al. (2016) GaInP/InGaAs/G, c-Si, CIGS and

GaAs
• Ambient temperature of 27 °C

• Water inlet temperature of 20 °C

• PV cell temperature between 21 and
35 °C

• Total solar irradiance of 1000 W/m2

– – 25%-27% • Theoretical

Mojiri et al. (2016) Silicon – 50% 3.8% – • Theoretical

• Experimental
Widyolar et al. (2017) GaAs • Beam radiation of 700 W/m2

• Fluid inlet temperature between 100
and 500 °C

37% 8% – • Theoretical

• Experimental

Ceylan et al. (2016) Silicon • Ambient temperature between 20
and 40 °C

• Total radiation of 1000 W/m2

11% – • Theoretical

• Experimental

Gürel (2016) Silicon • Total radiation of 1000 W/m2

• PV cell temperature of 25 °C
– – 11%-16% • Experimental

Xu et al. (2016) InGaP/InGaAs/Ge • Ambient temperature of 25 °C

• Wind velocity of 4 m/s

• Beam radiation of 1000 W/m2

60% 28% – • Theoretical

Karimi et al. (2017) Mono-crystalline • Solar radiation of 920 W/m2

• PV cell temperature of 20 °C
43.6% 14.5% 53% • Experimental

Burhan et al. (2017) Mono-crystalline, poly-
crystallineand thin-films CIS

– – 22% 23% • Theoretical

Srivastava and Reddy
(2017)

InGaP/GaAs/Ge • Fluid inlet temperature and ambient
temperature of 27 °C

• Beam radiation of 650 W/m2

69.68% 18.91% 85.82% • Theoretical

• Experimental

Yazdanifard et al. (2017) GaAs • Fluid inlet temperature and ambient
temperature of 25 °C

• Solar radiation of 700 W/m2

• Wind velocity of 1.5 m/s

52.58%-
56.37%

7.12%-7.94% 61%-
63.5%

• Theoretical

Proell et al. (2017) Crystalline silicon • Ambient temperature between 17
and 29 °C

• PV cell temperature of 22.9 °C

• Total radiation of 1000 W/m2

34% 9% – • Experimental

Chong et al. (2017a) Triple junction • Solar irradiance of 1000 W/m2 – – • Experimental

(continued on next page)
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presented in Fig. 3. Experimental tests were carried out on four PVT
collectors: commercial PVT module, unglazed PVT module with 65%
PV covering factor and glazed PVT modules with 65% and 100% PV
covering factor. It was obtained that the PVT collector thermal effi-
ciency alleviates by 10% when the electricity conversion is relatively
maximized compared to open-circuit mode. Also, the collector thermal
performance deteriorates when there is weak thermal contact of the

thermal absorber with the PV layer. Besides, it was shown that the
glazing enhances thermal efficiency and mitigates electrical efficiency.

Moreno et al. (2017) studied an unglazed flat plate PVT system by
analyzing its performance at distinct operating conditions. A finite
element modeling was carried out, simulated and compared with an
existing theoretical mathematical model. The results revealed that the
PVT system overall performance is higher than that of the thermal
system and it is significant for places with limited areas even though the
outlet temperature is relatively moderate. Lämmle et al. (2017) devel-
oped, validated and simulated, by using TRNSYS, an empirical model to
evaluate the performance of glazed, unglazed and hybrid PVT-FPCs of
low emissivity coatings. It was detected that the glazed PVT collector
attains the highest global yields and the best energetic exploitation of
the collector area. In addition, it was observed that with the same
thermal output, the electrical output of these collectors is greater than
that of PVM and FPC operating separately by about 3 times. Rashmi

Table 1 (continued)

St. Nb Reference (Author/s,
year)

PV cell Operating conditions Efficiency Type of study
Thermal Electrical Total

16.1%-
17.4%

• Theoretical

Schmitz et al. (2017) InGaP/GaAs/Ge • Fluid inlet temperature of 85 °C – 26.6% – • Theoretical
Lu et al. (2018) Crystalline silicon • Incident radiation intensity of

280 W/m2

• Ambient temperature of 23.9 °C

– 14.8% – • Theoretical

• Experimental

Sakellariou and
Axaopoulos (2018)

Poly-crystallinesilicon • Wind speed between 0 and 6 m/s

• Ambient temperature between 24
and 28 °C

• Incident solar irradiance between
200 and 900 W/m2

– – – • Theoretical

• Experimental

Aoul et al. (2018) Mono-crystalline • Ambient temperature between 21
and 45 °C

• Wind speed between 0 and 5 m/s

24%-36% 20%-24% 30%-47% • Experimental

Jaaz et al. (2018) Poly-crystalline silicon • Ambient temperature of 33 °C

• Solar radiation of 800 W/m2
81% 13.75% 91% • Experimental

Soltani et al. (2018) Crystalline silicon • Ambient temperature of 36.2 °C

• Water inlet temperature of 28 °C

• Solar radiation of 900 W/m2

57% – – • Theoretical

Adam et al. (2019) Silicon • Ambient temperature of 25 °C

• fluid inlet temperature of 20 °C

• Direct normal irradiance of 1000 W/
m2

55%-70% 5%-18% 66%-85% • Theoretical

Bellos and Tzivanidis
(2019)

Mono-crystalline silicon • Solar irradiation of 1000 W/m2

• Reference temperature of 25 °C
46.84% 6.6% – • Theoretical

El-samie et al. (2019) Poly-crystalline silicon • Reference temperature of 25.15 °C 48%-50.6% 6.9%-7.3% 80%-89% • Theoretical
Shittu et al. (2019) Poly-crystalline silicon • Ambient temperature between 15

and 55 °C

• Wind speed between 0 and 7 m/s

– – 16%-17% • Theoretical

Yu et al. (2019) Poly-crystalline silicon • Ambient temperature between 21.6
and 23.6 °C

• Wind speed between 2.2 and 3 m/s

• Solar irradiance between 880 and
940 W/m2

• PV cell temperature between 20 and
45 °C

24.2%-
25.2%

11.8% 36%-37% • Theoretical

• Experimental

Zhang et al. (2019) Poly-crystalline silicon • Ambient temperature of 18 °C

• Wind speed of 0.1 m/s

• Solar irradiance of 900 W/m2

• Inlet fluid temperature of 14.5 °C

56.7% 11.8% 66.4% • Theoretical

Valizadeh et al. (2019) InGaP/GaAs/Ge • Ambient temperature of 25 °C

• Sky temperature of 19 °C

• Wind speed of 5 m/s

• Beam radiation of 800 W/m2

• Total radiation of 1000 W/m2

• Inlet fluid temperature of 70 °C

59%-67% 15%–22% – • Theoretical

Bamroongkhan et al.
(2019)

Mono-crystalline silicon • Solar intensity between 300 and
826 W/m2

• Ambient temperature around 30 °C

– 19.65% – • Theoretical

Wang et al. (2019) Mono-crystalline silicon • Ambient temperature between 30
and 33 °C

• Wind speed of 3 m/s

• Solar radiation of 960 W/m2

79% 8.7% 88% • Theoretical

Fig. 3. Flat plate PVT collector (Guarracino et al., 2019).
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et al. (2019) established an analytical model to evaluate the perfor-
mance of semi-transparent PVT with inverted absorber (IA) FPC (SPVT-
IAFPC) (Fig. 4) from exergetic point of view for three cases: conven-
tional inverted absorber FPC, partially covered SPVT-IAFPC air col-
lector, and fully covered SPVT-IAFPC-air collector. The authors simu-
lated the conducted model using MATLAB software to demonstrate the
effect of mass flow rate on the outlet temperature, rate of thermal ef-
ficiency, cell temperature and electrical efficiency, and to evaluate the
thermal energy performance with the global exergy efficiency.

PTC is made up of a parabolic concentrator of reflective material,
supporting structure, tracking system, metal glazed receiver tube ad-
justed at the focus of the concentrator and working fluid passing
through it. Karathanassis et al. (2019) conducted a theoretical dynamic
model to demonstrate the impact of several geometrical system com-
ponents, materials and functional parameters on the energetic and ex-
ergetic performance of a parabolic trough PVT system. It was concluded
that the exergetic efficiency of the system augmented from 12% to 24%
when rising the optical efficiency of the parabolic trough and the
electrical efficiency of the PVM to 75% and 25% respectively. Calise
and Vanoli (2012) designed and established thermal modeling of a
novel concentrating PVT system where the structure was integrated
from an existing prototype in the literature. The system is made up of
parabolic trough collector and triangular receiver containing fluid
channel, two PV layers facing the concentrator and absorber at the top
of the receiver. Fig. 5 illustrates the layout of the system. The model
was simulated to investigate the electrical and thermal performance of
the system. It was concluded that the thermal and electrical efficiencies
mitigate with the alleviation in the incident beam radiation. Also, the
authors developed a detailed finite volume model of the parabolic
trough PVT to assess its thermodynamic and electrical parameters.

Furthermore, Valizadeh et al. (2019) conducted thermal modeling
to evaluate the exergy performance of the system studied by Calise and
Vanoli (2012). The developed thermal modeling is simulated by
varying several design parameters such as channel diameter, fluid ve-
locity, receiver width, collector length and boundary conditions such as
fluid inlet temperature, ambient temperature and incident beam ra-
diation. Yazdanifard et al. (2017) conducted thermal modeling on
parabolic trough PVT system to study its energetic and exergetic per-
formance in laminar and turbulent flows (Fig. 6). The thermal modeling
was validated using experimental results existing in the literature and
then it is used to investigate the effect of concentration ratio, pipe
diameter, and length on the performance of the studied system. The

outcomes revealed that the total energy efficiency is mitigated by ap-
proximately 1.09% and 9.33% in the turbulent and laminar regime
respectively when pipe length rises from 0.5 to 5 m, while the exergy
efficiency augments by about 10.37% and 33.65% in the turbulent and
laminar regime respectively. The authors also compared the system
performance with that of a flat plate PVT system.

CPC is composed of two meeting parabolic concentrators, trans-
parent cover from the top, absorber, and insulation around the fluid
passages. There are two main types of compound parabolic con-
centrators which are: symmetric and asymmetric. Also, two types of
absorbers are utilized: fin type with a pipe and tubular absorbers. Lu
et al. (2018) designed and developed a Building Facade Integrated
Asymmetric Compound Parabolic Photovoltaic concentrator (BFI-
ACPPV) system. A comprehensive indoor test was performed to assess
the electrical and thermal performance of the system as well as the
parameters that influence the power output of the system. It was ob-
served, from the experimental results, that the power output per unit
solar cell area is raised by a factor of two by utilizing the BFI-ACPPV
system in comparison to the conventional PV system. Jaaz et al. (2017)
reviewed the various kinds of compound parabolic concentrator PVT
system including the design benefits and barriers. The authors com-
pared the utilized materials, the range of acceptance angle, optical
tolerance and efficiency. Tiwari et al. (2018a) investigated and ana-
lyzed the operating parameters of a fully covered PVT-CPC based on
applying the energy balance on each part of the system. The system is
shown in Fig. 7 where it is mainly made up of solar cells, absorber plate,
concentrator and flowing fluid. The system performance was compared
to PVT-FPC, conventional flat plate-CPC and conventional FPC. It was
concluded that the PVT compound parabolic concentrator and the PVT-
FPC are appropriate to be used in an absorption refrigeration system.

Also, Tiwari et al. (2020) carried out an hourly thermodynamic
investigation on solar-powered organic Rankine cycle integrated with a
hybrid reversed absorber partially covered PVT-CPC system. The aim of
this study was to enhance the performance of the system to compensate
for the increasing energy demand and alleviate environmental pro-
blems. The collector output temperature, combined thermal and exergy
efficiency and the heat gain in evaporator were evaluated for different
concentration ratios. It was observed that at 13:00hr and for con-
centration ratio equal to six, the highest collector outlet temperature,
heat gain, combined thermal efficiency, and exergy efficiency were
125.45 °C, 3.21 × 105 W, 7.8%, and 14.38% respectively.

PDC mainly comprises a parabolic dish, absorber, flexible pipe and
tracking axis. The parabolic dish is made up of reflective mirrors that
direct sunlight towards the receiver which a container of water. Sharaf
and Orhan (2018) designed and analyzed the optical and thermo-
dynamic performance of two configurations of PDC-PVT: in parallel and
in series thermal configurations. The two arrangements are evaluated
from the exergo-economic and environmental point of view and then
compared. It was concluded that the thermally-parallel design supplies
significant electrical and thermal outputs and it is favorable for appli-
cations that request simultaneously high electricity and temperature
thermal energy. On the other hand, the thermally-series configuration is
less flexible and is suitable for applications of low temperature thermal
energy. Kribus et al. (2006) designed and assessed a new miniature
PDC-PVT system presented in Fig. 8. The authors analyzed the manu-
facturing cost and the cost of energy required for domestic water
heating applications in addition to the electrical and thermal perfor-
mance. The results revealed that the miniature parabolic dish PVT
system can be constructed at a low competitive cost and it has relatively
high thermal and electrical efficiencies in comparison to the flat plate
PVT system.

Buonomano et al. (2013) designed and analyzed the thermodynamic
performance of a parabolic dish PVT system which is mainly composed
of parabolic dish concentrator, PV layer and fluid channel, metallic
substrate and thermal insulation (Fig. 9). The authors conducted and
simulated a mathematical model which enables to compute the

Fig. 4. Flat plate PVT collector (Rashmi et al., 2019).

Fig. 5. Parabolic trough PVT system investigated by (Calise and Vanoli, 2012).
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temperature of the system main components and the main energy flows
such as useful thermal and electrical energy and the losses by convec-
tion and by radiation. Renno and Petito (2013) implemented a theo-
retical modeling of a parabolic dish PVT system that aims to size the
system and assess its thermal and electrical operation in providing
cooling, heating, and electricity to domestic application.

LFR is composed of an array of linear mirrors that track the sun,
receiver tube that is fixed on the top of a tower and heat transfer fluid.
Renno and Petito (2016) conducted experimental and theoretical ana-
lyses on the linear Fresnel PVT system to assess the electrical para-
meters as well as the thermal parameters such as the concentration
factor, the fluid temperature and the cell temperature at distinct op-
erating conditions. The aim of this analysis is to compute the potential

energy generated by the studied system. Fig. 10 shows a schematic of
the studied system.

Karimi et al. (2017) analyzed the performance of a pure thermal and
PVT solar system using a concentrated linear Fresnel lens. The results
showed that the total efficiency of the pure and PVT systems achieved
46.6% and 53% respectively. Wu et al. (2012) developed extensive
indoor experimental testing to evaluate the heat loss from a Fresnel lens
concentrator PVT collector where the concentration ratio is 100. The
tests were simulated for solar radiation ranging from 200 to 1000 W/
m2, natural or forced convection and distinct ambient air temperature.
It was shown that solar cell temperature rises when the solar radiation
intensity increases. Sonneveld et al. (2011) developed and tested a
linear Fresnel lens PVT collector with greenhouse for agriculture. The

Fig. 6. Parabolic trough PVT system investigated by (Yazdanifard et al., 2017).

Fig. 7. Compound parabolic concentrator PVT system (Tiwari et al., 2018).
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results revealed that the electricity generated was 2% greater than the
energy consumed by the tracking system. It was obtained that the
thermal and electrical efficiencies of the system are 56% and 11% re-
spectively.

Table 2 presents recent studies that were performed on PVT hybrid
systems according to the type of solar collector used.

Analysis of Table 2 yields to the following concluding points:

• All solar collectors including the concentrated and non-concentrated
types can operate at high solar radiation (about 1000 W/m2)

• The selection of the solar collector depends on the type of applica-
tion where each one requires certain range of outlet temperature.

• Concentrated type of STC; mainly parabolic trough and linear
Fresnel are the most commonly utilized types in PVT systems.

• The electrical efficiency is negligibly affected by the type of the STC.

3.3. Working fluid

Photovoltaic thermal systems can be classified relying on the
working fluid circulation (natural or forced circulation), working fluid
type (water, air or water/air), location of fluid channel (above or below
PV layer) and fluid entry (single or multiple). Forced circulation of the

working fluid is more efficient than natural flow circulation. However,
the required power by the fan mitigates the net electric power gener-
ated by PVT system.

Air was firstly used as a working fluid in PVT systems with natural
circulation where after that forced convection of air is adopted. PVT air
collector has similar structure to solar air collector in which the thermal
absorber sheet is replaced by PV layer. In such collector, air passes
behind the PV layer and removes heat from it to be utilized in several
applications such as drying or space heating. PVT air system has no
leakage and freezing problems and it has low cost. However, air is not
preferred as a heat transfer working fluid since it has low density,
thermal conductivity and specific heat.

Barone et al. (2019a) established a dynamic simulation model to
assess the energy performance and economic feasibility of low cost air
based PVT collector. Experimental tests were carried out to validate the
results of model simulation.

Fudholi et al. (2019) proffered a review to study the sustainability
index and exergy of PVT air system. The authors established a model to
investigate the performance of the system where the results are verified
by conducting experimental tests.

Numan and Kaya (2019) demonstrated the energy and exergy
analyses for PVT air collector. Using ANSYS Fluent, the authors in-
vestigated the distribution of temperature along the panel surface and
the air velocity of the cooling channel. The results were compared to
experimental results.

Fig. 8. Parabolic dish PVT collector designed by (Kribus et al., 2006).

Fig. 9. Parabolic dish PVT collector investigated by (Buonomano et al., 2013).

Fig. 10. Fresnel lens PVT system (Renno and Petito, 2016).
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Table 2

Studies performed on hybrid systems according to the type of solar collector.

St. Nb Reference(Author/s, Year) Thermal collector Operating conditions Efficiency Type of study

Thermal Electrical Total
Ibrahim et al. (2009a) • Flat plate • Solar radiation of 800 W/m2

• Ambient temperature of 25 °C
45% 10% 55% • Experimental

Bernardo et al. (2011) • Parabolic trough • Incident beam radiation of 997 W/m2

• Water inlet temperature of 28 °C
45% 6.4% – • Experimental

Chemisana et al. (2011) • Fresnel

• Compound
parabolic

• Solar irradiance between 7000 and
10000 W/m2

65% – – • Experimental

• Theoretical

Sonneveld et al. (2011) • Fresnel • Solar radiation of 630 W/m2 and 792 W/
m2

56% 11% 67% • Experimental

Dupeyrat et al. (2011) • Flat plate • Total radiation of 960 W/m2

• Ambient temperature varied between 30
and 33 °C

• Wind velocity of 3 m/s

79% 8.8% – • Theoretical

• Experimental

Calise and Vanoli (2012) • Parabolic trough • Inlet water temperature of 70 °C

• Ambient and sky temperature of 25 °C

• Wind velocity of 5 m/s

• Total and beam radiation of 1000 W/m2
and 800 W/m2 respectively

56%-63% 20%–23% 77%-83% • Theoretical

Buonomano et al. (2013) • Parabolic dish • Inlet fluid temperature of 150 °C

• Ambient and sky temperature of 25 °C

• Wind velocity of 5 m/s

• Total and beam radiation of 1000 W/m2
and 800 W/m2 respectively

27%-58% 18%-24% 45%-82% • Theoretical

Renno and Petito (2013) • Parabolic dish – 67%-70% 19%-21% 86%-91% • Theoretical
Del Col et al. (2014) • Parabolic trough • Inlet water temperature ranges between 20

and 80 °C

• Beam radiation of 1000 W/m2

41.6% 23.1% 64.7% • Theoretical

• Experimental

Hussain and Lee (2015) • Fresnel • Solar radiation of 900 W/m2

• Fluid inlet temperature of 25 °C
68% – – • Theoretical

• Experimental
Xu et al. (2015) • Fresnel • Ambient temperature between 15 and

17 °C

• Beam radiation of 700 W/m2

54% 28% 84% • Experimental

Yew et al. (2015) • Compound
parabolic

• Parabolic dish

• Solar irradiance of 1000 W/m2

• Default temperature of 25 °C
34.1%-38.7% 20%-25% – • Theoretical

Mi et al. (2016) • Fresnel • Solar irradiance of 900 W/m2

• Ambient temperature of 25 °C
– – – • Experimental

• Theoretical
Feng et al. (2016) • Fresnel • Solar irradiation between 925 and

1006 W/m2
45% 18% 55% • Experimental

Cui et al. (2016) • Fresnel • Ambient temperature of 27 °C

• Water inlet temperature of 20 °C

• PV cell temperature between 21 and 35 °C

• Total solar irradiance of 1000 W/m2

– – 25%-27% • Theoretical

Mojiri et al. (2016) • Fresnel – 50% 3.8% – • Theoretical

• Experimental
Widyolar et al. (2017) • Parabolic trough

• Compound
parabolic

• Beam radiation of 700 W/m2

• Fluid inlet temperature between 100 and
500 °C

37% 8% – • Theoretical

• Experimental

Ceylan et al. (2016) • Compound
parabolic

• Ambient temperature between 20 and
40 °C

• Total radiation of 1000 W/m2

– 11% – • Theoretical

• Experimental

Gürel (2016) • Compound
parabolic

• Total radiation of 1000 W/m2

• Cell temperature of 25 °C
– – 11%-16% • Experimental

Xu et al. (2016) • Fresnel • Ambient temperature of 25 °C

• Wind velocity of 4 m/s

• Beam radiation of 1000 W/m2

60% 28% – • Theoretical

Atheaya et al. (2016b) • Compound
parabolic

• Beam radiation between 100 and 600 W/
m2

• Total radiation between 150 and 750 W/
m2

– 6.5%-13.4% – • Theoretical

Karathanassis et al. (2017) • Parabolic trough • Ambient temperature between 15 and
35 °C

• Wind velocity between 0 and 2 m/s

• Beam radiation between 760 and 970 W/
m2

44% 6% 50% • Experimental

Karimi et al. (2017) • Fresnel • Solar radiation of 920 W/m2

• PV cell temperature of 20 °C
43.6% 14.5% 53% • Experimental

Burhan et al. (2017) • Flat plate

• Fresnel

• Parabolic dish

– – 22% 23% • Theoretical

Srivastava and Reddy
(2017)

• Parabolic trough

• Compound
parabolic

• Fluid inlet temperature and ambient
temperature of 27 °C

• Beam radiation of 650 W/m2

69.68% 18.91% 85.82% • Theoretical

• Experimental

(continued on next page)
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Fan et al. (2018) presented a novel design for PVT solar air heating
which aims to optimize the thermal energy utilized and the gained
electrical energy. The authors studied several parameters that are re-
lated to geometry, construction materials and operation. Uncertainty
study was also conducted which revealed that the useful thermal

efficiency ranges between 48.8% and 56.9%.
Aste et al. (2008) overviewed the development and research pro-

gram which was developed at the Politecnico di Milano by presenting
its experimental and theoretical results. The program was carried out
on the development, design and monitoring the performance of air

Table 2 (continued)

St. Nb Reference(Author/s, Year) Thermal collector Operating conditions Efficiency Type of study

Thermal Electrical Total
Tripathi and Tiwari (2017) • Compound

parabolic
• Ambient temperature between 25 and

34 °C

• Beam radiation between 300 and 860 W/
m2

37.1%-37.5% 2.7%-3.9% – • Experimental

• Theoretical

Yazdanifard et al. (2017) • Parabolic trough

• Flat plate
• Fluid inlet temperature and ambient

temperature of 25 °C

• Solar radiation of 700 W/m2

• Wind velocity of 1.5 m/s

52.58%-
56.37%

7.12%-7.94% 61%-63.5% • Theoretical

Proell et al. (2017) • Compound
parabolic

• Flat plate

• Ambient temperature between 17 and
29 °C

• PV cell temperature of 22.9 °C

• Total radiation of 1000 W/m2

34% 9% – • Experimental

Chong et al. (2017b) • Parabolic dish • Direct normal irradiance of 1000 W/m2 – 17% – • Experimental
Chong et al. (2017a) • Parabolic dish • Solar irradiance of 1000 W/m2 – – 16.1%-

17.4%
• Experimental

• Theoretical
Schmitz et al. (2017) • Parabolic dish • Fluid inlet temperature of 85 °C – 26.6% – • Theoretical
Lu et al. (2018) • Compound

parabolic
• Incident radiation intensity of 280 W/m2

• Ambient temperature of 23.9 °C
– 14.8% – • Theoretical

• Experimental
Sakellariou and Axaopoulos
(2018)

• Flat plate • Wind speed between 0 and 6 m/s

• Ambient temperature between 24 and
28 °C

• Incident solar irradiance between 200 and
900 W/m2

– – – • Theoretical

• Experimental

Tiwari et al. (2018a) • Compound
parabolic

• Flat plate

• PV cell temperature of 25 °C

• Total solar radiation of 1000 W/m2
– • 0.1%

• 0.11%
– • Theoretical

Aoul et al. (2018) • Flat plate

• Fresnel
• Ambient temperature between 21 and

45 °C

• Wind speed between 0 and 5 m/s

24%-36% 20%-24% 30%-47% • Experimental

Jaaz et al. (2018) • Compound
parabolic

• Ambient temperature of 33 °C

• Solar radiation of 800 W/m2
81% 13.75% 91% • Experimental

Soltani et al. (2018) • Parabolic trough • Ambient temperature of 36.2 °C

• Water inlet temperature of 28 °C

• Solar radiation of 900 W/m2

57% – – • Theoretical

Adam et al. (2019) • Fresnel

• Parabolic trough
• Ambient temperature of 25 °C

• fluid inlet temperature of 20 °C

• Direct normal irradiance of 1000 W/m2

55%-70% 5%-18% 66%-85% • Theoretical

Bellos and Tzivanidis (2019) • Parabolic trough • Solar irradiation of 1000 W/m2

• Reference temperature of 25 °C
46.84% 6.6% – • Theoretical

El-samie et al. (2019) • Compound
parabolic

• Reference temperature of 25.15 °C 48%-50.6% 6.9%-7.3% 80%-89% • Theoretical

Shittu et al. (2019) • Flat plate • Ambient temperature between 15 and
55 °C

• Wind speed between 0 and 7 m/s

– – 16%-17% • Theoretical

Yu et al. (2019) • Flat plate • Ambient temperature between 21.6 and
23.6 °C

• Wind speed between 2.2 and 3 m/s

• Solar irradiance between 880 and 940 W/
m2

• PV cell temperature between 20 and 45 °C

24.2%-25.2% 11.8% 36%-37% • Theoretical

• Experimental

Zhang et al. (2019) • Compound
parabolic

• Ambient temperature of 18 °C

• Wind speed of 0.1 m/s

• Solar irradiance of 900 W/m2

• Inlet fluid temperature of 14.5 °C

56.7% 11.8% 66.4% • Theoretical

Valizadeh et al. (2019) • Parabolic trough • Ambient temperature of 25 °C

• Sky temperature of 19 °C

• Wind speed of 5 m/s

• Beam radiation of 800 W/m2

• Total radiation of 1000 W/m2

• Inlet fluid temperature of 70 °C

59%-67% 15%–22% – • Theoretical

Bamroongkhan et al. (2019) • Parabolic dish • Solar intensity between 300 and 826 W/
m2

• Ambient temperature around 30 °C

– 19.65% – • Theoretical

Wang et al. (2019) • Fresnel • Ambient temperature between 30 and
33 °C

• Wind speed of 3 m/s

• Solar radiation of 960 W/m2

79% 8.7% 88% • Theoretical

A. Herez, et al. Solar Energy 207 (2020) 1321–1347

137



based PVT collector. Also, the research included a simulation model for
predicting and evaluating the performance of air PVT system.

Bambrook and Sproul (2012) studied the parameters that affect
thermal performance of PVT air collector to determine the optimum
design that suits the climate. The authors designed and conducted ex-
periments on PVT system. The experimental results clarified that at
midday the thermal and electrical efficiencies are in the range of
28–55% and 10.6–12.2% respectively.

Solanki et al. (2009) designed, fabricated and evaluated the per-
formance of air based PVT collectors by performing indoor testing
procedure. The authors established a steady state thermal model by
applying energy balance equations. The results showed that the max-
imum thermal and electrical efficiencies achieved by PVT air collector
are 42% and 8.4% respectively.

On the other side, water is more efficient than air since it has higher
thermal properties than air, but the cost of leakage detector and
maintenance, the electrically insulated thermal device and the water
circulation pipes make it more expensive compared to PVT air system.
Such system is used for space heating, desalination and water heating.

Hung et al. (2001) assessed the performance of solar water based
PVT collector and compared it to traditional solar water heater. It was
observed that the maximum thermal and electrical efficiencies of PVT
water collector are 44.5% and 9.1% respectively.

Barone et al. (2019b) developed a dynamic simulation model to
assess the energy, economic, and environmental performance of a low
cost water based PVT collector. The authors designed, build and carried
out experimental tests on a prototype of air water PVT collector to
validate the results of the model.

Maatallah et al. (2019) compared the performance of water based

PVT panel using phase change material with conventional PV panel by
performing experimental tests under the weather conditions of Kot-
tayam, India. It was observed that the electrical efficiency of PVT panel
augmented by 17.33% in comparison to the traditional PV technology.
The thermal and electrical efficiencies of PVT system are 26.87% and
13.72% respectively.

Yazdanpanahi et al. (2015) accomplished numerical and experi-
mental demonstration on the exergy efficiency of PVT water collector.
The authors performed experimental testing where the measured
parameters comprise the wind speed, intensity of solar radiation, open
circuit voltage and solar short circuit current, maximum power point
voltage and maximum power point current, ambient temperature, fluid
inlet and outlet temperature. Also, they conducted numerical simula-
tion using four parameter current voltage model and thermal model of
one dimensional steady state. The results revealed similarity between
the numerical and experimental results.

Shyam et al. (2015) analyzed and compared the performance of two
water collectors partially covered with PVM where the two collectors
differs by the position of the PVM whether it is at the lower or upper
portion of the collector. It was shown from the analytical analysis that
at moderate mass flow rate and for large number of PVT water based
collectors connected in series, both configurations have close results.

Aste et al. (2015) designed a covered PVT water collector which is
composed of thin film PV cell integrated with flat plate absorber of roll-
bond configuration. A simulation model was developed based on var-
ious mathematical equations. The aim of the model is to assess the
performance of the designed PVT water based collector.

Misha et al. (2019) designed and implemented a PVT water system.
The authors conducted a numerical simulations using ANSYS 19.2 to

Table 3

Theoretical and experimental works on water or/and air PVT systems.

St. Nb Reference(Author/s, Year) Working fluid Operating conditions Efficiency Type of study
Thermal Electrical Total

Hung et al. (2001) Water • Total radiation between 200 and 900 W/m2

• Ambient temperature between 25 and 35 °C
44.5% 9.1% 53.5% • Experimental

Zondag et al. (2003) Water • Ambient temperature of 20 °C

• Sky temperature of 4 °C

• Incident angle 45°

• Wind velocity of 1 m/s

• Total radiation of 800 W/m2

52%-58% 8.1%-9.7% – • Theoretical

• Experimental

Solanki et al. (2009) Air • Solar radiation of 600 W/m2

• Inlet fluid temperature of 38 °C
42% 8.4% 51% • Theoretical

• Experimental
Aste et al. (2017) Water – 22%-29% 6%-14% – • Theoretical
Ibrahim et al. (2009b) Water • Solar radiation of 800 W/m2

• Wind velocity of 1 m/s

• Ambient temperature of 26 °C

50.12% 11.98% 68% • Theoretical

Xu et al. (2011) Water • Solar radiation between 500 and 900 W/m2

• Wind velocity of 0.75 m/s

• Ambient temperature between 34.2 and 38.5 °C

– 17.5% – • Experimental

Bambrook and Sproul (2012) Air • Solar radiation of 800 W/m2

• Ambient temperature of 17 °C
28%-55% 10.6%-12.2% – • Experimental

Kim et al. (2014) Water – 30% 17% 47% • Experimental
Alobaid et al. (2017) Water – – 10–35% – • Theoretical
Fan et al. (2018) Air • Wind velocity between 0 and 8 m/s

• Sky temperature between 10 and 22 °C

• Beam radiation up to 810 W/m2

48.8%-56.9% – – • Theoretical

• Experimental

Kazemian et al. (2018) Water • Total radiation between 400 and 580 W/m2

• Ambient temperature between 28 and 32 °C
63.37%-70.89% 13.15%-

14.35%
76%-84% • Theoretical

• Experimental
Tiwari et al. (2018b) Air • Ambient temperature between 35 and 43 °C

• Total radiation between 100 and 900 W/m2

• Incident angle of 30°

11.26% 26.68% 56.3% • Theoretical

Maatallah et al. (2019) Water • Ambient temperature between 32 and 38 °C

• Total radiation between 390 and 560 W/m2
26.87% 13.72% 40.59% • Experimental

Misha et al. (2019) Water • Inlet water temperature of 26 °C

• Solar irradiance of 600, 800 and 1000 W/m2

• Wind velocity of 1 m/s

• Ambient temperature of 30 °C

59.6% 11.71% – • Theoretical

• Experimental

Senthilraja et al. (2019) WaterAir • Ambient temperature between 34 and 38.6 °C

• Wind velocity between 0.6 and 2.3 m/s

• Total radiation between 420 and 940 W/m2

33.8%31.1% 8.5%8% 42%38% • Theoretical

• Experimental
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Table 4

Theoretical and experimental works on PVT systems according to glazing.

St. Nb Reference(Author/s, Year) Glazing Operating conditions Efficiency Type of study
Thermal Electrical Total

Hung et al. (2001) No glazing • Total radiation between 200 and 900 W/m2

• Ambient temperature between 25 and 35 °C
44.5% 9.1% 53.5% • Experimental

Zondag et al. (2003) No glazingSingle glazingDouble glazing • Ambient temperature of 20 °C

• Sky temperature of 4 °C

• Incident angle 45°

• Wind velocity of 1 m/s

• Total radiation of 800 W/m2

52%58%58% 9.7%8.9%8.1% – • Theoretical

• Experimental

Solanki et al. (2009) Single glazing • Solar radiation of 600 W/m2

• Inlet fluid temperature of 38 °C
42% 8.4% 51% • Theoretical

• Experimental
Aste et al. (2017) Single glazingNo glazing – 29%22% 6%14% – • Theoretical
Ibrahim et al. (2009b) Single glazing • Solar radiation of 800 W/m2

• Wind velocity of 1 m/s

• Ambient temperature of 26 °C

50.12% 11.98% 68% • Theoretical

Xu et al. (2011) Single glazing • Solar radiation between 500 and 900 W/m2

• Wind velocity of 0.75 m/s

• Ambient temperature between 34.2 and 38.5 °C

– 17.5% – • Experimental

Bambrook and Sproul (2012) No glazing • Solar radiation of 800 W/m2

• Ambient temperature of 17 °C
28%-55% 10.6%-12.2% – • Experimental

Kim et al. (2014) No glazing – 30% 17% 47% • Experimental
Slimani et al. (2016) No glazingSingle glazingDouble glazing • Solar radiation between 190 and 700 W/m2

• Inlet air temperature between 305 and 318 °C
21.19%40.77%44.41% 10.73%10.33%10.56% 51.02%69.47%74% • Theoretical

• Experimental
Fan et al. (2018) Single glazing • Wind velocity between 0 and 8 m/s

• Sky temperature between 10 and 22 °C

• Beam radiation up to 810 W/m2

48.8%-56.9% – – • Theoretical

• Experimental

Kazemian et al. (2018) Single glazingNo glazing • Total radiation between 400 and 580 W/m2

• Ambient temperature between 28 and 32 °C
70.89%63.37% 13.15%14.35% 84%76% • Theoretical

• Experimental
Maatallah et al. (2019) No glazing • Ambient temperature between 32 and 38 °C

• Total radiation between 390 and 560 W/m2
26.87% 13.72% 40.59% • Experimental

Misha et al. (2019) No glazing • Inlet water temperature of 26 °C

• Solar irradiance of 600, 800 and 1000 W/m2

• Wind velocity of 1 m/s

• Ambient temperature of 30 °C

59.6% 11.71% – • Theoretical

• Experimental
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evaluate the outlet temperature of water and the surface temperature of
PV layer for various values of solar irradiation (600, 800 and 1000 W/
m2), different mass flow rate (2, 4 and 5 L/min) and 26 °C water inlet
temperature. The simulation results were validated by experimental
tests. It was revealed that the maximum electrical efficiency achieved
by PVT system is 11.71% at 6 L/min mass flow rate. Also, it was con-
cluded that the thermal efficiency augments with the increase in the
solar irradiation, mass flow rate and alleviation in the variance between
water outlet and inlet temperature.

Senthilraja et al. (2019) assessed and compared the performance of
air and water based PVT collector for hydrogen production application.
Experimental testing was performed in which a PVM was considered as
a reference in comparing the two systems. It was obtained that at noon
and for 0.011 kg/s mass flow rate, the electrical and thermal effi-
ciencies are 8% and 31.1% for air based PVT collector and 8.5% and
33.8% for water based PVT collector respectively.

Table 3 presents the theoretical and experimental studies on water
or/and air PVT systems.

Analysis of Table 3 yields to the following concluding points:

• Water is utilized more than air in PVT systems

• Water based system is more restricted by the operating conditions
than air based system due to the freezing of water at low operating
temperatures.

• Higher electrical, thermal and total efficiencies are obtained in
water based PVT system.

3.4. Glazing

Glazing is a vital component of PVT collector in which it protects
the panels from various environmental impacts. On the other hand,
glazing may prohibit absorption of part of solar radiations by the PV
cells depending on its transmissivity. If the cooling fluid is at the top
side of the PV layer, a glazing may be utilized which acts as a channel
for the fluid. Glazing is essential for maximizing the produced thermal
energy, but it is not favorable in case high amount of electrical energy is
aimed to be generated.

Kazemian et al. (2018) proffered a comparison in the performance
of unglazed and glazed water based PVT system. The obtained results
declared that the thermal efficiency of glazed and unglazed system is
70.89% and 63.37% respectively while the electrical efficiency is
13.15% for glazed system and 14.35% for unglazed system. It was
concluded that if the aim is to obtain higher overall efficiency, the
glazed system is preferred, but if the aim is to produce more electrical
energy the unglazed system is more suitable to be used.

Also, Guarracino et al. (2019) performed experimental study to
compare the impact of glazing on the PVT collector performance. It was
proved that in the glazed system, electrical efficiency is relatively 20%
lower than that of the unglazed system. Also, it was shown that adding
the glass cover yields to augment the thermal efficiency.

Besides, ***Zondag et al. (2003) assessed the performance of sev-
eral flat plate PVT collectors. The results showed that the thermal ef-
ficiency is 52% for unglazed collector while 58% for single and double
glazed collector, while the electrical efficiencies are 9.7%, 8.9% and
8.1% for unglazed, single and double glazed collector respectively.

Chaysaz et al. (2019) evaluated the performance of small-scale
greenhouse PVT system with three different covers: glass, plastic and
polycarbonate. It was detected that the highest overall system efficiency
was achieved when utilizing glass cover and the lowest one was at-
tained when using polycarbonate cover. This is because the glass,
plastic and polycarbonate glazing have transmissivity of 90, 85 and
75% respectively.

Chow et al. (2009) conducted a study to specify if glass cover is
appropriate to be used in thermosiphon water heating PVT system. The
study was performed by relying on experimental results and legitimized
numerical models. It was concluded that the glazing can be utilized if
the aim is to maximize the thermal energy or the global energy pro-
duced.

Yazdanifard et al. (2016) studied the effect of collector length, pipes
diameter and number, Reynolds number, solar irradiation and packing
factor on the performance of glazed and unglazed flat plate water PVT
collector in turbulent and laminar flow. The results showed that the
energy efficiency is higher in collector with glazing while the exergy
efficiency depends on the collector length, packing factor and Reynolds

Fig. 11. Main applications used in PVT hybrid system.

Fig. 12. PVT domestic hot water system (Herrando et al., 2014).
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number.
Aste et al. (2017) evaluated the effect of glazing on the performance

of flat plate PVT collector by testing and comparing collectors with and
without cover. It was shown that the electrical efficiency is 6% for
covered collector and 14% with uncovered collector, while the thermal
efficiency was 29% and 22% for covered and uncovered collector re-
spectively.

Table 4 summarizes the theoretical and experimental works that
were conducted during the last several years on solar PVT systems using
single or double glazing or with no glazing.

Analysis of Table 4 yields to the following concluding points:

• The usage of glazing leads to increase the thermal efficiency and
slightly decrease the electrical efficiency.

• Higher total efficiency of PVT system is obtained when utilizing
glazing.

• Unglazed PVT system is more favorable if high electrical output is

required.

• Glazing is more preferred to be used in PVT systems in case high
thermal or overall system efficiency is required.

• Single glazing is more preferable than double glazing.

3.5. Thermal absorber

PVT system is generally constructed by attaching PV cells to the
thermal absorber of a solar collector. Hence, thermal absorbers are the
complement of solar cells in PVT system in which they absorb SE to
exploit it. The thermal absorber has a vital impact on the thermal and
electrical efficiency of PVT system. Thermal absorber is mainly located
between the PVM and the fluid, so it has an important role in trans-
ferring the heat from PV layer to the fluid. The model of the thermal
absorber depends on the type of solar collector used in PVT system. The
main materials utilized in thermal absorbers are aluminum and copper.

Wu et al. (2016) proffered a review including the thermal absorbers
of solar PVT system and their ways of integration with PVMs. The re-
view describes the main types of PVT technology regarding their
structure, efficiencies and applications. Also, the review comprises the
types of thermal absorbers, their methods of integration, their ad-
vantages and disadvantages as well as the applications for several PVT
modules.

Herrando et al. (2019b) investigated the potential of progressing
hybrid PVT collectors with optimum performance, cost, weight and
manufacturing simplicity. The authors proposed 26 alternative ab-
sorber-exchanger designs which are made up of various materials and
assessed their thermal and electrical performance.

Singh et al. (2019) conducted a mathematical modeling to in-
vestigate the impact of mass flow rate and absorber shape factor in
order to optimize the flat plate PVT system efficiency. It was concluded
that for low and high mass flow rates, the curve grooves in the absorber
plate are suitable to be used.

Ibrahim et al. (2009b) designed, investigated and compared seven
novel design configurations of thermal absorber to study the influence
of thermal absorber structure on the electrical and thermal performance
of PVT system. It was revealed that the spiral flow configuration was
the best choice for flat plate collector thermal absorber, where it
achieved 50.12% thermal efficiency and 11.98% electrical efficiency.

Charalambous et al. (2011) conducted a new mathematical in-
vestigation to precise the best design of absorber plate which has least
cost but higher efficiency. A steady state model was established to as-
sess the optimum layouts performance. The results of the model were
also validated by experimental test. It was obtained that the optimum
configurations have comparable thermal and electrical efficiencies with
the non-optimum designs which have greater mass and cost.

Fig. 13. Space cooling/heating PVT system (Herrando et al., 2019a).

Fig. 14. Mixed solar dryer with PV module designed by (Tiwari et al., 2009).
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4. Applications

Mainly, PVT is used for the aim of producing electricity and heat.
Heat energy can be exploited in various applications such as heating
water (Li and Sun, 2018a, 2018b; Taboada et al., 2017; Zhang et al.,
2014, 2013), space heating and cooling (Buonomano et al., 2018, 2017;
Cremers et al., 2015; He et al., 2014; Herrando et al., 2018; Kazanci
et al., 2014; Moaleman et al., 2018; Xu and Kleinstreuer, 2014), drying
(Tiwari and Tiwari, 2017a, 2017b, 2016a, 2016b) and desalination
(Ammous and Chaabene, 2015; Bilton, 2018; Calise et al., 2019; Kelley
and Dubowsky, 2013; Lee et al., 2012; Li et al., 2019; Manokar et al.,
2017; Modi and Shukla, 2018). Fig. 11 illustrates the main applications

used in PVT hybrid system.
SWH is an application of solar energy which exploits thermal energy

from solar radiation to heat water for domestic and industrial aims.
Generally, SWH system is made up of three major components: STC,
storage tank and heat transfer fluid. SWH systems are commonly clas-
sified into active and passive systems. Xu et al. (2011) established a new
heat pump technology integrated with a parabolic concentrator PVT
collector and carried out several experiments on it in Nanjing, China. It
was detected that the novel system attained 4.8 mean Coefficient of
Performance while water was heated from 30 °C to 70 °C during a sunny
summer day with 17.5% electrical efficiency. Fu et al. (2019) con-
ducted a comparative study of the performance of PVT-SWH systems
with the direct-coupled photovoltaic pump, the conventional pump,
and natural circulation by analyzing their performances through ex-
perimental tests. The results showed that the best thermal performance
between the three systems is achieved by the PVT system with the
photovoltaic pump. The natural circulation system attained net energy
close to that attained by the photovoltaic pump, while the conventional
pump system produced energy much less than the two systems. In ad-
dition, it was shown that the highest energy and exergy efficiencies are
69.63% and 12.84% respectively, obtained by the natural circulation
system. Martin-Escudero et al. (2019) established a study to investigate
the performance of a novel system that comprises heat pump coupled
with a photovoltaic ventilated facade. The system is utilized for sup-
plying heating and hot water. The authors established a mathematical
model to evaluate the system outputs. They concluded that the PV panel
provides about 70% of the electricity exploited by the heat pump and
fans of the PV ventilated facade. Kim et al. (2014) implemented a study
which analyzes the experimental performance of building PVT heating
system. It was concluded, from the experimental results, that the
average thermal and electrical efficiencies are 30% and 17% respec-
tively. Herrando et al. (2014) established a model (Fig. 12) to evaluate

Fig. 15. Schematic of greenhouse dryer with air PVT collector designed by (Tiwari et al., 2018).

Fig. 16. Mixed solar dryer with PV module designed by (Fterich et al., 2018).
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the sustainability and performance of a PVT water heating system in a
terraced house in London. The model is simulated by varying several
design parameters of the studied collector, mainly the covering factor
and the flow rate of the PVT collector, which enables to demonstrate
the system overall performance. It was observed that for 20 L/h flow
rate and completely covered collector, the hybrid PVT system can cover
36% and 51% of the annual global hot water and electricity demands
respectively. Also, the hybrid PVT system serves in mitigating the CO2

emission over 20 years lifetime by 16 tons which is 36% greater than
the value saved by a PV system.

Space cooling/heating refers to the reduction/increase of the tem-
perature of a room or workspace by removing/supplying heat from/to
it. Solar cooling/heating system mainly includes a solar collector, heat
rejection loop and thermal energy storage. Jani et al. (2018) presented
a review on a solar solid desiccant vapor compression hybrid cooling
system. The author described the principle of the solar solid desiccant
hybrid cooling system and the recent progress in air-conditioning and
built environment using hybrid cooling. Alobaid et al. (2017) presented
a review on solar PVT absorption cooling systems to evaluate the latest
progress in the solar collectors types used in solar absorption cooling
systems. The review comprises experimental and computational pre-
vious works that studied the types of solar collectors, their efficiencies
and performance. It was concluded from the comparison between vapor
compression air conditioning and solar absorption cooling system that
the usage of the latter saves 50% of the primary energy where the
maximum electrical efficiency achieved by PVT is 35%. Noro and
Lazzarin (2014) considered several distinct cooling systems and con-
ducted analysis to determine the most favorable system. The authors
performed dynamic simulation for two different climates during
summer to assess the systems from energetic and economic point of
view. Herrando et al. (2019a) developed a modeling methodology on
hybrid PVT solar system for space heating and cooling and electricity
generation (Fig. 13). The aim of this methodology is to assess the
techno-economic performance of the system. It was observed that
16.3%, 20.9% and 55.1%, of the electricity, space heating and space
cooling requirements, respectively, of the University Campus of Bari,
can be provided by 1.68 MW system. The system payback period is

16.7 years which is 2.7 times greater than that of traditional PV system,
and it can reduce 911 tons of CO2 emission per year.

Wang et al. (2019) suggested and investigated the performance of a
new PVT-CPC system for cooling, heating and power generation. The
authors conducted thermodynamic models, compared and validated
them from results of existing studies and then studied the impact of
several factors on the system performance. The results showed that at
design conditions, the energy and exergy efficiencies are respectively
61.8% and 27.1% in winter and 63.3% and 21.8% in summer. Also,
Chen et al. (2019) studied a novel hybrid system for cooling, heating
and power production using PVT-CPC collector to optimize and mini-
mize its thermo-ecological cost. To achieve this aim, the authors pro-
posed a methodology to optimize the configurations and installations of
internal combustion engine and compound parabolic concentrator PVT
collector.

Drying is the process of conveying heat energy from heat source to a
material and transmitting moisture from its surface to the environment.
Typically, solar dryer mainly consists of air heater, drying chamber, and
airflow system. Active or passive, direct, indirect or mixed solar dryers
are the main categories of the solar dryers. Also, there are three main
types of drying chambers: tent, cabinet, and greenhouse. Tiwari et al.
(2009) proposed a design of mixed type PVT solar dryer as shown in
Fig. 14. The dryer mainly consists of FPC, drying chamber, PV cells, and
DC fan. The authors assessed the performance of the designed solar
dryer by analyzing the thermal energy, exergy, and electrical energy
gain of the system. The analysis was conducted under no load condi-
tions for four distinct weather conditions and five different cities
(Jodhpur, Bangalore, New Delhi, Srinagar, and Mumbai). The results
showed that the best place to install PVT mixed solar dryer is Jodhpur.

In addition, Tiwari et al. (2018b) conducted a thermal modeling on
PVT greenhouse solar drying system which is composed of PVT air
collector and greenhouse solar dryer (Fig. 15). It was found that at
0.01 kg/s mass flow rate of air the electrical, thermal and overall effi-
ciency are 11.26%, 26.68% and 56.3% respectively.

Fterich et al. (2018) developed an active mixed PVT solar dryer
which is shown in Fig. 16. Experimental testing was performed to ex-
amine the system performance. The results revealed that the

Fig. 17. Hybrid PVT desalination system (Rafiei et al., 2019).
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Table 5

Theoretical and experimental works on PVT systems’ applications.

St. Nb Reference(Author/s, Year) Application Operating conditions Efficiency Type of study
Thermal Electrical Total

Hung et al. (2001) Water heating • Total radiation between 200 and 900 W/m2

• Ambient temperature between 25 and 35 °C
44.5% 9.1% 53.5% • Experimental

Zondag et al. (2003) Water heating • Ambient temperature of 20 °C

• Sky temperature of 4 °C

• Incident angle 45°

• Wind velocity of 1 m/s

• Total radiation of 800 W/m2

52%-58% 8.1%-9.7% – • Theoretical

• Experimental

Mittelman et al. (2007) Space cooling – 59% 20% – • Theoretical
Barnwal and Tiwari (2008) Drying • Ambient temperature between 31 and 40 °C

• Total solar intensity 148 and 398 W/m2
28.4% 10.8% – • Theoretical

• Experimental
Kumar and Tiwari (2008) Desalination • Wind velocity between 1 and 10.2 m/s

• Ambient temperature between 19.6 and
28.2 °C

15%-20% – – • Theoretical

• Experimental

Solanki et al. (2009) Space heating • Solar radiation of 600 W/m2

• Inlet fluid temperature of 38 °C
42.0% 8.4% 51% • Theoretical

• Experimental
Ibrahim et al. (2009b) Water heating • Solar radiation of 800 W/m2

• Wind velocity of 1 m/s

• Ambient temperature of 26 °C

50.12% 11.98% 68% • Theoretical

Adelaja et al. (2009) Drying • Ambient temperature of 28.3 °C 83.2% – – • Experimental
Xu et al. (2011) Water heating • Solar radiation between 500 and 900 W/m2

• Wind velocity of 0.75 m/s

• Ambient temperature between 34.2 and
38.5 °C

– 17.5% – • Experimental

Dupeyrat et al. (2011) Water heating • Total radiation of 960 W/m2

• Ambient temperature between 30 and 33 °C

• Wind velocity of 3 m/s

79% 8.8% – • Theoretical

• Experimental

Eicker and Dalibard (2011) Space cooling • Total irradiance up to 400 W/m2

• Ambient temperature between 5 and 15 °C

• Ambient temperature between −15 and
−3°C

– 13% – • Theoretical

• Experimental

Bambrook and Sproul
(2012)

Space heating • Solar radiation of 800 W/m2

• Ambient temperature of 17 °C
28.0%-55.0% 10.6%-12.2% – • Experimental

Aktas et al. (2012) Drying – 49.33% – – • Experimental
Bennamoun (2013) Drying • Solar radiation between 600 and 1000 W/

m2
58% – 70% • Theoretical

Kim et al. (2014) • Water heating

• Space heating
– 30% 17% 47% • Experimental

Kiran and Devadiga (2014) Water heating • Inlet water temperature between 28.6 and
32.9 °C

• Total radiation between 473.1 and
951.6 W/m2

• Ambient temperature of 25 °C

• Sky temperature of 19 °C

50.81% 8.16% 58.9% • Experimental

Calise et al. (2014) Desalination – 50% 20% – • Theoretical
Saeedi et al. (2015) Desalination • Total radiation between 80 and 890 W/m2

• Ambient temperature between 27 and 47 °C

• Wind velocity of 1 m/s

17% – – • Theoretical

• Experimental

Singh et al. (2016) Desalination • Wind velocity between 0 and 1 m/s

• Solar radiation up to 500 W/m2

• Ambient temperature between 9 and 24.5 °C

69.06% – – • Theoretical

• Experimental

Alobaid et al. (2017) Space cooling – – 10–35% – • Theoretical
Ong et al. (2017) Water heating • Ambient temperature between 29 and 39 °C

• Solar radiation between 20 and 880 W/m2

• Inlet water temperature between 30 and
35 °C

– 0.16% – • Experimental

Singh (2017) Desalination • Ambient temperature between 20 and 35 °C

• Wind velocity between 1.83 and 4.11 m/s
– 12% 28% • Theoretical

Fan et al. (2018) Space heating • Wind velocity between 0 and 8 m/s

• Sky temperature between 10 and 22 °C

• Beam radiation up to 810 W/m2

48.8%-56.9% – – • Theoretical

• Experimental

Naroei et al. (2018) Desalination • Ambient temperature between 20 and 30 °C

• Wind velocity between 0.5 and 3.7 m/s

• Solar radiation between 150 and 800 W/m2

19% 9.5% 33% • Theoretical

• Experimental

Eltawil et al. (2018) Drying • Ambient temperature between 29 and 39 °C

• Wind velocity between 0.1 and 1.3 m/s
41.2%-52.2% – 14.05%-

19.07%
• Theoretical

• Experimental
Tiwari et al. (2018b) Drying • Ambient temperature between 35 and 43 °C

• Total radiation between 100 and 900 W/m2

• Incident angle of 30°

11.26% 26.68% 56.3% • Theoretical

Maatallah et al. (2019) Water heating • Ambient temperature between 32 and 38 °C

• Total radiation between 390 and 560 W/m2
26.87% 13.72% 40.59% • Experimental

(continued on next page)
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combination of PVT air collector enhanced the drying rate of the solar
dryer.

Tiwari et al. (2016) suggested PVT greenhouse solar dryer and as-
sessed several parameters for the climatic condition of the Indian In-
stitute of Technology. A thermal model is developed on the studied
system based on several parameters such as crop, greenhouse, and solar
cell temperatures. It was revealed that the experimental and theoretical
global thermal energies are 2.03 kWh and 1.92 kWh respectively.

Solar desalination is a technology which utilizes SE to desalinate
water by providing heat from sunlight for evaporative desalination
process. Rafiei et al. (2019) investigated and analyzed the effect of the
shape of the receiver on the performance of solar PVT desalination
system. The system consists of parabolic dish collector, PV panel and
humidification-dehumidification desalination unit as shown in Fig. 17.
The three examined shapes of the receiver are cylindrical, cubical and
hemispherical. It was obtained that the hemispherical cavity receiver
produces the highest amount of freshwater and the lowest gain output
ratio.

Also, Elsafi (2017) conducted mathematical model to demonstrate
the performance of air-heated humidification-dehumidification

desalination system combined with concentrated PVT collector. The
cost of the system components was estimated by performing exergy-
costing method. The results revealed that for a certain location having
annual solar irradiance of 1.88 MWh/year, the system is capable to
generate 960 kWh electricity and produce 12 m3 of freshwater. Also, it
was obtained that the unit cost for generating electricity is 0.289
$/kWh and for producing fresh water is 0.01 $/L. Mittelman et al.
(2009) suggested a system which combines multi-effect evaporative
desalination plant with concentrating PVT collector. The system gen-
erates electricity and simultaneously absorbs waste heat from PVM for
desalination process. The authors conducted an elaborated simulation
to calculate the electricity and water produced per year. Taking into
consideration various economic cases, the water cost was computed and
compared to that of traditional solar desalination plants. It was ob-
served that the suggested system is more beneficial and in some sce-
narios it is more cost-effective compared to traditional system.
Palomino-resendiz et al. (2018) proposed, constructed and tested a
solar desalination system amalgamated with Fresnel lens PVT collector.
It was concluded that the use of sun tracking system increases the
concentrator efficiency leading to the rise in the thermal energy used
and thus accelerating the desalination process even in the presence of
environmental disturbances. Sotehi et al. (2016) implemented a pro-
totype of solar energy system which covers the annual air conditioning
and heating, domestic hot water and lightening in addition to driving
several home appliances and solar still. The authors established a nu-
merical simulation on TRNSYS software to simulate the performance of
solar still. It was concluded that solar PVT system can cover the re-
quired thermal and electrical energy needed.

Table 5 elucidates the theoretical and experimental researches that
were established on solar PVT systems’ applications.

Analysis of Table 5 yields to the following concluding points:

• PVT systems are mostly utilized for heating water in comparison to
the other applications.

• PVT systems are suitable for applications that require thermal

Table 5 (continued)

St. Nb Reference(Author/s, Year) Application Operating conditions Efficiency Type of study
Thermal Electrical Total

Misha et al. (2019) Water heating • Inlet water temperature of 26 °C

• Solar irradiance of 600, 800 and 1000 W/
m2

• Wind velocity of 1 m/s

• Ambient temperature of 30 °C

59.6% 11.71% – • Theoretical

• Experimental

Fu et al. (2019) Water heating • Ambient temperature between 25 and 35 °C

• Solar radiation between 100 and 900 W/m2
45.46%-
60.11%

– – • Experimental

Haiping et al. (2019) Desalination • Wind velocity of 1.8 m/s

• Ambient temperature between 31.72 and
40.12 °C

– 13.28% – • Experimental

Fig. 18. Types of PVT-TE system.

Fig. 19. Integrated PVT-TE system.
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energy more than electrical energy.

• The outputs and performances of the PVT systems in all applications
are better than that of thermal systems and PV systems working
alone.

• In most applications, PVT systems are capable to cover the thermal
and electrical energy required.

5. PVT system using thermoelectric generators

The integration of ThermoElectric Generators (TEGs) into solar PVT
system has been recently adopted for the sake of optimizing the use of
SE. The role of TEG is to transform thermal energy into electrical energy
by Seebeck effect. The principle of this effect states that the existence of
temperature difference on the junction of two different metals leads to
production of an induced voltage. TEG can utilize the excess heat
produced by PV cell and generate electricity. Thus, the electric con-
version efficiency of the system can increase. Such technology is more
preferred to be used in concentrated systems since it generates higher

electricity at higher operating temperatures.
The main advantages of TEGs is that they operate with no moving

parts and they have small sizes. Also, TEG integration rises the energy
produced per area since TEG does not require additional place. In ad-
dition, the amount of generated power is extremely higher than that
produced by standalone PV system, solar TEG system or PVT system.

The two main technologies that are adopted to amalgamate TEG
with PVT system are: integrated PVT-TE system and spectrum splitting
PVT-TE system (Fig. 18).

Integrated PVT-TE system mainly consists of solar thermal collector,
PVM and TE module. In most systems the TEG is fitted on the back face
of the PV cell to exploit heat from it and generate electricity (Fig. 19).

Mohsenzadeh et al. (2017) suggested a new layout for parabolic
trough PVT collector and performed an experimental investigation to
analyze the global system performance. The receiver of the collector
includes a triangular channel covered with PV cell and TEGs as shown
in Fig. 20. It was observed that the daily average electrical and thermal
efficiencies achieved by the hybrid system are 4.83% and 46.16%

Fig. 20. Parabolic trough PVT-TE suggested by (Mohsenzadeh et al., 2017).

Fig. 21. Spectrum splitting PVT-TE system.
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respectively.
Yin et al. (2019) suggested a new hybrid cogeneration concentrating

PVT thermoelectric system. The authors compared the operating tem-
perature, energy efficiency and exergy efficiency of the proposed
system and the existing systems in order to expose the notability of the
new system. Also the influence of thermoelectric structure and con-
trolled temperature on the system performance were demonstrated by
the study as well.

Kohan et al. (2018) established three dimensional numerical models
for PVM and TEG to analyze the performance of PVT system with TEGs
located at the PV layer back part. Results showed that the power gen-
erated by the hybrid system is higher than that generated by traditional
PV and the TEG are not efficient in cooling the PVM.

Shadmehri et al. (2018) developed a detailed three-dimensional
computational model and numerical simulations on a novel

concentrating PVT system coupled with TEG. The impact of tempera-
ture and cooling on the PVM performance is discussed. Also, the in-
fluence of varying the reflector aperture width and the absorber apex
angle on distribution of solar energy flux and output power of PVM
were investigated.

Nazri et al. (2019) conducted experimental and theoretical study to
investigate the performance of PVT-TE air collector. Air outlet tem-
perature and PV temperature are computed using a steady state thermal
model. The model was also used to evaluate the influence of mass flow
rate on exergy efficiency. In addition, Syakirah et al. (2018) performed
a theoretical analysis to investigate the performance of PVT-TE col-
lector by suggesting and solving a mathematical model based on
iterative procedure.

Li et al. (2018) presented a review on PVT-TE system including the
operation and feasibility of the system. Also, the review comprises the
main types, characteristics and performance of PVT-TE systems.
Moreover, the methods of optimizing and developing such system are
exposed in the review.

Chávez-Urbiola et al. (2012) demonstrated the potential of in-
tegrating TEG into hybrid PVT system. The authors examined four
systems of different configurations. It was detected that the thermal
stability and electrical efficiency were optimized when TEG are com-
bined to the PVT system.

Besides, Arturo et al. (2013) carried out experimental investigation
on concentrating PVT system with six series connected thermoelectric
generators. It was found that the system produced 200 W thermal en-
ergy and 20 W electrical energy.

Jadin et al. (2017) developed a hybrid PVT-TE system to increase
the power generation efficiency of the system. It was observed that the
maximum power output was 99.27 W which was higher than that
generated in case of individual system.

Dimri et al. (2018) investigated the effect of working fluid and type
of PVM on the performance of PVT-TE collector. The studied working
fluids are water and air, while the considered PVM are opaque alu-
minum base, and semitransparent. It was noticed that the electrical and
thermal efficiencies of opaque water system had higher thermal and
electrical efficiencies compared to opaque air system. Also, it was found
that the daily gained electrical energy, thermal energy and exergy were
the highest for aluminum base PVT-TE water collector. Moreover, Dimri
et al. (2017) developed thermal modeling for semitransparent PVT-TE
collector by utilizing energy balance. The authors compared the elec-
trical efficiency of the system with that of semitransparent PV and PV-
TE collectors. They concluded that the semitransparent PVT-TE

Fig. 22. Concentrated spectrum splitting PVT-TE system studied by (Yin et al.,
2018).

Fig. 23. Spectrum splitting PVT-TE system studied by (Skjølstrup and Søndergaard, 2016).
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Table 6

Researches performed on PVT-TE hybrid systems.

St. Nb Reference(Author/s, Year) PVT-TE system Operating conditions System performance Type of study

Sark (2011) Integrated • Ambient temperature of 25 °C

• PVM temperature of 80 °C

• Solar radiation of 1000 W/m2

• Maximum TE efficiency of 5%

• PV electrical efficiency of 14.03%
• Theoretical

Ju et al. (2012) Spectrum splitting • Ambient temperature of 25 °C

• Maximum TEG temperature of 527 °C

• Maximum PVM temperature of 227 °C

• PV-TE hybrid system efficiency ranges between 26.62% and 27.49%

• TEG generates 10% of the overall output power of the system
• Theoretical

Xu et al. (2015) Integrated – • TE electrical efficiency of 2.2%

• PVT-TE electrical efficiency of 18%
• Theoretical

Attivissimo et al. (2015) Integrated • PVM temperature between 50 and 60 °C • Electrical efficiency ranges between 13% and 16%

• Total efficiency ranges between 45% and 70%
• Theoretical

Cui et al. (2016) Integrated • Ambient temperature of 27 °C

• PV cell temperature between 21 and 35 °C

• Water inlet temperature of 20 °C

• Total solar irradiance of 1000 W/m2

• Experimental TE efficiency between 2.1 and 2.58% while the simulated result between 2.1 and
2.8%

• Performance of PV-PCM-TE system is better than that of PV system and PV-TE system.

• Theoretical

Zhu et al. (2016) Integrated • Ambient temperature of 27 °C

• Solar irradiation of 1000 W/m2
• Peak PV-TE system efficiency of 23% • Experimental

• Theoretical
Cotfas et al. (2016) Integrated • Solar irradiance between 720 and 1080 W/m2

• The PV cell efficiency is 18.65% for mono-crystalline silicon and 16.43% for poly-crystalline
silicon at solar irradiance of 1000 W/m2

• Theoretical

Kossyvakis et al. (2016) Integrated • Cold side temperature of TEG of 20 °C

• Solar irradiation of 1000 W/m2
• Power output enhancement using poly-crystalline silicon reaches 22.5% • Experimental

Li et al. (2016) Integrated • Solar radiation between 100 and 1000 W/m2

• Wind speed between 1 and 8 m/s

• Ambient temperature between 15 and 40 °C

• Electrical efficiency is 18% higher than that of PV system

• TE efficiency of 2%

• Maximum PV-TE system efficiency of 11.3%

• Theoretical

Skjølstrup and Søndergaard
(2016)

Spectrum splitting – • Efficiency of hybrid system is higher than that of PV system by 21.4% • Theoretical

Ong et al. (2017) Integrated • Ambient temperature between 29 and 39 °C

• Solar radiation between 20 and 880 W/m2

• Inlet water temperature between 30 and 35 °C

• Total electrical efficiency of 0.16% • Experimental

Li et al. (2017) Integrated • Ambient temperature of 27 °C

• Water inlet temperature of 27 °C

• Solar radiation of 1000 W/m2

• Maximum module TE efficiency is 6.1%

• Peak PV-TE electrical efficiency of 21.6%
• Theoretical

Soltani et al. (2018) Integrated • Ambient temperature of 36.2 °C

• Water inlet temperature of 28 °C

• Solar radiation of 900 W/m2

• Maximum thermal efficiency of 57%

• Maximum TE efficiency of 5.6%
• Theoretical

Sharaf and Orhan (2018) Integrated • Ambient temperature between 19.9 and
34.9 °C

• Inlet water temperature equal to ambient
temperature

• Thermal efficiency of 78.9% for parallel configuration and 76.3% for series configuration • Theoretical

Yang et al. (2018) Spectrum splitting – • PVT-TE system efficiency is 39.5% and 40.2% at concentration ratio of 30 and 100 respectively • Theoretical
Yin et al. (2018) Spectrum splitting • Ambient temperature of 27 °C

• Cooling fluid temperature of 20.13 °C

• TEG hot side temperature of 527 °C

• TE efficiency of 13.9%

• PVT-TE maximum efficiency of 30%
• Theoretical

Shittu et al. (2019) Integrated • Ambient temperature between 15 and 55 °C

• Wind speed between 0 and 7 m/s
• PVT-TE system efficiency is higher than that of PV-TE system by 1.47% and PV system by 61.01%

at concentration ratio of 6
• Theoretical

Tiwari et al. (2020) Integrated • Ambient temperature between 10 and 38 °C

• Solar intensity up to 1000 W/m2
• Hourly electrical gain ranges between 3.96 and 14.38 W

• Hourly rate of thermal energy gain ranges between 41.14 and 148.72 W
• Experimental

• Theoretical
Riahia et al. (2020) Integrated • 760 and 925 W/m2

• Inlet fluid temperature between 28.8 and
35.8 °C

• Ambient temperature between 36.5 and 33 °C

• Daily electrical efficiency of PVT-TE is higher than that of PVT system by 7.46% • Experimental

• Theoretical

Shittu et al. (2020) Integrated • Solar irradiance of 1000 W/m2
• Maximum PVT-TE electric efficiency of 15% • Theoretical
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collector had electrical efficiency greater than semitransparent PV-TE
collector by 4.723% and semitransparent PV collector by 7.266%.

Temperature has an opposing influence on the performance of TEG
and PV. Higher temperature difference raises the efficiency of TEG but
at the same time increases the temperature of PV cell leading to alle-
viate the PV efficiency. Due to this, spectrum splitting system has been
suggested which reflects the appropriate solar radiation to the PVM and
the remaining out of range radiation to the TE module (Fig. 21).
Spectrum splitting PVT-TE system is generally composed of solar con-
centrator, PVM, TEG and spectrum splitter.

Compared to integrated PVT-TE system, rare are the studies that are
conducted on spectrum splitting PVT-TE system. Ju et al. (2012) de-
veloped a numerical modeling and optimization analysis of spectrum
splitting PV-TE system. The authors conducted a simulation model
taking into account the solar concentration and various heat loss rates.
They also carried out analysis to estimate the electrical and thermal
performance for distinct conditions. It was obtained that the efficiency
of the studied system ranges between 26.62% and 27.49%.

Yang et al. (2018) conducted analytical expression of the system
efficiency by utilizing an updated model of solar spectrum PV-TE
system. They optimized the cell voltage, cutoff energy of the system and
dimensionless current of the TEG. Also, they studied the impact of the
ratio of the collector area to PV cell area on the performance of spec-
trum splitting system. The results revealed that for concentration ratio
of 30 and 100, the maximum system efficiency achieved is 39.5% and
40.2% respectively where it increased by about 2.67% and 2.19% in
comparison to PV system.

Yin et al. (2018) suggested a new design method to optimize the
solar energy distribution of concentrated spectrum splitting PV-TE hy-
brid system. The system comprises concentrator (Fresnel lens), PV cell,
TE module and cooling system (Fig. 22). A model was conducted in
order to investigate the performance of the system and reach the op-
timum design. The results showed that the maximum system efficiency
attained is 30% and the TEG efficiency is 13.9%.

Skjølstrup and Søndergaard (2016) designed and optimized a thin-
film multilayer spectrum beam splitter for PV-TE hybrid system. The
authors considered two configurations where the first one uses lens and
the second one uses reflector (Fig. 23). It was obtained that the studied
system efficiency is greater than the efficiency of PVM by 21.4%.

Table 6 summarizes the latest experimental and theoretical re-
searches performed on PVT-TE hybrid systems.

Several points can be concluded after analysis of the outputs of the
previous studies:

• The most commonly used type of PVT-TE system is the integrated
type where it is simple in construction compared to the spectrum
splitting.

• Utilizing TEG serves in increasing the power output and the elec-
trical efficiency of PVT system.

• PVT-TE systems exhibit better performances than PVT systems.

6. Closure and discussion

The present work comprises a review on hybrid solar system which
amalgamates solar PV with solar thermal collectors. The hybrid PVT
system simultaneously provides thermal and electrical energy. Hence,
the main aim of this cogeneration system is to maximize the avail of
solar energy.

The review includes general background which states the history,
concept and advantages of PVT systems. Also, the main classifications
of PVT system are presented where it is categorized in this study ac-
cording to the type of PV cell and solar collector, working fluid, glazing
and absorber. Besides, solar applications derived from PVT hybrid
system are described in this work. The main application of such systems
is producing electricity in addition to other purposes such as drying,
heating water, heating and cooling space and desalination. In addition,

the review includes the description of hybrid PVT system with ther-
moelectric generators in which the TEG can be integrated with PV cell
or they can operate separately using spectral beam splitter.

The main outputs of the review are:

• Crystalline silicon and InGaP/GaAs/Ge triple junction solar cells
most utilized PV cells in PVT systems, and high electrical efficiency
is obtained when utilizing InGaP/GaAs/Ge triple junction PV cell
compared to crystalline silicon.

• Thermal efficiency of PVT system is slightly affected by the type of
PV cell.

• The selection of the solar collector depends on the type of applica-
tion where each one requires certain range of outlet temperature.

• Concentrated type of STC; mainly parabolic trough and linear
Fresnel are the most utilized in PVT systems. The electrical effi-
ciency is negligibly affected by the type of the STC.

• Water based system is limited by the operating conditions due to
freezing at low operating temperatures, but it is preferred to use
water since it has high thermal characteristics compared to air.
Water based PVT system has higher electrical and thermal effi-
ciencies compared to air based PVT system.

• Glazing is suitable for increasing the thermal efficiency but it leads
to mitigate the electrical efficiency of the system. Unglazed PVT
system is more favorable if high electrical output is required while
glazing is more preferred to be used in PVT systems in case high
thermal or overall system efficiency is required. However, single
glazing is more preferable than double glazing.

• The type of absorber plays a great role in exploiting solar energy
where aluminum and copper are the commonly used materials in
the solar thermal absorbers.

• PVT systems are suitable for applications that require thermal en-
ergy more than electrical energy. Water heating is relatively the
most application that exploits PVT system.

• In all applications, the performance PVT systems is better than that
of thermal systems and PV systems working alone. PVT systems can
cover the thermal and electrical energy required by most applica-
tions.

• The most commonly utilized type is the integrated type of PVT-TE
systems in which TEG are integrated at the PV cell back face. Using
TEG serves in raising the electrical efficiency of the system and thus
the overall efficiency.

• PVT-TE systems have better performance than PVT systems.

It is predicted that PVT systems will be capable to suffice the need
for energy consumption in the near future. Also, these systems provide
energy needed in a clean and environment friendly ways. This explains
the significance of such systems and thus more researches and studies
must be conducted in order to enhance and optimize the system for
better efficiency and less costs.
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Chapitre 2 

Système hybride photovoltaique/thermique à concentrateur 

parabolique : modélisation thermique et analyse paramétrique 

Comme mentionné dans l'introduction, il existe une tendance à « fusionner » des systèmes 

d'énergie solaire tels que le PV avec le PTC (Parabolic Trough Collector) pour obtenir un système 

solaire hybride PTPVT (Parabolic Trough Photovoltaïque/Thermal). Dans ce chapitre, le système 

hybride PTPVT est considéré. C'est un système solaire hybride qui permet la génération simultanée 

d'énergie électrique et d'énergie thermique. L'objectif principal de ce système est d'exploiter 

l'énergie solaire pour produire de l'eau chaude et de l'électricité. 

Cette étude consiste, dans la section 1, en une introduction générale sur l'énergie solaire et la 

tendance à combiner les systèmes solaires pour obtenir des systèmes solaires hybrides, en 

particulier le système PTPVT. La section 2 décrit le concept du système PTPVT. Dans la section 

3, une modélisation thermique des systèmes est réalisée en utilisant l'analogie de la résistance 

électrique, simulée à l'aide d'une procédure itérative et validée par comparaison avec des travaux 

antérieurs. La section 4 est consacrée à la réalisation d'analyses paramétriques afin d'étudier 

l'influence de paramètres importants comme le nombre de Reynolds, la longueur du côté du 

récepteur, la longueur du tube récepteur et l'épaisseur de l'absorbeur thermique sur les 

performances thermiques et électriques du système. Enfin, la section 5 tire les principales 
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conclusions et énonce quelques recommandations fondées sur les résultats de l'analyse 

paramétrique. 

Le système (Figure 1) est de structure similaire au PTC conventionnel (Parabolic Trough 

Collector) dans lequel il est composé d'une feuille parabolique de matériau réfléchissant, d'un 

système de suivi, d'une structure de support et d'un tube absorbeur thermique qui est placé au foyer 

de la parabole réfléchissante. 

Figure 1: Système hybride photovoltaique/thermique à concentrateur parabolique étudié. 

Cependant, l'absorbeur thermique du PTC est un tube vitré métallique contenant le fluide de 

travail, tandis que celui du PTPVT étudié est un récepteur de forme triangulaire composé de 

cellules PV et d'un absorbeur thermique. Les couches PV sont situées des deux côtés du triangle 

qui rencontrent le concentrateur parabolique, tandis que l'absorbeur thermique est situé sur la face 

supérieure du récepteur triangulaire. De plus, le récepteur triangulaire comprend un canal de fluide 

circulaire où s'écoule le fluide de travail (fluide à chauffer) à l'intérieur. L'objectif du système 
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PTPVT est de générer simultanément de l'énergie électrique à partir des couches PV et de l'énergie 

thermique à partir de l'absorbeur thermique et des couches PV. Cette étude porte sur une nouvelle 

méthodologie pour établir une modélisation thermique appropriée avec sa procédure itérative 

associée et une étude paramétrique complète des performances du système pour émettre des 

recommandations pratiques. 

Les résultats révèlent que l'augmentation du nombre de Reynolds de 1000 à 10000 conduit à une 

diminution du rendement thermique de 65,10% à 56,88% et à une augmentation du rendement 

électrique de 15,74% à 24,87%. De plus, on a obtenu qu’en écoulement laminaire le rendement 

électrique augmente de 38,25% et le rendement thermique diminue de 8,31%, tandis qu’en 

écoulement turbulent, le rendement électrique augmente de 5,78% et le rendement thermique 

diminue de 2,12%. Cela signifie que le nombre de Reynolds a une influence sur les deux 

rendements dans le régime laminaire plus que dans le régime turbulent. Cependant, le rendement 

électrique diminue de 10,5% (de 23,24% à 20,81%) et le rendement thermique augmente de 35% 

(de 47,1% à 63,62%) lorsque la longueur du côté du récepteur augmente de 0,03 m à 0,2 m, ce qui 

montre l'importance de ce paramètre. De plus, lorsque la longueur du tube récepteur augmente de 

4 m à 20 m, cela affecte légèrement le rendement électrique qui diminue de 25,46% à 24,97%, et 

le rendement thermique qui augmente de 56,35% à 56,79%. Ainsi, le rendement électrique est 

abaissé de 2% par rapport à sa valeur initiale, et le rendement thermique augmente de 0,78%, ce 

qui peut être considéré comme négligeable. De plus, l'augmentation de l'épaisseur de l'absorbeur 

de 0,02 m à 0,2 m n'a pas d'impact sur les deux rendements du système, les rendements thermique 

et électrique restent constants à 56,46% et 25,34% respectivement. 

En conclusion le nombre de Reynolds et la longueur du côté du récepteur ont une influence 

significative par rapport à la longueur du tube récepteur et à l'épaisseur de l'absorbeur qui ont un 
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effet négligeable sur les performances du système. Par conséquent, pour les applications qui visent 

à maximiser l'efficacité électrique, le nombre de Reynolds doit être maximisé (le débit de fluide 

doit être augmenté) et/ou la longueur du côté du récepteur doit être minimisée. D'autre part, si 

l'amélioration de l'efficacité thermique est l'objectif de certaines applications, la longueur du côté 

du récepteur doit être maximisée et le nombre de Reynolds doit être minimisé. Cependant, si le 

but est d'obtenir une efficacité totale maximale du système, la longueur du côté récepteur doit être 

augmentée. 
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Résumé - La combinaison de systèmes d'énergie solaire qui conduisent à la maximisation de l'énergie 

solaire disponible est devenue une tendance au cours des dernières années. Dans ce contexte, le collecteur 

à concentrateur parabolique et le solaire photovoltaïque sont combinés entre eux pour obtenir un système 

hybride Photovoltaïque / Thermique à concentrateur parabolique qui permet simultanément la production 

d'électricité et la production d'eau chaude. La disposition et la cogénération du système sont décrites en 

détail dans cet article. La nouveauté de ce travail est de proposer une nouvelle méthodologie pour conduire 

la modélisation thermique de ce système qui est l'analogie de la résistance thermique et la simuler à l'aide 

d'une procédure itérative. Une analyse paramétrique est effectuée afin d'étudier l'influence du nombre de 

Reynolds, de la longueur du côté du récepteur et de la longueur du tube récepteur et de l'épaisseur de 

l'absorbeur sur les performances thermiques et électriques du système. Les résultats montrent que 

l'efficacité thermique diminue avec l'augmentation du nombre de Reynolds, respectivement de 8.31% et 

2.12% dans l'écoulement laminaire et turbulent. Cependant, elle augmente d'environ 35% lorsque la 

longueur du côté récepteur augmente de 0.03 m à 0.2 m, et de 0.78% lorsque la longueur du tube récepteur 

augmente de 4 m à 20 m. En revanche, le rendement électrique augmente avec l'augmentation du nombre 

de Reynolds où il augmente de 38.25% dans le flux laminaire et de 5.78% dans le flux turbulent, alors qu'il 

diminue de 10.5% et 2% lorsque la longueur du côté récepteur et la longueur du tube récepteur augmentent. 

De plus, l'épaisseur de l'absorbeur n'a aucun effet sur le comportement thermique et électrique du système 

car les deux rendements restent presque constants (rendement thermique de 56.46% et rendement électrique 

de 25.34%) avec l'augmentation de l'épaisseur de l'absorbeur de 0.02 m à 0.2 m. 
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a b s t r a c t

Combining solar energy systems that lead to the maximization of the avail solar energy have become a
trend during the recent years. In this context, parabolic trough collector and solar photovoltaics are

combined with each other to obtain parabolic trough Photovoltaic/Thermal hybrid systemwhich enables

simultaneous generation of electricity and production of hot water. The layout and cogeneration of the
system are described comprehensively in this work. The novelty of this work is suggesting a new

methodology for conducting thermal modeling of this system which is the thermal resistance analogy

and simulating it using iterative procedure. Parametric analysis is carried out in order to investigate the

influence of Reynolds number, receiver side length and receiver tube length and absorber thickness on
the thermal and electrical performance of the system. The results show that the thermal efficiency

decreases with the increase in Reynolds number, where it diminishes by 8.31% and 2.12% in the laminar

and turbulent flow, respectively. However, it increases by about 35% when the receiver side length
augments from 0.03 m to 0.2 m, and by 0.78% when receiver tube length increases from 4 m to 20 m. On

the other hand, the electrical efficiency augments with the rise in Reynolds number where it increases by

38.25% in the laminar flow and 5.78% in the turbulent flow, while it decreases by 10.5% and 2% when the
receiver side length and receiver tube length increases. Furthermore, the absorber thickness has no effect

on the thermal and electrical behavior of the system where both efficiencies remains almost constant

(thermal efficiency of 56.46% and electrical efficiency of 25.34%) with the increase in the absorber

thickness from 0.02 m to 0.2 m.
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Adequate and safe energy is the main enabler for welfare and
economic development of a society. As energy-related activities
have significant environmental impacts, it is crucial to provide an
energy system which covers the needs of the economies and con-
serves the environment. However, numerous are the existing
sources of energy all over the world but a few of them are free from
CO2 emissions. Renewable energy [1e6] is the energy which is in-
tegrated from naturally replenished resources with approximately

null greenhouse gases and pollution emissions. Solar energy [7e11]
is a type of renewable energy which is green, sustainable and
environmentally friendly. It exploits solar radiation to either
generate electric energy using solar photovoltaic (PV) or produce
heat energy by solar thermal systems.

Parabolic trough collector (PTC) [12e17] is one of the most
progressed and utilized type of solar collectors which is used for
several applications mainly heating water. It is made up of reflec-
tive parabolic sheet, tracking system, supporting structure and a
thermal receiver located at the focus of the reflective parabola. On
the other hand, the trend in generating electricity all over theworld
is toward using solar PV [18e22]. Furthermore, there is a great
tendency for utilizing hybrid solar systems in order to optimize the
benefits from solar energy. Hence, utilizing a solar hybrid system
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which combines parabolic trough solar collector with solar PV al-
lows producing heat energy and electric energy simultaneously.
This combination is known as parabolic trough photovoltaic ther-
mal hybrid system in which PV layer is located at the absorber of
the parabolic trough. Fig. 1 presents the concept of parabolic trough
photovoltaic thermal collector.

Several researchers and scientists conducted studies on Para-
bolic Trough Photovoltaic Thermal systems (PTPVT) [23e25].

Calise and Vanoli [26] presented and simulated a mathematical
modeling of parabolic trough photovoltaic/thermal collector. A

parametric study was conducted to study the effect of receiver side
length, tube length, tube diameter, absorber area specific thermal
resistance and aperture length. The results showed that the ther-
mal and electrical efficiencies decrease with the increase in tube
length and diameter. In addition, the increase in the receiver side
length lead to increase in the thermal efficiency and decrease in the
electrical efficiency. While the increase in the aperture length and
the area specific thermal resistance of the thermal absorber lead to
increase in the electrical efficiency and decrease in the thermal
efficiency. In addition, Calise et al. [27] conducted a detailed finite-

Nomenclature

A Area
B Curve coefficient
C Specific heat at constant pressure
CR Concentration ratio
D Diameter
H Convection heat transfer coefficient
I Solar radiation
IAM Incident angle modifier
K Thermal conductivity
L Tube length
NTU Number of transfer unit
Nu Nusselt number
P Power
Pr Prandtl number
Q Heat flow rate
R Thermal resistance
Re Reynolds number
S Side length
T Temperature
T Thickness
V Velocity

Subscripts/abbreviations

A Air
abs Absorber
Amb Ambient
Ap Aperture

B Beam
CO2 Carbon dioxide gas
Conc Concentrator
cond Conduction
conv Convection
CPC Compound parabolic collector
Elec Electric
F Fluid
HX Heat exchanger
Opt Optical
PTC Parabolic trough collector
PTPVT Parabolic trough photovoltaic/thermal system
PV Photovoltaic
Rad Radiation
Rec Receiver
Sub Substrate
Th Thermal
Tot Total

Greek symbols
_m Mass flow rate
2 Heat transfer effectiveness
ε Emissivity
Ө Incident angle
s Stephan-Botzmann constant
a Absorptance
h Efficiency

Fig. 1. Concept of parabolic trough photovoltaic thermal collector.

A. Herez, H. El Hage, T. Lemenand et al. Renewable Energy 165 (2021) 224e236

161



volume model of a concentrating photovoltaic/thermal solar col-
lector in order to assess the thermodynamic and electrical pa-
rameters through the axis of the studied collector. Also, the authors
performed a sensitivity analysis to study the influence of the main
design/environmental parameters on the energetic and exergetic
performance of the system.

Bernardo et al. [28] suggested a complete methodology to
simulate, characterize and assess the performance of parabolic
trough photovoltaic thermal hybrid solar system. The methodology
relies on comparing the system with conventional system
composed of traditional PV modules and flat plate collectors
working side-by-side. The results revealed that the hybrid electrical
efficiency is 6.4% and the optical efficiency is 45%.

Srivastava and Reddy [29] analyzed the thermal and electrical
performance of PTPVT system according to distinct design and
operating conditions. A compound parabolic collector (CPC) is
installed in the system as a secondary reflector. Several configura-
tions of the system are studied including 3-cell and 4 cell strings
with CPC and 2-cell and 3-cell strings without CPC. Nano fluids and
synthetic fluids are utilized in the analysis as working fluids. Results
showed that the substitution of Nano-fluids by synthetic fluids
leads to alleviation in the thermal output by 0.91e1.16% and miti-
gation in the electrical output by about 7.2e9.8%.

Ben Youssef et al. [30] conducted a simulation model on PTPVT
system in order to evaluate the electrical and thermal performance
of water loads for textile industrial application. The authors
assessed the energy feasibility and performed economic analysis of
PTPVT system.

Maatallah and Ben Youssef [31] developed a three dimensional
models based on energy flow balance equations for PTPVT system
using triple junction solar cells. Finite volume method simulation
and Ray-Tracing 3D-4 Rays method are used to simulate the model.
It was obtained that the thermal efficiency of the system decreases
by slightly more than 6% and the electrical efficiency is noticeably
influenced due to the discontinuity of the thermal conductivity
along the absorber tube duct, post shading and non-uniformities in
the distributions of PV cells temperature.

Cappelletti et al. [32] presented experimental investigation to
characterize a small-scale photovoltaic thermal concentrated solar
panel utilized in buildings for electricity generation and hot water
production. The authors presented a description of a monitoring
system that allows measuring the system electricity and hot water
production. The predicted numerical values are validated by their
experimental counterparts.

Karathanassis et al. [33] developed a dynamic theoretical model
for predicting the long-term performance of a parabolic trough
concentrating photovoltaic thermal system. The authors conducted
exergy analysis to assess the influence of the main system sub-
components on the exergy efficiency and exergy output of the
studied system. It was concluded that the optical quality of the
parabolic trough and the electrical efficiency of the PVmodule have
a great effect on the exergetic performance of the system. For
example, increase in optical quality to 0.75 and electric efficiency to
0.25 lead to increase the exergetic efficiency from 12% to 24%.

PTPVT system is a hybrid system which has a great potential to
supply thermal and electrical energy in order to meet the world
energy requirements with the least environmental side effects.
Hence, it is an elegant solution that contribute in soling energy
crisis and reduces environmental pollution. Nevertheless, the
literature above shows that such system heavily depends onwidely
variety of parameters. However, studies and researches on this
system are still rare. Therefore, PTPVT systems along with the effect
of the different parameters on their performance deserve more
investigations to be performed. In this context, the present work
concerns a new methodology for establishing an appropriate

thermal modeling along with its associated iterative procedure and
a complete parametric study of the system performance to raise
practical recommendations. The originality of the work resides in
the following points:

1. It suggests a new methodology for developing thermal
modeling of PTPVT that permits to perform easily parametric
studies with low computational time.

2. The material presented is important since the performance of
PTPVT systems is analyzed using an appropriate thermal
modeling and parametric analysis.

3. This work provides useful modeling and parametric analysis for
PTPVT community. This advantage will be by using the devel-
oped thermal modeling in any study aiming to optimize the
performance of PTPVT systems. It also offers the possibility to
study the effect of a wide range of parameters on the perfor-
mance of the system, particularly when it comes to study the
feasibility of new concepts.

4. The parametric analysis performed provide practical recom-
mendations based on the effect of the Reynolds number,
receiver side and receiver tube length, and absorber thickness
on the thermal and electrical performance of the system.

The paper is organized as follows: Section 2 describes the
concept of the employed system. Section 3 demonstrates the
thermal modeling and iterative procedure of the PTPVT system and
section 4 presents the parametric analysis. Section 5 lists some
conclusions and recommendations.

2. Concept of the system

The concept of the system is similar to that of the traditional
parabolic trough collector; however, the metal glazed tube con-
taining the working fluid (thermal absorber) of the PTC is replaced
by a triangular shaped receiver (Fig. 2) which consists of two PV
layers and one thermal absorber. The thermal absorber is placed on
the top side of the triangular receiver while the other side of the
triangle facing the parabolic concentrator contains the PV layers.
This explains the fact that the thermal absorber absorbs the direct
and the diffuse radiation in contrast to the PV layers which absorb
only the direct beam radiation reflected by the parabolic concen-
trator. Triple-junction PV cell are used in the system studied in this
work. Furthermore, a circular channel is placed inside the receiver
in which fluid passing through it will be heated. Moreover, a
metallic substrate is suited between the triangular receiver and the
fluid tube for better heat transfer conduction. Fig. 2 exposes a
schematic of the system layout.

In such system, solar radiation is directed towards the parabolic
concentrator that reflects the direct beam irradiance to the two
sides of triangular receiver that contains the PV layers (which act
also as thermal absorber). Simultaneously, the thermal absorber
lying on the top of the triangular receiver absorbs solar radiation.
Hence, PTPVT system generates concurrently electrical energy from
the PV layers and thermal energy from the thermal absorber and
the PV layers. The produced electricity can be used directly to
operate several applications, while the generated thermal energy is
utilized to heat the flowing fluid inside the channel.

3. Thermal modeling and iterative procedure

3.1. Thermal modeling

The thermal modeling of the studied system is developed based
on thermal resistance analogy. Fig. 3 presents the thermal re-
sistances of the system. Several assumptions are adopted in this
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model such as:

� Thermodynamic equilibrium
� Steady state
� Uniform concentration of solar radiation along PV layer
� Negligible kinetic and potential energies
� Negligible temperature gradient in PV layer and metallic
substrate

It is important to note that the thermal modeling suggested
doesn’t adopt an assumption that the thermal behavior is steady
since the ambient temperature and solar radiation intensity are
variable.

Instead, the thermal modeling concerns the steady state part of
the thermal behavior where the ambient temperature and solar
radiation variations are negligible and when quasi-stationary

yearly simulations are performed. It is a very useful tool espe-
cially when it comes to perform parametric studies or case studies.
With respect to the simplified models used for the calculation of
CPVT performance, it permits to take into account a larger number
of operational parameters particularly those related to the solar
concentration. On the other hand and with respect to higher
dimensional models used in commercial software, the suggested
thermal modeling along with associated iterative procedure per-
mits it to be sufficiently fast and cheaper from a computational
point of view and it permits to show in a very explicit way the
relation between the different parameters that influence the per-
formance of the PVT system.

The energy balance for the control volume including the PV
layer and the absorber with the fluid channel is illustrated in Eq.
(1):

Fig. 2. PTPVT system layout.

Fig. 3. Thermal resistances of the system where the unknown temperatures are presented in red. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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qsolar;PV�Pelec;PV�qconv;PV�qrad;PVþqsolar;abs�qconv;abs�qrad;abs¼qf

(1)

where qsolar;PV and qsolar;abs are the available solar irradiation
directed to the PV and thermal absorber respectively. qconv;PV and
qconv;abs are the convective heat losses from the PV layer and ther-
mal absorber respectively. qrad;PV and qrad;abs are the radiative heat
losses from the PV layer and thermal absorber respectively. Pelec;PV
is the electrical power generated by the PV cells.

The available solar irradiation directed to the PV is:

qsolar;PV ¼ Ib APVCRPVaPVhoptIAMth (2)

where Ib is the beam radiation, APV is the area of PV layer, CRPV is
the concentration ratio which is calculated according to Eq. (3), aPV
is the absorptance of PV layer, hopt is the optical efficiency of the PV

layer, IAMth is the thermal incident angle modifier which can be
obtained from Eq. (4) [28,34].

CRPV ¼
Aap

APV
(3)

where Aap is the aperture area.

where b0;th is the IAMth curve coefficient and q is the incident angle.

Pelec;PV ¼ IbAPVCRPVhoptIAMelechPV (5)

where IAMelec is the electrical incident angle modifier which can be
calculated from Eq. (6) [28,34]and hPV is the efficiency of PV layer
which can be obtained from Eq. (7) [26,35e37].

where b0;elec is the IAMelec curve coefficient.

hPVT ¼0:298þ 0:0142 lnðCRPV Þ þ ½

� 0:000715þ0:0000697 lnðCRPV Þ�ðTPV �298Þ (7)

The convective heat loss from the PV layer is:

qconv;PV ¼
TPV � Tamb

Rconv;PV
(8)

with

Rconv;PV ¼
1

hPVAPV
(9)

where Ta is the ambient temperature, Rconv;PV is the convection

thermal resistance of PV layer and hPV is the convective heat

transfer coefficient of PV layer. hPV can be calculated using the
following correlation where forced convection is assumed where
the flow of wind is parallel to the plate [38].

Nuf ¼0:664 Pr
1
3

f
Re

1
2

f
(10)

where Nuf , Ref and Prf are the fluid Nusselt number, Reynolds
number and Prandtl number respectively.

Since the PV is small with respect to the concentrator and
enclosed totally by the latter, the concentrator is considered a large
surrounding and then the view factors vanish and the radiation
equation for heat losses from the PV layers can be written [38] as:

qrad;PV ¼ εPVsAPV

�

T4PV � T4conc

�

(11)

where Tconc is the concentrator temperature, εPV is the PV layer
emissivity, s is the Stephan-Botzmann constant.

The available solar irradiation directed to the thermal absorber
is:

qsolar;abs ¼ ItotAabsaabs (12)

where Itot is the total radiation, Aabs and aabs are the thermal

absorber area and the thermal absorber absorptance respectively.
The convective heat losses from the thermal absorber is:

qconv;abs ¼
Tabs � Tamb

Rconv;abs
(13)

where Tabs is the absorber temperature and Rconv;abs is the con-

vection thermal resistance of thermal absorber.

Rconv;abs ¼
1

habsAabs
(14)

where habs is the absorber convective heat transfer coefficient
which is also calculated using the correlation in Eq. (10).

Since the absorber is very small with respect to the sky, the sky
is considered a very large surrounding and then the view factors
vanish and the radiation equation for heat losses from the absorber
can be written [38] as:

qrad;abs ¼ εabssAabs

�

T4abs � T4sky

�

(15)

where εabs is the absorber emissivity andTsky the sky temperature.
The energy balance on the fluid gives:

IAMth ¼1� b0;th

�

1

cosq
�1

�

If q<60� IAMth ¼

�

1� b0;th

�

1

cosq
�1

���

1�
q� 60

30

�

If q � 60� (4)

IAMelec ¼1� b0;elec

�

1

cosq
�1

�

If q < 60 IAMelec ¼

�

1� b0;elec

�

1

cosq
�1

���

1�
q� 60

30

�

If q � 60 (6)
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qf ¼ _mf Cf

�

Tf ;out � Tf ;in

�

(16)

where _mf is the fluid mass flow rate, Cf is fluid specific heat and

Tf ;out and Tf ;in are the fluid outlet and inlet temperatures

respectively.
The energy balance of the second control volume includes the

thermal absorber and the substrate which is illustrated in Eq. (17).

qsolar;abs � qconv;abs � qrad;abs ¼ qcond;abs�sub (17)

where qcond;abs�sub is the conductive heat loss between the sub-

strate and the thermal absorber.

qcond;abs�sub ¼
Tabs � Tsub

Rcond;abs þ Rcond;sub
(18)

where Rcond;abs and Rcond;sub are the conductive thermal resistances

for the absorber and the substrate respectively.

Rcond;abs ¼
tabs

Kabs:Aabs
(19)

and

Rcond;sub ¼
tsub

Ksub:Asub
(20)

where tabs and tsub are respectively the absorber and the substrate
thicknesses, and Kabs and Ksub are the thermal conductivity of the
absorber and the substrate.

The energy balance of the control volume containing the sub-
strate and the fluid channel is shown in Eq. (21).

qcond;PV�sub þ qcond;abs�sub ¼ qf (21)

where qcond;PV�sub is the conductive heat loss between the substrate

and the PV layer.

qcond;PV�sub ¼
TPV � Tsub

Rcond;PV þ Rcond;sub
(22)

where Rcond;PV is the conductive thermal resistances for the PV

layer.

Rcond;PV ¼
tPV

KPV :APV
(23)

where tPV and KPV are the thickness and thermal conductivity of PV
layer, respectively.

The energy balance on the parabolic concentrator is:

qsolar;conc þ qrad;PV ¼ qconv;conc;front þ qconv;conc;back þ qrad;conc

(24)

where qsolar;conc is the available solar radiation directed towards the
concentrator, qconv;conc;front and qconv;conc;back are the convective heat
losses from the concentrator front and back respectively, and
qrad;conc is the radiative heat losses from the concentrator.

The available solar radiation directed towards the concentrator
is:

qsolar;conc ¼ ItotAconcaconc (25)

where Aconc and aconc are the concentrator area and absorptance

respectively.
The convective heat losses from the concentrator front and back

are:

qconv;conc;front ¼Aconchconv;conc;frontðTconc � TambÞ (26)

and

qconv;conc;back ¼Aconchconv;conc;backðTconc � TambÞ (27)

where hconv;conc;front and hconv;conc;back are respectively the front and
back convective heat transfer coefficient of the concentrator.

The radiative heat losses from the concentrator is:

qrad;conc ¼ εconcsAconc

�

T4
conc � T4sky

�

(28)

where εconcis the concentrator emissivity.
The last energy balance is presented in Eq. (29) which is con-

ducted on the control volume comprising the substrate and the
fluid channel where it is considered as a heat exchanger. Due to the
high thermal conductivity of the metallic substrate, its temperature
is assumed to be constant.

_mf Cf

�

Tf ;out � Tf ;in

�

¼2 _mf Cf

�

Tsub � Tf ;in

�

(29)

where is the heat transfer effectiveness which can be calculated
using NTU number:

2 ¼ 1� e�NTU (30)

and

NTU¼

1
1
hf
þ Rsub

AHX

_mf Cf
(31)

where AHX is the area of the heat exchanger and hf is the fluid heat

transfer coefficient which can be computed using the below
correlation:

Nuf ¼0:023 Re
4
5

f
Pr

2
5

f
(32)

Finally, the efficiencies of the system are computed by:

helec ¼
Pelec;PV
IbAap

(33)

where helec is the electrical efficiency

hth¼
qf

IbAap
(34)

and hthis the thermal efficiency.

3.2. Iterative procedure

As shown in Fig. 3, there are five unknown parameters which
are:Tf ;out Tsub, Tconc, TPV and Tabs. Hence, five equations which pre-
sent the thermal modeling of the system must be used in order to
calculate these unknowns. However, since the equations are not
linear, an iterative procedure is adopted as shown in Fig. 4 inwhich
TPV is first assumed, then by using Eq. (24) Tconc is calculated. After
that, using Eqs (1), (17) and (29)Tf ;out ,Tsub andTabs are computed.
Then, TPV is calculated using Eq. (21) and compared with the
assumed one. The system is repeated itself till the calculated and
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the assumed values of TPV are equal to each other.

3.3. Model validation

The above proposed model is compared and validated with
studies from the literature. The system used is similar to the system
utilized by Calise and Vanoli [26], Bernardo et al. [28]. Table 1
presents the validation of the model by comparing the calculated
PV and fluid outlet temperature, heat rate and electrical powerwith
those of reference [26]. It is clear that the relative error with respect
to the reference does not exceed 8% while varying receiver tube
length and receiver side length.

4. Parametric analysis

A parametric analysis is conducted on the system in order to
explore the effect of Reynolds number, receiver tube length and
receiver side length, and absorber thickness (thermal resistance) on
the performance of the system by calculating the overall thermal
and electrical efficiencies. Table 2 clarifies the design parameters of
PTPVT system [26,27,30,31].

Table 3 illustrates the boundary conditions that are considered

in the study [26]. The boundary conditions include the fluid inlet
temperature, ambient and sky temperature, air velocity, total and
beam incident radiation as well as the incident angle.

4.1. Results and discussion

Based on the thermal modeling, system design parameters and
boundary conditions discussed previously, the variation of the
thermal and electrical efficiencies as well as the system tempera-
tures (outlet temperature, PV temperature, absorber temperature
and substrate temperature) are presented as function of the
considered parameters (Reynolds number, receiver side length,
receiver tube length and absorber thickness).

Fig. 5 (a) below shows the variation of electrical and thermal
efficiency as function of Reynolds number. It is clear that the raise in
Reynolds number increases the electrical efficiency while decreases

Fig. 4. Iterative procedure flow chart.

Table 1

Results from the conducted thermal model compared to data from Ref. [26].

Parameter Value Tf ;out ð
�CÞ Tf ;out[26] Deviation TPV ð�CÞ TPV [26] Deviation Qth(W) Qth [26] Deviation Pelec(W) Pelec [26] Deviation

Receiver side length (m) 0.04 77.4 79.1 2.1 83.9 82.9 �1.2 4800 5200 7.7 2200 2140 �2.8

0.08 78 79.3 1.6 81.6 81.9 0.4 5100 5300 3.8 2100 2050 �2.4

0.12 78.6 79.4 1.0 81.2 81.6 0.5 5400 5400 0.0 2060 2010 �2.5

0.16 79.2 79.5 0.4 81.3 81.5 0.2 5500 5600 1.8 2000 1970 �1.5

0.2 79.7 79.6 �0.1 81.6 81.4 �0.2 6000 6050 0.8 1900 1940 2.1

Receiver tube length (m) 4 73.5 76.6 4.0 81.2 78.4 �3.6 2300 2500 8.0 900 840 �7.1

8 77 79.1 2.7 82.5 80.9 �2.0 4300 4600 6.5 1900 1900 0.0

12 80.4 82.1 2.1 85.1 83.4 �2.0 6500 6800 4.4 2900 2900 0.0

16 84 85.3 1.5 88.2 87 �1.4 8700 9100 4.4 3900 4000 2.5

20 87.5 88.6 1.2 91.6 90.4 �1.3 11,000 11,700 6.0 4800 5000 4.0

Table 2

PTPVT system design parameters [26,27,30,31].

Parameter Symbol Value Unit

Concentrator aperture area Aap 12.0 m2

Absorber area Aabs 0.6 m2

PV layer area APV 1.2 m2

Concentration ratio CRPV 10 e

Receiver side length Srec 0.06 m

Fluid channel diameter df 0.03 m

Fluid specific heat Cf 4187 J/kg K

Fluid flow rate _mf 0.15 kg/s

PV thermal conductivity KPV 50 W/m2

Absorber thermal conductivity Kabs 205 W/m2

Substrate thermal conductivity Ksub 250 W/m2

Absorber absorptance aabs 0.90 e

Concentrator absorptance aconc 0.03 e

PV absorptance aPV 0.97 e

Absorber emissivity εabs 0.20 e

Concentrator emissivity εconc 0.30 e

PV emissivity εPV 0.20 e

IAM electrical coefficient b0;elec 0.28 e

IAM thermal coefficient b0;th 0.14 e

Table 3

PTPVT system boundary conditions [26].

Parameter Symbol Value Unit

Fluid inlet temperature Tf ;in 70 oC

Sky temperature Tsky 25 oC

Ambient temperature Tamb 25 oC

Air velocity Va 5 m/s

Total radiation Itot 1000 W/m2

Beam radiation Ibeam 800 W/m2

Incident angle q 0 deg
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the thermal efficiency. When Reynolds number increased from
1000 to 2300, the thermal efficiency decreased rapidly from 65.10%
to 59.69% respectively. After that, it continued to decrease slightly
with the increase in Reynolds number where it decreased from
58.11% to 56.88% when Reynolds number augments from 4000 to
10,000 respectively. This means that the thermal efficiency
decreased by 8.31% in the laminar flow and by 2.12% in the turbu-
lent flow. On the other hand, the electrical efficiency strictly
augmented from 15.74% to 21.76% when Reynolds number
increased from 1000 to 2300 respectively. Then, the mitigation in
electrical efficiency continued in a slowmanner where it decreased
from 23.51% to 24.87% when Reynolds number increased from
4000 to 10,000. Therefore, the electrical efficiency increased by
38.25% and 5.78% in the laminar and turbulent flow respectively.
Hence, the electrical and thermal efficiencies are affected by Rey-
nolds number in the laminar flow more than the turbulent flow.
However, it is noticeable that the minimum total efficiency, which
is the summation of the electrical and thermal efficiencies, is ach-
ieved at the lowest value of Reynolds number (1000) which is equal
to 80.8%, while the maximumvalue is achieved at highest Reynolds
number (10,000) which is about 81.8%. this reveals that the
augmentation in Reynolds number increases the system total
efficiency.

Fig. 5 (b) below shows the variation of system temperatures as
function of Reynolds number. It is obvious that as Reynolds number
increase, all system temperatures decrease. When Reynolds num-
ber increases from 1000 to 2300, the outlet temperature, substrate
temperature, absorber temperature and PV temperature alleviate
strictly from 281.36 �C, 282.59 �C, 282.78 �C and
287.33 �Ce154.26 �C, 155.47 �C, 155.66 �C and 159.78 �C respec-
tively which means that the percentage decrease in the laminar
flow is 45.17%, 44.98%, 44.95% and 44.39% respectively. However, in
the turbulent region (Reynolds between 4000 and 10,000), the
outlet temperature, substrate temperature, absorber temperature
and PV temperature mitigate by about 24.49%, 24.30%, 24.26% and
23.55%. In spite the fact that the Reynolds number has more impact
on the system temperature in the laminar flow than the turbulent
flow, the percentage decrease in the system temperature in the
turbulent flow still significant.

Fig. 6 (a) below presents the variation of electrical and thermal
efficiency as function of receiver side length. It is clear that the
electrical and thermal efficiencies are highly affected by the vari-
ation of the receiver side length. When the receiver side length
increases from 0.03m to 0.2m the electric efficiencymitigates from
23.24% to 20.81%, while the thermal efficiency increases from 47.1%

Fig. 5. (a) Variation of electrical and thermal efficiency as function of Reynolds

number. (b) Variation of system temperatures as function of Reynolds number.

Fig. 6. (a) Variation of electrical and thermal efficiency as function of receiver side

length. (b) Variation of system temperatures as function of receiver side length.
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to 63.62%. Hence, increasing the receiver side length by about 7
times leads to mitigation in electric efficiency by about 10.5% while
augmentation of thermal efficiency by 35% from its initial value. It
can be observed that the minimum total efficiency of the system is
70.3% which is obtained when receiver side length is equal to
0.02 m, while the maximum value is 84.4% which is achieved at
higher receiver side length (0.2 m). Therefore, the increase in the
receiver side length raises the total efficiency of the system.

Fig. 6 (b) above presents the variation of system temperatures as
function of receiver side length. As receiver side length increased
from 0.04 m to 0.2 m, the outlet temperature, substrate tempera-
ture and absorber temperature augmented from 77.4 �C, 78.6 �C
and 78.8 �Ce79.7 �C, 80.5 �C and 80.7 �C respectively. While PV
temperature decreased from 83.9 �C to 81.2 �C when receiver side
length increased from 0.04 m to 0.13 m, then it slightly started to
increase till it reached 81.6 �C for 0.2 m receiver side length.

It is obvious that the increase in the receiver side length has a
vital influence since it affects the area of absorber and PV cell as
well as the concentration ratio. The increase in the receiver side
length lessens the concentration ratio which leads to decrease the
radiative flow on PV cells and hence decrease in PV temperature.
Furthermore, it is well known that the decrease in PV temperature

causes mitigation in the electric efficiency which is not shown in
Fig. 8 (b). This is due to the fact that the electric efficiency is also
affected by the concentration ratio based on equation (3). Thus, the
decrease in the electric efficiency is due to the lessening in the
concentration ratio which has more significant effect over the PV
temperature. On the other side, the thermal efficiency increases
more noticeably than the decrease in the electric efficiency. This
can be explained by the decrease in the electrical efficiency which
raises the amount of heat exploited for thermal transformation, and
the increase in the absorber area which augments the amount of
utilized solar energy.

Fig. 7 (a) below shows the variation of electrical and thermal
efficiency as function of receiver tube length. When the length is
1 m, the electrical efficiency is 25.21% and it increases to 25.46%
when the length increases to 4 m. Then, with the increase in the
length, the electric efficiency lessens reaching 24.97% at length of
20 m. However, the thermal efficiency is 56.58% when the length is
1 m and it mitigates to 56.35% when the length extends to 4 m.
After that, the thermal energy increases as length increases till it
achieves 56.79% at length of 20 m. This reveals that as receiver tube
length is increased by fivefold (4 me20 m), the electric efficiency
alleviates slightly by about 2% and the thermal efficiency increases

Fig. 7. (a) Variation of electrical and thermal efficiency as function of receiver tube

length. (b) Variation of system temperatures as function of receiver tube length.

Fig. 8. (a) Variation of electrical and thermal efficiency as function of absorber

thickness. (b) Variation of system temperatures as function of absorber thickness.
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negligibly by approximately 0.78%.
Fig. 7 (b) above presents the variation of system temperatures as

function of receiver tube length. When the length increases from
1 m to 4 m, the outlet temperature raises while all other system
temperatures mitigates slightly and after that they start to increase
with increasing length. At length of 4 m, the outlet temperature,
substrate temperature, absorber temperature and PV temperature
are 73.45 �C, 77.15 �C, 77.35 �C and 81.2 �C respectively. When the
length is increased by five times (20 m), the outlet temperature,
substrate temperature, absorber temperature and PV temperature
increase significantly by about 19%, 13.4%, 13.4% and 12.8%
respectively.

In spite the fact that as the length increases the losses increase,
the amount of absorbed heat by the fluid exceeds the amount of
losses which leads to increase its temperature. Hence, all system
temperatures and thermal efficiency will increase. However, the
slight increase is due to the increase in the aperture area when the
length increases. Also, the temperature of PV cell increases with the
increase in the length since PV area increases, this leads to the
decrease in the electric efficiency of PV cell. Nevertheless, the
change in the thermal and electrical efficiencies can be considered
negligible.

Fig. 8 (a) below presents the variation of electrical and thermal
efficiency as function of absorber thickness. It is obvious that the

absorber thickness has no influence on the electrical and thermal
efficiencies where both remain constant (25.34% and 56.46%
respectively) with the increase in the absorber thickness from
0.02 m to 0.2 m.

Fig. 8 (b) above presents the variation of system temperatures as
function of absorber thickness. As the absorber thickness augments
from 0.02m to 0.2m the outlet temperature, substrate temperature
and PV temperature remain constant at 78.64 �C, 79.7 �C and
83.76 �C respectively, while the absorber temperature increases
slightly by about 1.1% (from 79.86 �C to 80.75 �C).

4.2. Closure

The summary of the results obtained from the conducted
parametric analysis are illustrated in Table 4. The table shows the
variation of the outlet temperature, electrical power and thermal
rate, in addition to electrical, thermal and total efficiencies when
varying the four studied parameters (Reynolds number, receiver
side length, receiver tube length and absorber thickness).

Figs. 9e11 represents the maximum and minimum values of
thermal, electrical and total efficiencies that are achieved when
varying the different influencing parameters: Reynolds number,
receiver side length, receiver tube length and absorber thickness. At
maximum Reynolds number (10,000), the thermal efficiency is

Table 4

Summary of the main results obtained from the parametric analysis.

Parameter Range Outlet temperature (�C) Electrical power (W) Heat rate (W) Electrical efficiency Thermal efficiency Total efficiency

Reynolds number 1000e10,000 281.4 to 88.5 1511.5 to 2387.8 6249.3 to 5460.7 15.7 to 24.9 65.1 to 56.9 80.8 to 81.8

Receiver tube length 0.03e0.2 m 70.9 to 87.4 242.1 to 4794.4 543.1 to 10904.4 25.2 to 25.0 56.6 to 56.8 81.8 to 81.7

Receiver side length 1e20 m 77.2 to 79.7 2230.8 to 1997.8 4521.0 to 6107.6 23.2 to 20.8 47.1 to 63.6 70.3 to 84.4

Absorber thickness 0.02e0.22 m Constant at 78.6 Constant at 2432.6 Constant at 5420.3 Constant at 25.3 Constant at 56.5 Constant at 81.8

Fig. 9. Maximum and minimum thermal efficiency for the different studied parameters.
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minimum while the electrical and total efficiencies are maximum.
But it is clear that the influence of Reynold number is negligible on
the total efficiency. On the other hand, at maximum value of
receiver side length (0.2 m) and receiver tube length (20 m), the

electrical efficiency is minimum while the thermal and total effi-
ciencies are maximum. However, the receiver side length has a
significant influence on all efficiencies of the system while the
impact of receiver tube length is negligible. Moreover, the thermal,

Fig. 10. Maximum and minimum electrical efficiency for the different studied parameters.

Fig. 11. Maximum and minimum total efficiency for the different studied parameters.
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electrical and total efficiencies of the system are not affected by the
variation of the absorber thickness. Therefore, the target of the
system decides the variation of the parameters, in which if the aim
is to maximize the heat output, the system must operate at low
Reynolds number andmaximum receiver side length. Nevertheless,
if the desire is to maximize the electrical power generated, the
system must operate at high Reynolds number and minimum
receiver side length. However, if the target of the system is to obtain
high total efficiency, the receiver side length must be maximized.

5. Conclusions and recommendations

The parametric study conducted in this work on Parabolic
trough Photovoltaic/Thermal hybrid system reveals that the in-
crease in the Reynolds number from 1000 to 10,000 leads to
decrease in thermal efficiency from 65.10% to 56.88% and
augmentation in the electrical efficiency from 15.74% to 24.87%.
Moreover, it was obtained that in the laminar flow the electrical
efficiency increases by 38.25% and the thermal efficiency decreases
by 8.31%, while in the turbulent flow, the electrical efficiency
augments by 5.78% and the thermal efficiency alleviate by 2.12%.
This means that Reynolds number has influence on both effi-
ciencies in the laminar region more than turbulent region. How-
ever, the electric efficiency decreases by 10.5% (from 23.24% to
20.81%) and the thermal efficiency increases by 35% (from 47.1% to
63.62%) when the receiver side length increases from 0.03 m to
0.2 m, which shows the significance of this parameter. Further-
more, when the receiver tube length increases from 4 m to 20 m it
slightly affects the electric efficiency which lessens from 25.46% to
24.97%, and the thermal efficiency which raises from 56.35% to
56.79%. Hence, the electrical efficiency is lowered by 2% from its
initial value, and the thermal efficiency increases by 0.78% which
can be considered negligible. Furthermore, the augmentation of the
absorber thickness from 0.02 m to 0.2 m has no impact on both
efficiencies of the system where the thermal and the electrical ef-
ficiencies remain constant at 56.46% and 25.34% respectively.

By studying the effect of four parameters on the performance of
PVTPT system, it was obtained that Reynold number and receiver
side length have significant influence in contrast to receiver tube
length and absorber thickness which has negligible effect on the
system performance. Since Reynolds number and receiver side
length have opposite effects, for applications that aim to maximize
the electric efficiency, Reynolds number must be maximized (the
fluid flow rate must be augmented) and/or receiver side length
must be minimized. On the other hand, if enhancing the thermal
efficiency is the goal of some applications, the receiver side length
and must be maximized and Reynolds number must be minimized.
However, if the aim is to obtain maximum total efficiency of the
system the receiver side length must be increased.
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Chapitre 3 

Système hybride photovoltaïque/thermique à concentrateur 

parabolique : modélisation thermique, études de cas et études 

économiques et environmentales 

Dans ce chapitre, le système PTPVT qui est étudié au chapitre 2 est repris en appliquant des études 

de cas dans trois pays de climats différents : le Liban (climat méditerranéen), la France (climat 

modéré) et les Emirats Arabes Unis (climat chaud) afin d’étudier les performances thermiques et 

électriques du système. En outre, des analyses environnementales et économiques sont effectuées 

pour chaque pays afin d'évaluer le coût économisé, la période de retour sur investissement et la 

réduction des émissions de CO2 lors de l'utilisation du système proposé dans les trois pays. 

Cette étude comprend, dans la section 1, une introduction à l'énergie solaire et aux systèmes 

solaires hybrides en général et au système PTPVT en particulier. La section 2 décrit la structure 

et le mode de fonctionnement du système considéré. La section 3 présente la modélisation 

thermique suggérée du système PTPVT, la procédure d'itération et la validation. La section 4 est 

consacrée à des études de cas permettant de comparer les performances du système dans trois pays 

(Liban, France et EAU) de climats différents. La section 5 comprend une analyse économique et 

environnementale. Enfin, la section 6 présente les conclusions du travail. 
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La température de sortie maximale obtenue est de 95,0°C au Liban en juillet avec une température 

d'entrée d'eau de 32,1°C, de 53,8°C en France en août avec une température d'entrée d'eau de 

23,5°C et de 91,0°C aux EAU en juin avec une température d'entrée d'eau de 33,9°C. Par ailleurs, 

les rendements thermiques et électriques les plus élevés obtenus sont respectivement de 50,7% en 

août et 27,5% en janvier au Liban, 50,8% en juin et 27,9% en décembre en France et 51,1% en 

juillet et 25,9% en janvier aux EAU. 

Les résultats de l'étude de cas révèlent que les principaux paramètres qui affectent les performances 

du système sont le rayonnement total et de faisceau (Direct Normal Insolation) et la température 

d'entrée du fluide. Il a été obtenu que la température de sortie la plus élevée atteinte parmi les trois 

cas est de 95°C au Liban, tandis que le rendement thermique le plus élevé est atteint aux EAU 

(51,1%) et le rendement électrique le plus élevé est de 27,9% en France. 

En outre, les résultats montrent que le système proposé, qui coûte 28 400 dollars, nécessite environ 

1,4 ans pour compenser son surcoût au Liban, 1,6 ans en France et 1,7 ans aux EAU. En outre, la 

réduction des émissions de CO2 lors de l'exploitation du système PTPVT est de 72,9 tonnes, 5,1 

tonnes et 71,1 tonnes pour les cas du Liban, de la France et des EAU respectivement. 

Cette étude est acceptée dans la revue "Renewable Energy Focus".

174



Système hybride photovoltaïque / thermique à concentrateur parabolique : 

modélisation thermique, études de cas et analyse économique et 

environnementale 

Cet article est accepté pour« Renewable Energy Focus »

Résumé - Ce travail concerne une nouvelle modélisation thermique pour un système hybride 

photovoltaïque / thermique à concentrateur parabolique (PTPVT) ainsi que des études de cas. Une 

nouvelle modélisation thermique utilisant l'analogie de la résistance est menée sur le système, 

comparée et validée par rapport aux travaux antérieurs. Des études de cas sont réalisées sur trois 

pays de climats différents que sont le Liban (climat méditerranéen), la France (climat modéré) et 

les Emirats Arabes Unis (climat chaud) afin d'étudier les performances électriques et thermiques 

du système. Les résultats révèlent que la température de sortie la plus élevée atteinte parmi les trois 

cas est de 95°C au Liban, tandis que le rendement thermique le plus élevé est atteint aux EAU 

(51,1%) et le rendement électrique le plus élevé est de 27,9% en France. Par ailleurs, des analyses 

environnementales et économiques sont menées pour chaque pays afin d'éclairer l'importance du 

système étudié. On observe que la durée d’amortissement au Liban, en France et aux Émirats 

arabes unis est de 1,4 ans, 1,6 ans et 1,7 ans respectivement, tandis que le montant annuel des 

réductions des émissions de dioxyde de carbone est de 72,9 tonnes, 5,1 tonnes et 71,1 tonnes 

respectivement. 
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Abstract. This work concerns a new thermal modeling for parabolic trough photovoltaic/thermal 
hybrid system along with case studies. A new thermal modeling using resistance analogy is 
conducted on the system, compared and validated against previous works. Case studies are 
performed on three countries of different climates which are Lebanon (Mild climate), France 
(Cold climate) and United Arab Emirates (warm climate) in order to study the electrical and 
thermal performance of the system. Results reveal that the highest achieved outlet temperature 
among the three cases is 95oC in Lebanon, while the highest thermal efficiency is attained in 
United Arab Emirates (51.1%), and the highest electrical efficiency is 27.9% in France. Besides, 
environmental and economic analyses are carried out for each country to shed light on the 
significance of the studied system. It is observed that the payback period in Lebanon, France and 
United Arab Emirates is 1.4 years, 1.6 years and 1.7 years respectively, while the annual amount 
of alleviated carbon dioxide emissions is 72.9 tons, 5.1 tons and 71.1 tons respectively.  

 

Keywords: Parabolic Trough, Photovoltaic, Hybrid System, Thermal Modeling, Case studies.  

 

1. Introduction  

For decades the world has been witnessing several critical problems in the level of energy 
domain. These problems are summarized by the depletion of fossil fuel accompanied by the 
increase in electricity demand, global warming and environmental pollutions. To reduce the 
implications of these problems, scientists and technicians started to investigate renewable energy 
sources that are abundantly available and sound environmentally. Indeed, renewable energy 
sources are mainly utilized in the form of solar energy [1–8], wind energy [9,10], geothermal 
[11,12] and biomass [13,14].  

Solar energy is certainly the most potential renewable energy sources which provides a huge 
amount of solar radiations to the Earth [15], each year the Earth receives approximately 1015Wh, 
more than 8,000 times the annual global energy consumption. Hence, it is the ideal solution for 
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compensating the worldwide energy deficiency in a renewable, clean and sustainable way. Solar 
energy can be harnessed by photovoltaic technology (PV) to generate electricity for driving 
numerous applications, or by solar thermal collector (STC) to produce heat energy that could be 
utilized for numerous applications such as heating water, heating/cooling space, refrigeration, 
cooking, drying, etc.  

Indeed, the combination of STC with PV is a significant enhancement that allows to increase the 
benefit of exploiting solar energy [16]. This improvement can be illustrated in 
photovoltaic/thermal collector (PVT) which consists of a STC and a PV layer covering its 
absorber. Hence, PVT merges the role of STC and PV cells by generating heat and electric 
energy simultaneously. Besides, it serves in cooling the PV cells by the cooling fluid and thus 
improves the electrical production and cell stability.  

Figure 1 illustrates the combination of PV and parabolic trough collector (PTC) for simultaneous 
electricity and heat production. Parabolic Trough Photovoltaic/Thermal (PTPVT) hybrid system 
is one of the most important systems which integrates PV cells to the receiver of PTC. Numerous 
researches [17–20] are conducted on this system to study and assess the electrical and/or thermal 
performance of hybrid solar PTPVT system.  

Calise and Vanoli [21] developed mathematical model on a newly suggested PTPVT system. 
The authors carried out parametric study to investigate the impact of side length of the receiver, 
tube length and diameter, aperture length, and area specific thermal resistance of the absorber. It 
was observed that the augmentation in tube diameter and length alleviates the overall system 
performance. Besides, the thermal efficiency increases with the increase in the receiver side 
length and decreases with the increase in the absorber area specific thermal resistance the 
aperture length, while the electrical efficiency evolution is the opposite. Similarly, Calise et al. 
[22] presented a finite-volume model for the same system which aims to evaluate the 
thermodynamic and electrical parameters through the axis of the proposed system.  

Otanicar et al. [23] designed, constructed and tested a secondary optical stage which can be 
combined with an existing PT architecture. The authors conducted an optical model which uses 
ray tracing and validated it by experimental testing that utilizes photographic technique to assure 
the flux distribution. Besides, they implemented a thermal and electrical model to estimate the 
performance, temperature and levelized cost of electricity (LCOE) of the system. Moreover, the 
authors constructed the prototype of the system and carried out experimental setup to evaluate 
the optical performance and electrical efficiency of the suggested design. It was obtained that the 
cells attained an average cell efficiency of 21% at operating temperatures between 55 and 120 
°C. The LCOE calculations estimated the system to have a potential below 7¢/kWh and 
13¢/kWh based on the predicted efficiencies and the measured values at cell costs of 5$/cm2 

respectively. 

Bellos and Tzivanidis [24] studied PVT concentrating collector with parabolic reflector 
operating with pure thermal oil and nano-fluid (Syltherm 800/CuO with 5% volumetric 
concentration). The authors performed the simulation using SolidWorks Flow Simulation to 
conduct thermal, optical and flow analysis. It was concluded that utilization of nano-fluid 
promotes the thermal and electrical performance of the system for all cases including distinct 
flow rates and inlet temperatures. It was also obtained that the electrical, thermal total and exergy 
efficiencies augmented by 5.17%, 1.66%, 2.08% and 3.05% respectively when the inlet 
temperature and flow rate were 100°C and 540L/h respectively.  
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Bernardo et al. [25] established a simulation to evaluate the performance of PTPVT collector by 
comparing the system with side-by-side PV modules and flat plate. It was shown that the studied 
hybrid system has electrical and optical efficiency of 6.4% and 45% respectively.  

Widyolar et al. [26] designed, fabricated and tested hybrid solar PTPVT system. The PV cells 
used are single junction Gallium Arsenide (GaAs). The experimental results revealed that the 
maximum temperature attained was 365°C, the thermal efficiency was about 37% and the 
electrical efficiency of GaAs cells was 8%.  

Karathanassis et al. [27] predicted the long-term performance of PTPVT system by conducting a 
dynamic model on the studied system. An exergy analysis was performed to evaluate the effect 
of sun components of the system on its exergy efficiency and output. The results revealed that 
rising the optical quality and electrical efficiency to value of 0.75 and 0.25 respectively, lead to 
augmentation in the exergy efficiency from 12% to 24%. Also, Karathanassis et al. [28] 
designed, manufactured and assessed the performance of a parabolic trough concentrating PVT 
system. The experimental analysis of the system prototype showed an overall efficiency of 50% 
in which the thermal efficiency was 44% and the electrical efficiency was 6%.  

Besides, Yazdanifard et al. [29] modeled and simulated a PT concentrating PVT system. The 
authors investigated the impact of several geometrical parameters such as pipe diameter and 
length as well as concentration ratio on the behavior of the system in turbulent and laminar 
flows. The obtained results revealed a decrease in the overall energy efficiency by approximately 
9.33% and 1.09% in the laminar and turbulent regimes respectively, and an increase in the 
overall exergy efficiency by about 33.5% in the laminar regime and 10.37% in the turbulent 
regime, when raising the pipe length from 0.5 to 5 m, while the raise in the diameter of the pipe 
has a negligible influence on the system performance.  

Moreover, Del Col et al. [30] conducted an experimental investigation to demonstrate the electric 
and thermal performance of a PT concentrating PVT system existing in Padova (Italy). It was 
observed that the overall efficiency of the system reached about 65% with 23% and 42% for 
electric and thermal efficiencies, respectively. 

Li et al. [31] developed experimental and theoretical calculations to evaluate the performance of 
solar cell array of trough concentrating photovoltaic thermal system. Experimental tests were 
performed to investigate the optimum concentration ratio for single crystalline silicon PV cell, 
super cells and GaAs PV cells. It was concluded that the triple junction GaAs cell can operate 
better at higher concentration ratio; whereas for single silicon cell and super cell, the best 
concentration ratio were 4.23 and 8.46 respectively.  
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Figure1. Combination of PV and PTC for simultaneous electricity and heat production. 

The main conclusion of the literature review exposed above is that PTPVT hybrid systems are 
trending systems that depend heavily on a wide variety of parameters and weather conditions. 
However, it is clear that few are the studies that conduct thermal modeling on such system which 
saves time in implementing case studies or parametric analyses and analyzing the system 
performance. Besides, rare are the studies which include case studies on such system which aims 
to optimize the system performance by investigating the effect of various parameters and 
weather conditions. Furthermore, economic and environmental analysis for countries of different 
climates are not implemented on PTPVT system.  

Therefore, such systems with the impact of several parameters on their performance require more 
researches and studies to be conducted. Relying on this context, this paper is devoted to conduct 
a new thermal modeling of PTPVT to investigate the performance of the system. Case studies are 
performed on Mediterranean, mild and warm climate countries which are respectively Lebanon, 
France and United Arab Emirates (UAE) to compare the efficiency and the effect of this system 
in each country. The modeling is simulated with MATLAB software to perform the case studies. 
The originality of this work is summarized as follows: 

1) This work proposes a new appropriate thermal modeling of PTPVT that facilitates 
performing case studies with low computational time.  

2) It offers a beneficial modeling and case studies for PTPVT community. This avail 
appears when utilizing the conducted thermal model in studies that aim to enhance 
PTPVT performance. It also provides the potential to investigate the impact of wide 
variety of parameters and weather conditions on the system performance, especially when 
studying the feasibility of the new concepts.  

3) It presents a significant material in which PTPVT system performance is analyzed by 
conducting a suitable thermal modeling and performing case studies.  

4) It provides useful economic and environmental analyzes of the PTPVT system 
performance for three different weather conditions: Mediterranean, mild and warm 
climate countries which are respectively Lebanon, France and UAE. 

Section 2 of the paper describes the PTPVT structure and mode of operation. Section 3 presents 
the PTPVT system new thermal modeling, iteration procedure and validation. Section 4 is 
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devoted for case studies to compare the performance of the system in three countries (Lebanon, 
France and UAE) of different climates. Section 5 includes economic and environmental analysis. 
Finally, section 6 demonstrates the conclusions of this work.  

 

Nomenclature  

A Area [𝑚2] 𝑏0 curve coefficient  
C Cost  
Cp  Specific heat at constant pressure [J/KgK] 
CR concentration ratio 

d  Diameter [m] 
E Energy [Wh]  
h Convection heat transfer coefficient [W/𝑚2K] 
I  Solar radiation [W/𝑚2] 
IAM incident angle modifier 

K Thermal conductivity [W/mK] 
L Receiver tube length [m] 𝑚̇ Mass flow rate [Kg/s] 
M Mass [Kg] 
MS Money saved [$] 

N  Number 
NTU Number of transfer unit 
PBP  Payback period [year] 

Pr Prandtl number 
q Heat flow rate [W] 
R Thermal resistance [K/w] 
Re Reynolds number 
S  Receiver side length [m] 
T Temperature [C] 
t  Thickness [m] 
V Velocity [m/s] 

 

Abbreviations  

CO2 Carbon dioxide  
GaAs Gallium arsenide 
PTC Parabolic trough collector 
PTPVT Parabolic trough photovoltaic/thermal collector  
PV Photovoltaic  
PVT photovoltaic/thermal collector 
STC solar thermal collector 
UAE  United Arabian Emirates  
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Subscript 

1kWh one killo watt hour 
a  Ambient 
abs absorber 
ap  Aperture 
b beam  
conc concentrator 
cond conduction  
conv convection 
d days 
EH Electric heater 
elec electric 
f fluid  
h,w heat water 
hr  hours  
HX Heat exchanger 
opt Optical  
rad radiation 
rec  receiver 
S Saved 
sub substrate 
th  thermal  
tot total  
yr  years 

 

Greek symbols  

  ∈ Heat transfer effectiveness  
ε Emissivity  
Ө Incident angle  𝜎 Stephan-Botzmann constant 𝝰 Absorptance 𝝶 Efficiency  
 

2. Structure and mode of operation  

The considered PTPVT system is similar in structure to the conventional (PTC) in which it is 
composed of parabolic sheet of reflective material, supporting structure, tracking system, and a 
thermal absorber tube that is placed at the reflective parabola focus (Fig. 2). However, the PTC 
thermal absorber is made up of a metal glazed tube which contains the working fluid, while that 
of the studied PTPVT is a triangular shaped receiver that is made up of PV cells and thermal 
absorber. The PV cells used in this system are InGaP/InGaAs/Ge triple-junction PV cells that are 
efficient (and has low sensitivity to the fluctuations of the operating temperatures. The PV layers 
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are located at the triangle two sides that are encountering the parabolic concentrator, while the 
thermal absorber are situated on the triangular receiver top side. Hence, the thermal absorber 
(triangular receiver top side) is capable to absorb the direct and the diffuse radiation contrary to 
the PV layer which can only absorb the direct beam radiation reflected from the parabolic 
concentrator. In addition, the triangular receiver comprises a circular fluid channel where the 
working fluid (fluid to be heated) flows inside it. In this system, the adopted working fluid is 
water. Furthermore, between the triangular receiver (thermal absorber and PV cells) and the fluid 
channel, a metallic substrate is equipped to enhance the conductive heat transfer.  

 

Figure 2. Structure of the studied PTPVT system. 

When the parabolic concentrators receives solar radiation it reflects the direct beam radiation to 
the facing sides of the receiver which includes the PV modules that in their turn act as thermal 
absorber. Meanwhile, the thermal absorber which is located at the top side of the receiver 
absorbs solar radiation. Therefore, thermal energy is produced by the PV layer and the thermal 
absorber and electrical energy is generated by the PV layer. The generated electrical energy can 
be utilized to drive various applications while the produced thermal energy is exploited to heat 
the fluid passing through the tube.  

 

3. Thermal modeling and iterative process  
3.1- Thermal modeling  

The thermal modeling of the aforementioned PTPVT system relies on energy balance of several 
control volumes that takes into account all components of the system. The model is established 
by relying on several assumptions including steady state, negligible kinetic and potential 
energies, thermodynamic equilibrium, uniform concentration of solar radiation along the PV 
layer, negligible temperature gradients in the PV cells (due to its small thickness) and in the 
metallic substrate (due to its high thermal conductivity).  
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It is significant to note that the proposed thermal modeling doesn’t assume steady state thermal 
behavior since the solar intensity and ambient temperature are variable. Indeed, it adopts the 
steady state part of the thermal behavior in which the variation of the solar radiation and ambient 
temperature are negligible and when implementing quasi-stationary annual simulations. This 
concern is beneficial particularly when conducting case studies or parametric analyses.  

Also, it is assumed that the sky temperature, ambient temperature and water inlet temperature are 
uniform [21,29,32]. Figure 3 illustrates the thermal resistance at each part of the system.   

 

Figure 3. Thermal resistance at each part of the system where the unknown temperatures are shown in 

red. 

The first considered control volume includes the absorber, the PV layer and the fluid tube. The 
energy balance for this control volume is shown in equation (1):  𝑞𝑠𝑜𝑙𝑎𝑟,𝑃𝑉 − 𝑃𝑒𝑙𝑒𝑐,𝑃𝑉 − 𝑞𝑐𝑜𝑛𝑣,𝑃𝑉 − 𝑞𝑟𝑎𝑑,𝑃𝑉 + 𝑞𝑠𝑜𝑙𝑎𝑟,𝑎𝑏𝑠 − 𝑞𝑐𝑜𝑛𝑣,𝑎𝑏𝑠 − 𝑞𝑟𝑎𝑑,𝑎𝑏𝑠 = 𝑞𝑓 (1)  

where 𝑞𝑠𝑜𝑙𝑎𝑟,𝑃𝑉 and 𝑞𝑠𝑜𝑙𝑎𝑟,𝑎𝑏𝑠 are the available solar irradiation which is directed towards the PV 
layer and thermal absorber respectively. 𝑃𝑒𝑙𝑒𝑐,𝑃𝑉 is the generated electric power by PV layer. 𝑞𝑐𝑜𝑛𝑣,𝑃𝑉 and 𝑞𝑐𝑜𝑛𝑣,𝑎𝑏𝑠 are respectively the PV layer and thermal absorber convective heat losses. 𝑞𝑟𝑎𝑑,𝑃𝑉 and 𝑞𝑟𝑎𝑑,𝑎𝑏𝑠 are respectively the PV layer and thermal absorber radiative heat losses.  

The directed solar irradiation towards PV layer [21] is: 𝑞𝑠𝑜𝑙𝑎𝑟,𝑃𝑉 = 𝐼𝑏 𝐴𝑃𝑉 𝐶𝑅𝑃𝑉 𝜂𝑜𝑝𝑡 𝐼𝐴𝑀𝑡ℎ  𝛼𝑃𝑉 (2)  

where 𝐼𝑏 is the direct beam radiation,  𝐴𝑃𝑉 is the PV layer area,  𝐶𝑅𝑃𝑉 is the concentration ratio 
which is the ratio of the concentrator aperture area (𝐴𝑎𝑝) to the PV layer area ( 𝐴𝑃𝑉) [21],  𝜂𝑜𝑝𝑡 is 
the PV layer optical efficiency, 𝛼𝑃𝑉 is the absorptance of PV layer, 𝐼𝐴𝑀𝑡ℎis the thermal incident 
angle modifier which is computed based on the experimental data presented by [25,33], it is 
function of the incident angle (𝜃) whether it is less than or greater than 60, and the thermal IAM 
curve coefficient (𝑏0,𝑡ℎ) which is equal to 0.14 [25].  
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 𝐶𝑅𝑃𝑉 = 𝐴𝑎𝑝𝐴𝑃𝑉 
(3)  

where 𝐴𝑎𝑝 is the aperture area.  𝐼𝐴𝑀𝑡ℎ = 1 − 𝑏0,𝑡ℎ ( 1𝑐𝑜𝑠𝜃 − 1)   If 𝜃 < 60° 𝐼𝐴𝑀𝑡ℎ = [1 − 𝑏0,𝑡ℎ ( 1𝑐𝑜𝑠𝜃 − 1)] (1 − 𝜃−6030 )  If 𝜃 ≥ 60° 

(4)  

where 𝑏0,𝑡ℎ is the 𝐼𝐴𝑀𝑡ℎ curve coefficient and 𝜃 is the angle of incidence.  𝑃𝑒𝑙𝑒𝑐,𝑃𝑉 = 𝐼𝑏 𝐴𝑃𝑉  𝐶𝑅𝑃𝑉 𝜂𝑜𝑝𝑡 𝐼𝐴𝑀𝑒𝑙𝑒𝑐 𝜂𝑃𝑉 (5)  

where 𝐼𝐴𝑀𝑒𝑙𝑒𝑐 is the electrical incident angle modifier which is calculated based on the 
experimental data presented by [25,33], it is function of the incident angle (𝜃) whether it is less 
than or greater than 60, and the electrical IAM curve coefficient (𝑏0,𝑒𝑙𝑒𝑐) which is equal to 0.28 
[25]. 𝜂𝑃𝑉 is the efficiency of PV layer which is function of the concentration ratio ( 𝐶𝑅𝑃𝑉) and 
the PV layer temperature (𝑇𝑃𝑉) [31,34].  𝐼𝐴𝑀𝑒𝑙𝑒𝑐 = 1 − 𝑏0,𝑒𝑙𝑒𝑐 ( 1𝑐𝑜𝑠𝜃 − 1)   If 𝜃 < 60° 𝐼𝐴𝑀𝑒𝑙𝑒𝑐 = [1 − 𝑏0,𝑒𝑙𝑒𝑐 ( 1𝑐𝑜𝑠𝜃 − 1)] (1 − 𝜃−6030 ) If 𝜃 ≥ 60° 

(6)  

where 𝑏0,𝑒𝑙𝑒𝑐 is the 𝐼𝐴𝑀𝑒𝑙𝑒𝑐 curve coefficient. 𝜂𝑃𝑉 = 0.298 + 0.0142 ln(𝐶𝑅𝑃𝑉) + [−0.000715 + 0.0000697 ln(𝐶𝑅𝑃𝑉)](𝑇𝑃𝑉 − 298) (7)  
The PV layer convective heat loss is: 𝑞𝑐𝑜𝑛𝑣,𝑃𝑉 = 𝑇𝑃𝑉 − 𝑇𝑎𝑅𝑐𝑜𝑛𝑣,𝑃𝑉  

(8)  

with 𝑅𝑐𝑜𝑛𝑣,𝑃𝑉 = 1ℎ𝑃𝑉𝐴𝑃𝑉 
(9)  

where 𝑇𝑎 is the ambient temperature, 𝑅𝑐𝑜𝑛𝑣,𝑃𝑉 is the PV convection thermal resistance [35] and ℎ𝑃𝑉 is the PV convective heat transfer coefficient. By assuming a forced convection, in which 
the wind velocity ranges between 4-5 m/s, ℎ𝑃𝑉 can be computed by the below correlation [35]:  𝑁𝑢𝑓 = 0.664 𝑃𝑟𝑓13𝑅𝑒𝑓12 

(10) 

where 𝑁𝑢𝑓is the Nusselt number of the fluid, 𝑅𝑒𝑓 is the Reynolds number of the fluid and 𝑃𝑟𝑓 is 
the Prandtl number. 

The PV radiative heat losses [35] is: 𝑞𝑟𝑎𝑑,𝑃𝑉 = 𝜀𝑃𝑉𝜎𝐴𝑃𝑉 (𝑇𝑃𝑉4 − 𝑇𝑐𝑜𝑛𝑐4 ) (11) 
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where 𝜀𝑃𝑉 is the emissivity of PV layer, 𝜎 is the Stephan-Botzmann constant, 𝑇𝑐𝑜𝑛𝑐 is the 
concentrator temperature.  

The directed solar irradiation towards the thermal absorber [21] is: 𝑞𝑠𝑜𝑙𝑎𝑟,𝑎𝑏𝑠 = 𝐼𝑡𝑜𝑡 𝐴𝑎𝑏𝑠 𝛼𝑎𝑏𝑠 (12) 

where 𝐼𝑡𝑜𝑡 is the total radiation,  𝐴𝑎𝑏𝑠 is the area of the thermal absorber and 𝛼𝑎𝑏𝑠 is its 
absorptance.  

The thermal absorber convective heat losses [35] is: 𝑞𝑐𝑜𝑛𝑣,𝑎𝑏𝑠 = 𝑇𝑎𝑏𝑠 − 𝑇𝑎𝑅𝑐𝑜𝑛𝑣,𝑎𝑏𝑠  
(13) 

where 𝑇𝑎𝑏𝑠 is the absorber temperature and 𝑅𝑐𝑜𝑛𝑣,𝑎𝑏𝑠 is the thermal absorber convection thermal 
resistance. 𝑅𝑐𝑜𝑛𝑣,𝑎𝑏𝑠 = 1ℎ𝑎𝑏𝑠𝐴𝑎𝑏𝑠 

(14) 

where ℎ𝑎𝑏𝑠 is the convective heat transfer coefficient of the absorber which is computed using 
correlation in equation (10).   

The PV layer and thermal absorber radiative heat losses is: 𝑞𝑟𝑎𝑑,𝑎𝑏𝑠 = 𝜀𝑎𝑏𝑠𝜎𝐴𝑎𝑏𝑠 (𝑇𝑎𝑏𝑠4 − 𝑇𝑠𝑘𝑦4 ) (15) 

where 𝜀𝑎𝑏𝑠 is the absorber emissivity and 𝑇𝑠𝑘𝑦 is the sky temperature.  

Applying energy balance on the fluid results the following equation: 𝑞𝑓 =  𝑚̇𝑓𝐶𝑝,𝑓(𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛) (16) 

where 𝑚̇𝑓  is the mass flow rate of the fluid, 𝐶𝑝,𝑓  is its specific heat and 𝑇𝑓,𝑜𝑢𝑡 and 𝑇𝑓,𝑖𝑛 are the 
its outlet and inlet temperatures respectively. 

The thermal absorber and the substrate represents the second control volume. Its energy balance 
is presented in equation (17).  𝑞𝑠𝑜𝑙𝑎𝑟,𝑎𝑏𝑠 − 𝑞𝑐𝑜𝑛𝑣,𝑎𝑏𝑠 − 𝑞𝑟𝑎𝑑,𝑎𝑏𝑠= 𝑞𝑐𝑜𝑛𝑑,𝑎𝑏𝑠−𝑠𝑢𝑏 (17) 

where 𝑞𝑐𝑜𝑛𝑑,𝑎𝑏𝑠−𝑠𝑢𝑏 is the heat loss by conduction between the substrate and the thermal 
absorber. 𝑞𝑐𝑜𝑛𝑑,𝑎𝑏𝑠−𝑠𝑢𝑏 = 𝑇𝑎𝑏𝑠 − 𝑇𝑠𝑢𝑏𝑅𝑐𝑜𝑛𝑑,𝑎𝑏𝑠 + 𝑅𝑐𝑜𝑛𝑑,𝑠𝑢𝑏 

(18) 

where 𝑅𝑐𝑜𝑛𝑑,𝑎𝑏𝑠 and 𝑅𝑐𝑜𝑛𝑑,𝑠𝑢𝑏 are respectively the absorber and the substrate conductive thermal 
resistances.  
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𝑅𝑐𝑜𝑛𝑑,𝑎𝑏𝑠 = 𝑡𝑎𝑏𝑠𝐾𝑎𝑏𝑠. 𝐴𝑎𝑏𝑠 
(19) 

and 𝑅𝑐𝑜𝑛𝑑,𝑠𝑢𝑏 = 𝑡𝑠𝑢𝑏𝐾𝑠𝑢𝑏 . 𝐴𝑠𝑢𝑏 
(20) 

where  𝑡𝑎𝑏𝑠, 𝑡𝑠𝑢𝑏 , 𝐾𝑎𝑏𝑠 and 𝐾𝑠𝑢𝑏 are thicknesses and thermal conductivities of the absorber and 
the substrate, respectively.  

The energy balance of the control volume containing the substrate and the fluid channel is shown 
in equation (21).  𝑞𝑐𝑜𝑛𝑑,𝑃𝑉−𝑠𝑢𝑏 + 𝑞𝑐𝑜𝑛𝑑,𝑎𝑏𝑠−𝑠𝑢𝑏 = 𝑞𝑓 (21) 

where 𝑞𝑐𝑜𝑛𝑑,𝑃𝑉−𝑠𝑢𝑏 is the heat loss by conduction between the metallic substrate and PV layer. 𝑞𝑐𝑜𝑛𝑑,𝑃𝑉−𝑠𝑢𝑏 = 𝑇𝑃𝑉 − 𝑇𝑠𝑢𝑏𝑅𝑐𝑜𝑛𝑑,𝑃𝑉 + 𝑅𝑐𝑜𝑛𝑑,𝑠𝑢𝑏 
(22) 

where 𝑅𝑐𝑜𝑛𝑑,𝑃𝑉 is the PV layer conductive thermal resistance.  𝑅𝑐𝑜𝑛𝑑,𝑃𝑉 = 𝑡𝑃𝑉𝐾𝑃𝑉. 𝐴𝑃𝑉 
(23) 

where 𝑡𝑃𝑉 and 𝐾𝑃𝑉 are respectively the PV layer thickness and thermal conductivity.  

Equation (24) presents the applied energy balance on the concentrator:  𝑞𝑠𝑜𝑙𝑎𝑟,𝑐𝑜𝑛𝑐 + 𝑞𝑟𝑎𝑑,𝑃𝑉 = 𝑞𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑓𝑟𝑜𝑛𝑡 + 𝑞𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑏𝑎𝑐𝑘 + 𝑞𝑟𝑎𝑑,𝑐𝑜𝑛𝑐 (24) 

where 𝑞𝑠𝑜𝑙𝑎𝑟,𝑐𝑜𝑛𝑐 is the directed solar radiation towards the concentrator. 𝑞𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑓𝑟𝑜𝑛𝑡 and 𝑞𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑏𝑎𝑐𝑘 are respectively the concentrator front and back convective heat losses and 𝑞𝑟𝑎𝑑,𝑐𝑜𝑛𝑐 is the concentrator radiative heat losses.  

The parabolic concentrator available solar radiation [21] is: 𝑞𝑠𝑜𝑙𝑎𝑟,𝑐𝑜𝑛𝑐 = 𝐼𝑡𝑜𝑡 𝐴𝑐𝑜𝑛𝑐 𝛼𝑐𝑜𝑛𝑐 (25) 

where  𝐴𝑐𝑜𝑛𝑐 and 𝛼𝑐𝑜𝑛𝑐 are the area and absorptance of the concentrator respectively.  

The concentrator front and back convective heat losses are presented in the following equations 
[35]: 𝑞𝑐𝑜𝑛,𝑐𝑜𝑛𝑐,𝑓𝑟𝑜𝑛𝑡 = 𝐴𝑐𝑜𝑛𝑐ℎ𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑓𝑟𝑜𝑛𝑡(𝑇𝑐𝑜𝑛𝑐 − 𝑇𝑎) (26) 
and 𝑞𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑏𝑎𝑐𝑘 = 𝐴𝑐𝑜𝑛𝑐ℎ𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑏𝑎𝑐𝑘(𝑇𝑐𝑜𝑛𝑐 − 𝑇𝑎) (27) 

where ℎ𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑓𝑟𝑜𝑛𝑡 and ℎ𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑏𝑎𝑐𝑘 are the convective heat transfer coefficient from the 
front and back of the concentrator, respectively.  
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The radiative heat losses from the concentrator is: 𝑞𝑟𝑎𝑑,𝑐𝑜𝑛𝑐 =  𝜀𝑐𝑜𝑛𝑐𝜎𝐴𝑐𝑜𝑛𝑐 (𝑇𝑐𝑜𝑛𝑐4 − 𝑇𝑠𝑘𝑦4 ) (28) 

where  𝜀𝑐𝑜𝑛𝑐 is the emissivity of the concentrator.  

Equation (29) represents the energy balance applied on the control volume including the metallic 
substrate and the fluid tube in which it is treated as heat exchanger.  𝑚̇𝑓 𝐶𝑝,𝑓(𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛) = ∈ 𝑚̇𝑓 𝐶𝑝,𝑓(𝑇𝑠𝑢𝑏 − 𝑇𝑓,𝑖𝑛) (29) 

where ∈ is the effectiveness of heat transfer which can be computed using NTU number [21]: ∈  = 1 - 𝑒−𝑁𝑇𝑈 (30) 
and 

𝑁𝑇𝑈 =  
11ℎ𝑓 +  𝑅𝑠𝑢𝑏  𝐴𝐻𝑋
𝑚̇𝑓 𝐶𝑝,𝑓  

(31) 

where  𝐴𝐻𝑋 is the heat exchanger area and ℎ𝑓 is the heat transfer coefficient of the fluid, it can be 
calculated by the following correlation [35]: 𝑁𝑢𝑓= 0.023 𝑅𝑒𝑓45 𝑃𝑟𝑓25 

(32) 

The system electrical and thermal efficiencies are:  𝜂𝑒𝑙𝑒𝑐 = 𝑃𝑒𝑙𝑒𝑐,𝑃𝑉𝐼𝑏 𝐴𝑎𝑝  
(33) 

where 𝜂𝑒𝑙𝑒𝑐 is the electrical efficiency 𝜂𝑡ℎ = 𝑞𝑓𝐼𝑏 𝐴𝑎𝑝 (34) 

where 𝜂𝑡ℎ is the thermal efficiency. 

In this work, an economic and environmental analyses are conducted to estimate the amount of 
saved money, payback period and the amount of CO2 emissions mitigated when utilizing the 
suggested system in Lebanon, France and UAE.  

In order to estimate the money saved by the system, the total power saved should be calculated. 
This total power is the summation of the electric power generated by PV layer and the equivalent 
power required of the thermal heat gained by water.  𝑃𝑠𝑡𝑜𝑡 = 𝑃𝑒𝑙𝑒𝑐,𝑃𝑉 + 𝑃ℎ,𝑤 (35) 
where 𝑃𝑠𝑡𝑜𝑡 is the total power saved and 𝑃ℎ,𝑤  is the equivalent power required to heat water. This 
equivalent power is estimated using the following equation: 
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𝑃ℎ,𝑤 = 𝑞𝑓𝜂𝐸𝐻  (36) 

where 𝜂𝐸𝐻 is the electric heater efficiency.  

The total energy saved 𝐸𝑠𝑡𝑜𝑡 is estimated by the following equation which takes into 
consideration the average number of day light hours and number of days of each month. 𝐸𝑠𝑡𝑜𝑡 = 𝑃𝑠𝑡𝑜𝑡 . 𝑁𝑑  . 𝑁ℎ𝑟 (37) 
where 𝑁𝑑 is the number of days per month and 𝑁ℎ𝑟 is the number of day light hours for each 
month.   

The money saved, 𝑀𝑆, is estimated by multiplying the total energy saved by the price of one 
kilo-watt hour for each country as shown in equation (38).  𝑀𝑆 = 𝐸𝑠𝑡𝑜𝑡 .  𝐶1𝑘𝑊ℎ (38) 

where 𝐶1𝑘𝑊ℎ is the cost of 1 kWh.  

Finally the payback period 𝑃𝐵𝑃 is estimated by the cost of the parabolic trough photovoltaic 
thermal system 𝐶𝑃𝑇𝑃𝑉𝑇 over the annual money saved 𝑀𝑆𝑦𝑟 . 𝑃𝐵𝑃 = 𝐶𝑃𝑇𝑃𝑉𝑇𝑀𝑆𝑦𝑟  

(39) 

Regarding the environmental study, the amount of carbon dioxide emissions reduced 𝑀𝐶𝑜2𝑟𝑒𝑑 is 
estimated by the following equation. 𝑀𝐶𝑜2𝑟𝑒𝑑 = 𝐸𝑠𝑡𝑜𝑡.  𝑀𝐶𝑜21𝑘𝑊ℎ (40) 

where 𝑀𝐶𝑜21𝑘𝑊ℎ is the mass of carbon dioxide produced in order to generate one kilowatt hour.  

 

3.2- Iterative process  

Using this thermal modeling and the given boundary conditions (mass flow rate and inlet 
temperature of the fluid, direct beam radiation and total radiation, incident angle, ambient and 
sky temperatures), a system of five equations, Eq. (1), (17), (21), (24), (29) and five unknowns is 
formed. The five unknowns are the temperatures of the outlet fluid, PV layer, metallic substrate, 
concentrator and the thermal absorber. An iteration can be performed in order to compute these 
five unknowns. Figure 4 illustrates a schematic of the procedure of the iteration that is conducted 
to find the five aforementioned unknowns.  
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Figure 4. Simulation procedure of thermal modeling.  

 

First, assume the value of the temperature of PV layer (𝑇𝑃𝑉). Using equation (24) the 
concentrator temperature (𝑇𝑐𝑜𝑛𝑐) can be computed. After that, a system of three equations, Eq. 
(1), (17), (29) and three unknowns can be utilized to calculate the temperature of the thermal 
absorber (𝑇𝑎𝑏𝑠), temperature of the metallic substrate (𝑇𝑠𝑢𝑏) and the fluid outlet temperature 
(𝑇𝑓,𝑜𝑢𝑡). Then, we compute the value of 𝑇𝑃𝑉 using the formula of equation (21) and compare it 
with the assumed value. If the two values differ, several iterations must be performed to reach 
the same value.  

3.3- Validation  

The new conducted thermal modeling described above is compared with previous works from 
the literature in order to show its validation. The system of this work and the system investigated  
by [21] and [25] are similar. The design parameters shown in table 1 [21] are used for model 
validation. 

Table 1. Design parameters for model validation [21]. 

Parameter  Symbol Value Unit 

Concentrator aperture area  𝐴𝑎𝑝 12.0 m2 

Absorber area  𝐴𝑎𝑏𝑠 0.6 m2 

PV layer area  𝐴𝑃𝑉 1.2 m2 

Concentration ratio   𝐶𝑅𝑃𝑉 10 - 

Receiver side length  𝑆𝑟𝑒𝑐 0.06 m 

Fluid channel diameter  𝑑𝑓 0.03 m 

Fluid specific heat  𝐶𝑃,𝑓 4183 J/kg K 

Fluid flow rate  𝑚̇𝑓 0.15 kg/s 

PV thermal conductivity  𝐾𝑃𝑉 50 W/m2 

Absorber thermal conductivity 𝐾𝑎𝑏𝑠 205 W/m2
 

Substrate thermal conductivity 𝐾𝑠𝑢𝑏  250 W/m2
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Table 2 presents the boundary conditions adopted in the validation process which are similar to 
that utilized in [21]. It comprise the incident angle, air velocity, sky and ambient temperature, 
beam and total incident radiation as well as the fluid inlet temperature. 

Table 2. Boundary conditions [21]. 

Parameter Symbol Value  Unit 

Incident angle  𝜃 0 deg 
Air velocity  𝑉𝑎𝑖𝑟 5 m/s 
Sky temperature  𝑇𝑠𝑘𝑦 25 oC 
Ambient temperature  𝑇𝑎 25 oC 
Total radiation 𝐼𝑡𝑜𝑡 1000 W/m2 

Beam radiation 𝐼𝑏 800 W/m2 
Fluid inlet temperature  𝑇𝑓,𝑖𝑛 70 oC 

Table 3 presents the system temperatures obtained by the conducted thermal model and data 
from [21]. It is obvious that the model is validated with maximum deviation of 3.4% on 𝑇𝑎𝑏𝑠 and 
0.8% on 𝑇𝑓,𝑜𝑢𝑡. This reveals that the conducted thermal modeling is validated.  

Table 3. Obtained system temperatures by the conducted thermal model and data from [21]. 

Parameter  Calculated  From [21] Deviation  𝑇𝑓,𝑜𝑢𝑡 (°C) 78.64 79.30 0.80% 𝑇𝑃𝑉 (°C) 83.75 82.30 -1.76% 𝑇𝑎𝑏𝑠 (°C) 79.90 82.70 3.40% 𝑇𝑠𝑢𝑏 (°C) 79.70 80.50 0.99% 

 

4. Case studies and discussions 

In this section, the thermal model and the iteration procedure described above is implemented 
using MATLAB software to investigate the thermal and electrical behavior of the considered 
system. Hence several case studies are conducted on Lebanon, France and UAE countries which 
have distinct climate regions (Mediterranean, mild and warm respectively) to compare the 
performance of the PTPVT system as function of climate. Table 4 elucidates the design 
parameters of PTPVT system.  

Table 4. Design parameters of PTPVT system. 

Absorber absorptance  𝛼𝑎𝑏𝑠 0.90 - 

Concentrator absorptance  𝛼𝑐𝑜𝑛𝑐  0.03 - 

PV absorptance 𝛼𝑃𝑉 0.97 - 

Absorber emissivity  𝜀𝑎𝑏𝑠 0.20 - 

Concentrator emissivity  𝜀𝑐𝑜𝑛𝑐 0.30 - 

PV emissivity  𝜀𝑃𝑉 0.20 - 

IAM electrical coefficient  𝑏0,𝑒𝑙𝑒𝑐  0.28 - 

IAM thermal coefficient  𝑏0,𝑡ℎ 0.14 - 

Parameter  Symbol Value Unit 

PV layer area  𝐴𝑃𝑉 6 m2 
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Tables 5, 6 and 7 illustrate the boundary conditions for Lebanon (Baalbek), France (Angers) and 
UAE (Abu Dhabi) respectively. The boundary conditions include the ambient temperature, sky 
temperature and fluid inlet temperature which are assumed to be equal as well as the total and 
beam incident radiations.  

Table 5. Boundary conditions for Lebanon (Baalbek) [36].  

Month Ta (°C) Tsky (°C)  Tf,in (°C)  Itot (W/m2) Ib (W/m2) 

January  8.85 8.85 8.85 578.67 374.75 

February 10.86 10.86 10.86 592.09 355.42 
March 14.76 14.76 14.76 815.48 544.63 
April 19.74 19.74 19.74 905.33 636.32 
May 24.23 24.23 24.23 957.88 714.83 
June 29.19 29.19 29.19 1045.08 856.56 
July 32.13 32.13 32.13 1044.82 865.96 

August  32.02 32.02 32.02 1042.33 853.44 
September 28 28 28 1016.43 814.77 
October 22.58 22.58 22.58 928.72 695.96 

November 15.45 15.45 15.45 814.74 591.26 
December  10.51 10.51 10.51 694.15 482.1 

Table 6. Boundary conditions for France (Angers) [36].  

Month Ta (°C)  Tsky (°C) Tf,in (°C) Itot (W/m2) Ib (W/m2) 

January  7.77 7.77 7.77 356.45 225.15 

February 8.53 8.53 8.53 472.85 299.33 
March 11.83 11.83 11.83 580.6 361.21 
April 15.33 15.33 15.33 679.57 432.82 
May 18.07 18.07 18.07 644.11 356.06 
June 21.66 21.66 21.66 670.98 383.1 
July 23.89 23.89 23.89 695.56 408.63 

August  23.45 23.45 23.45 697.95 417.09 
September 21.32 21.32 21.32 676.25 436.14 
October 16.9 16.9 16.9 525.64 331.23 

November 11.63 11.63 11.63 448.42 299.01 
December  7.81 7.81 7.81 434.85 297.97 

Table 7. Boundary conditions for UAE (Abu Dhabi) [36]. 

Month Ta (°C) Tsky (°C) Tf,in (°C) Itot (W/m2) Ib (W/m2) 

Absorber area  𝐴𝑎𝑏𝑠 3 m2 

Concentrator aperture area  𝐴𝑎𝑝 60 m2 

Receiver side length  𝑆𝑟𝑒𝑐 0.1 m 

Fluid tube diameter  𝑑𝑓 0.06 m 

Fluid flow rate  𝑚̇𝑓 0.1 kg/s 

Receiver tube length L 30 m 
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January 19.98 19.98 19.98 926.43 665.77 

February 21.4 21.4 21.4 993.59 726.6 
March 23.78 23.78 23.78 986.9 715.99 
April 27.16 27.16 27.16 977.22 709.64 
May 31.85 31.85 31.85 1011.83 759.85 
June 33.86 33.86 33.86 1024.29 783.7 
July 35.34 35.34 35.34 978.46 682.92 

August 36.21 36.21 36.21 991 714.57 
September 34.24 34.24 34.24 1025.79 774.07 
October 31.17 31.17 31.17 1042.88 810.04 

November 27.35 27.35 27.35 979.59 731.89 
December 22.91 22.91 22.91 931.47 672.13 

 

Using the above shown thermal model, system design parameters and the boundary conditions 
for each country, three case studies are conducted to investigate the performance of the 
suggested system with respect to the climate change (beam and total radiation and water inlet 
temperature vary from country to another). 

Figures 5, 6 and 7 present the system temperatures for Lebanon, France and UAE respectively.   

 

Figure 5. System temperatures for Lebanon. 
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Figure 6. System temperatures for France.  

 

 

Figure 7. System temperatures for UAE.  

It is clear that the temperatures of PV cell, absorber, substrate and fluid outlet are close to each 
other. This is due to the fact that heat is transferred by conduction and the thermal resistance of 
each component of the system is low. Besides, the fluid outlet temperatures are relatively high 
compared to the fluid inlet temperature. The average increase of fluid outlet temperature per 
month is about 46.8oC, 25.4 oC, and 52.9 oC for Lebanon, France and UAE respectively. The 
average of fluid outlet temperature augmentation during spring and summer seasons for 
Lebanon, France and UAE is 57.2 oC, 28.5 oC and 54.2 oC respectively, while during autumn and 
winter it is 36.3 oC, 22.4 oC and 50.5 oC respectively. The average increase in the temperature in 
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spring and summer is greater than in autumn and winter since the total and beam radiation in 
spring and summer are relatively higher than that in autumn and winter.  

Furthermore, it is shown that the maximum outlet temperature obtained is 95.0oC in Lebanon 
during July where the water inlet temperature is 32.1°C, 53.8°C in France during August where 
the water inlet temperature is 23.5°C, and 91.0°C in UAE during June where the water inlet 
temperature is 33.9°C. This can be explained by the highest beam radiation and ambient 
temperature attained during July in Lebanon with relatively high total radiation. However, in 
France the highest total radiation is during August with relatively high beam radiation and 
ambient temperature. For UAE, a relatively high total and beam radiation and ambient 
temperature are attained during June.  

On the other side, the minimum outlet temperature achieved is during January in Lebanon, 
France and UAE (35.5°C , 23.6°C and 68.0°C respectively) where the inlet water temperature is 
8.9°C, 7.8°C and 20.0°C respectively. The lowest outlet temperature is due to the fact that the 
lowest ambient temperature, total and beam radiation are obtained in the three countries during 
January.  

Figure 8 shows the achieved water outlet temperature during each month in the three countries. It 
is obvious that the climate has a significant influence on the obtained water temperature where 
the main parameters are the beam radiation, total radiation and the water inlet temperature which 
is affected by the ambient temperature.   

 

Figure 8. Fluid outlet temperature for Lebanon, France and UAE.  

Hence, France which has the lowest values of these parameters achieved the lowest water 
temperature in contrast to UAE which attains the highest results. While Lebanon which has 
relatively moderate climate achieved outlet water temperature lower than UAE and higher than 
France. However, there is exception during June, July and August where Lebanon achieves water 
outlet temperature higher than that obtained in UAE. This is due to the higher total and beam 
radiation obtained in Lebanon during these three months in comparison to UAE.  
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Figure 9 (a) presents the thermal efficiency for Lebanon, France and UAE as function of month. 
The highest thermal efficiency achieved is during August in Lebanon (50.7%), during June in 
France (50.8%) and during July in UAE (51.1%), while the lowest thermal efficiency attained is 
during January in Lebanon (49.5%) and UAE (50.2%) and during December in France (48.9%). 
 

  
(a) (b) 

Figure 9. (a) Thermal efficiency for Lebanon, France and UAE. (b) Electrical efficiency for Lebanon, 

France and UAE. 

It is obvious that UAE which has relatively hot climate has the highest thermal efficiency and 
France which has relatively cold climate has the lowest thermal efficiency. However, there is 
exception during May, June, July, and August where the thermal efficiency of France is higher 
than that of UAE during May and higher than that of Lebanon and UAE during June, July and 
August. These results can be explained based on equations (16) and (34) where the thermal 
efficiency is the ratio of multiplication of mass flow rate, specific heat and temperature 
difference to the multiplication of beam incident radiation and aperture area. Since the mass flow 
rate, specific heat and aperture area are the same in the three countries, the comparison will rely 
on the ratio of temperature difference to the beam radiation. During May, the ratio of 
temperature difference to beam radiation in Lebanon, France and UAE is 0.07224, 0.07282 and 
0.07281 which explains the high thermal efficiency of France compared to Lebanon and UAE. 
During June, July and August France has the ratio higher than Lebanon and lower than UAE.  

Figure 9 (b) shows the electric efficiency for each country as function of month. The highest 
electrical efficiency achieved is during January in Lebanon (27.5%) and UAE (25.9%) and 
during December in France (27.9%). While the lowest electrical efficiency attained is during 
July in Lebanon (24.6%), during August in France (26.7%) and during June in UAE (24.8%). It 
is obvious that France has the highest electric efficiency while UAE has the lowest value. As the 
temperature increases the electric efficiency deteriorates, this is what happens in case of UAE 
where all system temperatures are the highest compared to France and Lebanon. The highest 
electric efficiencies are achieved during January and December which are the coldest months 
where the system temperatures are the lowest and the thermal efficiencies are relatively low, 
while the lowest electric efficiencies are obtained in months where system temperatures are at 
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the highest values and the thermal efficiencies are relatively high. Nevertheless, during June, 
July and August the electric efficiency attained in Lebanon is lower than that obtained in UAE 
due to the high beam and total radiation in Lebanon compared to UAE, which leads to higher 
system temperatures and thus reducing the electric efficiency of the system.   

Figures 10 (a) and (b) show the generated thermal and electrical energy respectively by each 
country as function of month. It is clear that both graphs have relatively the same trend since the 
main parameter that affect the thermal and electric powers is the beam radiation and hence the 
thermal and electric energies are affected. Furthermore, the case of France which has the lowest 
beam and total radiation generates the lowest thermal and electrical energy, while in Lebanon 
and UAE the amount of thermal and electrical energy produced depends on the month since in 
some months Lebanon has higher total and/or beam radiation than UAE. The below graphs show 
that the maximum thermal energy produced is 11.4 MWh and 6.2 MWh during July in Lebanon 
and France respectively, and 10.0 MWh during June in UAE. While the maximum generated 
electric energy by the hybrid system is 5.5 MWh and 3.2 MWh during July in Lebanon and 
France respectively, and 4.9 MWh during June in UAE. Since Lebanon attain beam radiation 
higher than UAE in some months, the maximum thermal and electrical energies in Lebanon are 
higher than that in UAE. However, UAE attain the highest annual thermal and electrical energies 
(99.2 MWh and 49.4 MWh respectively) while France generates the lowest energies (49.2 MWh 
and 26.6 MWh respectively) and Lebanon generates energies less than UAE by about 10% (88.2 
MWh and 44.9 MWh respectively).  

  
(a) (b) 

Figure 10. (a) Thermal energy for Lebanon, France and UAE. (b) Electrical energy for Lebanon, France 

and UAE. 

 

It can be concluded from the above results that the system thermal and electrical performance is 
highly influenced by the water inlet temperature which in it turn is affected by the ambient 
temperature, in addition to the beam and total radiation. Hence, climate conditions are vital 
parameters that should be taken into consideration when evaluating the performance of PTPVT 
system.  
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5. Economic and environmental analyses  

This section is devoted for presenting he results of the economic and environmental analyses in 
which the amount of saved money, payback period and the amount of CO2 emissions mitigated 
when utilizing the suggested system in Lebanon, France and UAE are estimated. Table 8 shows 
the average day light hours per month for Lebanon, France and UAE [37–39]. 

 Table 8. Average day light hours per month for Lebanon, France and UAE [37–39]. 

Month Lebanon France UAE 

Jan 10 9 11 

Feb 11 10 11 

Mar 12 12 12 

Apr 13 14 13 

May 14 15 13 

Jun 14 16 14 

Jul 14 16 14 

Aug 13 14 13 

Sep 12 13 12 

Oct 11 11 12 

Nov 10 9 11 

Dec 10 8 11 

 

The average cost of electric kWh for Lebanon, France and UAE is presented in table 9 [40].  

Table 9. Average electric kWh cost for Lebanon, France and UAE [40].  

Country Cost ($/kWh) 

Lebanon 0.133 

France 0.2 

UAE 0.1 

The cost of the system is summarized in table 10 [32,41]. It is assumed that the cost of building 
the photovoltaic thermal system is equal in the three countries.  

Table 10. Cost of the parabolic trough photovoltaic thermal system [32,41].  

PVT system components Price ($) 

PV module 6200 

Parabolic concentrator 4250 

Additional components 3450 

Tracking system 1600 

Inverter 3400 

Design and tank 9500 
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Total cost 28400 

 

Figure 11 shows the total power saved by the system each month for the three different 
countries. The maximum total power saved is achieved in Lebanon which is 45.7 kW during July 
(32.9 kW from water heating and 12.8 kW from PV module). In Lebanon, about six months the 
saved power is in a range of 40 kW, four months in the range of 30 kW and two months in the 
range of 20 kW. For France case, the maximum power saved is during September with 23.4 kW 
(16.4 kW from heating water and 7.0 kW from PV module). In addition, the range of power 
saved by the system is more than 20 kW during five months and between 12 kW and 20 kW 
during the other months. Whereas, for UAE case, the maximum power saved is during October 
with 42.9 kW (30.8 kW from heating water and 12.1 kW from PV module). The range of power 
saved is between 35 kW and 43 kW during all months.  

 

Figure 11. Total power saved each month for Lebanon, France and UAE. 

Figure 12 shows the amount of energy saved each month for the three countries. Lebanon case 
exhibits the highest amount of energy saved, is approximately 19.8 MWh during July. The 
highest energy saved in France is 11.0 MWh during July, the lowest among the three countries, 
and 17.4 MWh during June in UAE. The main parameter that affects the energy saved is the 
amount of power saved since Lebanon attains the highest values of power and energy saved 
during July compared to France and UAE. However, since UAE achieves relatively high amount 
of energy saved during all months, it saves the highest value of cumulative energy, around 17.3 
MWh. Lebanon has relatively high values of energy saved per month and saves 15.5 MWh per 
year, whereas France saves the lowest energy, 8.8 MWh, since it has relatively low values of 
energy saved during all months. 
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Figure 12. Amount of energy saved each month for Lebanon, France and UAE.  

Figure 13 shows the amount of money saved per month. The highest amount of money saved is 
2636 $/month and 2192 $/month in Lebanon and France respectively during July and 1744 
$/month in UAE during June. The annual saved money in Lebanon, France and UAE are 
approximately 20600 $, 17600 $ and 17400 $. In fact, the amount of money saved is affected by 
the energy saved and the cost of electric kWh. This explains the highest amount of annual saved 
money in Lebanon since it has relatively high cost of 1 kWh and amount of energy saved. On the 
other hand, despite the fact that UAE has the highest annual energy saved, the lowest cost of 1 
kWh made it achieve the lowest value of money saved, while for France case which  saves the 
lowest energy per year attains the intermediate value of annual money saved due to the high cost 
of 1 kWh.  
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Figure 13. Amount of money saved per month for Lebanon, France and UAE.  

Table 11 presents the annual money saved and payback period for the three countries. Lebanon 
has the lowest payback period due to two main reasons, the cost of electricity which is high and 
the high amount of energy gained by system. Whereas for UAE case, even though the annual 
amount of energy saved by the system is greater than that of Lebanon, the system requires about 
two years to return its cost since UAE has lower cost of one kilowatt hour compared to Lebanon. 
For France, it achieves high amount of saved money due to the high cost of electric kWh, it 
needs about year and a half year to return its cost, which is slightly greater than that of Lebanon. 

Table 11. Annual money saved and payback period for the three countries.  

Country 
Annual money saved  

($/year) 
Payback period  

(Years) 

Lebanon 20632 1.4 
France 17607 1.6 
UAE 17345 1.7 

According to [42–44] the amount of carbon dioxide produced to generate 1 kilowatt hour in 
Lebanon, France and UAE are 0.47 kg/kWh, 0.058 kg/kWh and 0.42 kg/kWh respectively. 
Figure 14 shows the variation of the amount of carbon dioxide emissions reduced each month for 
the three countries. 

 
Figure 14. Amount of CO2 emissions reduced each month for Lebanon, France and UAE. 

It shows a noticeable low amount of reduction in CO2 emissions in France, which mainly results 
from the low amount of CO2 generated per kilowatt hour. France relies mainly on generating 
electricity using nuclear power plants, around 75%, which makes the amount of CO2 emission 
much less compared to Lebanon and United Arab Emirates. The highest amount of CO2 gases 
mitigated is 9.3 tons during July in Lebanon and 7.2 tons during June in UAE. Regarding the 
annual decreased amount of CO2 gas, results show that in Lebanon and UAE the system 
alleviates up to 72.9 tons and 71.1 tons per year respectively.  Whereas, for France case which 
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depends mainly on energy with low greenhouse gas emissions to generate electricity, the annual 
reduction of CO2 emissions is about 5.1 tons only.  

The obtained results of the economic and environmental analyses assures the importance of 
PTPVT system in saving money and preserving environment. The payback period of the system 
is relatively low in the three countries, while the amount of mitigated CO2 emissions is 
considerably high in Lebanon and UAE while it is low in France since it uses nuclear power 
plants in generating electricity.  

6. Conclusions  

PTPVT is a hybrid solar system which amalgamates PTC with solar PV. Its main goal is to 
optimize the usage of solar energy by simultaneously generating electricity and heating water for 
various applications such as solar heating, solar cooling, residential, industry, etc. In this paper 
this cogeneration system layout and mode of operation are described. Then, a new thermal 
modeling is developed using thermal resistance analogy and applying energy balance at several 
control volumes including different parts of the system. The developed thermal modeling is 
simulated and validated against previous work from the literature and the maximum deviation 
obtained is 3.4%.  

Three case studies are conducted to demonstrate the impact of the climate on the performance of 
the system. Three countries of different climates are considered for the study Lebanon, France 
and United Arabian Emirate. The main factors that affect the system performance are the total 
and beam radiation and the fluid inlet temperature. The maximum outlet temperature obtained is 
95.0°C in Lebanon during July with 32.1°C water inlet temperature, 53.8°C in France during 
August with 23.5°C water inlet temperature and 91.0°C in UAE during June with 33.9°C water 
inlet temperature. Besides, the highest thermal and electrical efficiency obtained are respectively 
50.7%, during August, and 27.5% during January in Lebanon, 50.8%, during June, and 27.9%, 
during December, in France and 51.1% during July and 25.9% during January in UAE.  

Furthermore, an economic and environmental analysis is conducted to assess the amount of 
saved money, payback period and the amount of CO2 emissions reduced when using the 
suggested system in the three countries. The results show that the annual amount of saved money 
is about $20600, $17600 and $17400 in Lebanon, France and UAE respectively. The proposed 
system costs $28400 and it requires about 1.4 years to return its cost in Lebanon, 1.6 years in 
France and 1.7 years in UAE. Furthermore, the amount of CO2 mitigated when exploiting 
PTPVT system is 72.9 tons, 5.1 tons and 71.1 tons for Lebanon, France and UAE cases 
respectively. 

It is clear that PTPVT hybrid solar system is a vital system which has a great potential to engage 
in supplying the world energy requirements, conserving energy and alleviating greenhouse gases. 
Hence, it is worth to increase the number of studies and researches on such system in order to 
optimize it. As a future work, it is recommended to compare the performance of such system 
with the common photovoltaic thermal system. Besides, adding phase change material to the 
system and investigating its impact on the system performance is a target that should be 
achieved. Also, it is aimed to implement a prototype of the system and carry out experimental 
tests to study and compare the aforementioned systems which serves in reaching the optimum 
structure of the system.  
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Chapitre 4  

Système hybride triple photovoltaïque/thermique/thermoélectrique à 

concentrateur parabolique : modélisation thermique, études de cas, 

et analyses économiques et environnementales 

 

 

 

Dans ce chapitre, un nouveau système hybride triple PTPVT-TE (Parabolic Trough Photovoltaic / 

Thermal / Thermoelectric) est suggéré. C'est un système solaire hybride qui génère simultanément 

de l'énergie électrique par les cellules PV et des générateurs thermoélectriques, et de l'énergie 

thermique par l'absorbeur thermique, les cellules PV et les générateurs thermoélectriques. 

Cette étude consiste, dans la section 1, en une introduction générale sur les systèmes solaires 

hybrides PTPVT et sur l'intégration de générateurs thermoélectriques. Le concept de système 

PTPVT-TE est décrit dans la section 2. La modélisation thermique du système considéré est 

présentée dans la section 3. La section 4 est consacrée à la validation du modèle thermique. Les 

sections 5 et 6 présentent respectivement des études de cas et des analyses économiques et 

environnementales. Enfin, la section 7 résume les principales conclusions de ce travail. 

Le système PTPVT-TE (Figure 2) est composé d'un collecteur à concentrateur parabolique avec 

récepteur triangulaire. Les modules PV sont situés sur les deux côtés du récepteur faisant face au 

concentrateur, un absorbeur thermique se trouve sur le côté supérieur du récepteur et les TEG 

(thermoelectric generator) sont situés à l'arrière de la couche PV. À l'intérieur du récepteur 
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triangulaire, un canal circulaire est placé dans lequel le fluide à chauffer circule. De plus, un 

substrat métallique est ajouté entre le canal de fluide et le récepteur triangulaire pour améliorer la 

chaleur transférée par conduction. Cette étude applique une modélisation thermique appropriée 

avec sa procédure itérative associée et des études de cas sur trois pays de climats distincts : le 

Liban (méditerranéen), la France (modéré) et les EAU (chaud) pour étudier les performances du 

système PTPVT-TE. De plus, l'influence économique et environnementale de l'utilisation du 

système hybride est évaluée en calculant la période de retour sur investissement et la réduction des 

émissions de CO2. 

 

Figure 2 : Système hybride triple photovoltaïque/thermique/thermoélectrique à concentrateur 

parabolique étudié. 

 

Les résultats montrent que la température de sortie maximale atteinte est de 80,4°C et 46,8°C en 

juillet au Liban et en France, et de 77,7°C en août aux EAU. Par ailleurs, l'énergie électrique et 
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thermique annuelle produite par le système est de 46,5 MWh et 101,4 MWh au Liban, 27,4 MWh 

et 56,7 MWh en France et 51,1 MWh et 114,2 MWh aux EAU où 1,8 MWh, 0,8 MWh et 1,9 MWh 

sont générés à partir des TEG en Liban, France et EAU respectivement. De plus, les rendements 

électriques et thermiques les plus élevés obtenus sont de 28,5% et 58,3% au Liban, 29,0% et 58,6% 

en France, 26,9% et 58,8% aux EAU. En outre, il a été conclu que l'ajout de TEG au système 

PTPVT permet d’augmenter la puissance électrique en moyenne de 1,8%, 2,2% et 1,4% au Liban, 

en France et aux Émirats Arabes Unis respectivement tout en réduisant la puissance thermique en 

moyenne de 1,9%, 2,1% et 1,7% au Liban, en France et aux EAU respectivement.  

Le système proposé nécessite environ 2,1 ans, 2,4 ans et 2,5 ans pour compenser son surcoût au 

Liban, en France et aux Émirats Arabes Unis respectivement. De plus, l'adoption d'un tel système 

hybride permet de réduire les émissions de CO2 par an d'environ 81,4 tonnes, 5,7 tonnes et 79,5 

tonnes au Liban, en France et aux EAU respectivement. 

Cette étude est soumise pour publication dans le journal Sustainable Energy Technologies and 

Assessments. 
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Système hybride thermoélectrique photovoltaïque à concentrateur 

parabolique : modélisation thermique, études de cas et analyses économiques 

et environnementales 

 

Cet article est soumis au journal « Sustainable Energy Technologies and Assessment» 

 

Résumé - Dans ce travail, un système solaire hybride, qui consiste en un collecteur à concentrateur 

parabolique équipé d'un module photovoltaïque (PV) et de générateurs thermoélectriques (TEG), 

est étudié. L'objectif de ce travail est de développer une nouvelle modélisation thermique pour un 

système photovoltaïque / thermique / thermoélectrique à concentrateur parabolique (PTPVT-TE). 

La modélisation thermique est simulée, comparée et validée par rapport aux travaux antérieurs de 

la littérature. Des études de cas ont été menées sur trois pays aux climats différents : le Liban 

(Méditerranée), la France (modéré) et les EAU (chaud) pour étudier les performances du système. 

On observe que l'énergie totale annuelle produite par le module PV et les TEG est respectivement 

de 44,7 MWh et 1,8 MWh au Liban, 26,5 MWh et 0,8 MWh en France, 49,2 MWh et 1,9 MWh 

aux Emirats Arabes Unis. De plus, les résultats révèlent que l'intégration des TEG au système 

PTPVT conduit à augmenter la puissance électrique totale annuelle moyenne générée par le 

système d'environ 1,8% et à diminuer la puissance thermique annuelle moyenne fournie au fluide 

de 1,9%. Par ailleurs, des analyses économiques et environnementales ont été réalisées pour mettre 

en évidence l'importance significative de ce système. Il est démontré que la durée d’amortissement 

du système est de 2,1 ans, 2,4 ans et 2,5 ans et que le montant annuel des émissions de CO2 

atténuées est de 81,4 tonnes, 5,7 tonnes et 79,5 tonnes pour le Liban, la France et les EAU 

respectivement.   
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Abstract. In this work, a hybrid solar system, which consists of parabolic trough collector 
equipped with photovoltaic (PV) module and thermoelectric generators (TEGs), is studied. The 
aim of this work is to develop a new thermal modeling for parabolic trough photovoltaic 
thermoelectric (PTPVT-TE) system using thermal resistance analogy. The thermal modeling is 
simulated using MATLAB software, compared and validated against previous works from the 
literature. Case studies have been conducted on three countries of different climates: Lebanon 
(moderate), France (mild) and UAE (warm) to investigate the system performance. It is observed 
that the total annual energy generated by PV module and TEGs are 44.7 MWh and 1.8 MWh in 
Lebanon, 26.5 MWh and 0.8 MWh in France, 49.2 MWh and 1.9 MWh in UAE respectively. Also, 
the results reveal that the integration of TEGs to the PTPVT system leads to increase the average 
annual generated total electrical power by the system by about 1.8% and decrease the average 
annual heat rate delivered to the fluid by 1.9%. Furthermore, it was obtained that the PV layer 
increases the average total efficiency of the system by approximately 44.4%. Besides, economic 
and environmental analyses have been performed to expose the significant importance of this 
system. It is shown that the payback period of the system is 2.1 years, 2.4 years and 2.5 years and 
the annual amount of mitigated CO2 emissions is 81.4 tons, 5.7 tons and 79.5 tons for Lebanon, 
France and UAE respectively.  

Keywords: hybrid system, parabolic trough, photovoltaic, parabolic trough photovoltaic thermal, 
solar energy, thermal modeling, thermoelectric.  

 

Nomenclature  

A area [𝑚2] 𝑏0 curve coefficient  
C cost  
CO2 Carbon dioxide  
Cp  specific heat at constant pressure [J/KgK] 
CR concentration ratio 
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d  diameter [m] 
E energy [Wh]  
GaAs Gallium arsenide 
h convection heat transfer coefficient [W/𝑚2K] 
I  solar radiation [W/𝑚2] 
IAM incident angle modifier 
K thermal conductivity [W/mK] 
L receiver tube length [m] 𝑚̇ mass flow rate [kg/s] 
M mass [kg] 
N  number 
NTU number of transfer unit 
Nu Nusselt number 
P power [W] 
PBP  payback period [year] 
Pr Prandtl number 
PTC parabolic trough collector 
PTPVT parabolic trough photovoltaic/thermal collector  
PTPVT-TE parabolic trough photovoltaic thermoelectric   
PV photovoltaic  
PVT photovoltaic/thermal collector 
q heat flow rate [W] 
R thermal resistance [K/w] 
Re reynolds number 
S  receiver side length [m] 
SM saved money [$] 
STC solar thermal collector 
T temperature [C] 
t  thickness [m] 
TEG thermoelectric generator  
UAE  United Arabian Emirates  
V velocity [m/s] 

 

Subscript 

1kWh one killo watt hour 
a air  
abs absorber 
am  ambient 
an  annual 
ap  aperture 
AS between absorber and substrate  
b beam  
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C cold  
conc concentrator 
cond conduction  
conv convection 
d days 
dec decrease  
EH electric heater 
el electric 
f fluid  
h  hours  
H hot  
HX heat exchanger 
in  inlet  
inc increase  
opt optical  
out  outlet  
rad radiation 
rec  receiver 
red reduced  
sub substrate 
th  thermal  
WH heat water 

 

Greek symbols  

  
% percentage  ∈ heat transfer effectiveness  
ε emissivity  
Ө incident angle  𝜎 Stephan-Botzmann constant 𝝰 absorptance 𝝶 efficiency 
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1. Introduction 

The world energy consumption increased at rate of 2.9% in year 2018 which is about double its 
average increase since 10 years, which was about 1.5% per year [1]. This noticeable growth in 
energy demand is the main cause of energy depletion, continuous and rapid increase in the cost of 
energy and harmful environmental problems such as pollution and global warming. To alleviate 
the impacts of such problems, scientists started to depend on heat recovery and renewable energy 
as main solutions. Heat recovery [2–5] is defined as the reutilization of dissipated energy from 
various applications to increase the efficiency of the system. Renewable energy comprises several 
types of energy such as wind [6,7], tidal [8,9], solar [10–14], geothermal [10,15], and biomass 
[16,17].  

During the recent years, solar energy (SE) garnered a great interest by researchers due to its 
significant potential to compensate energy shortages. Various applications are derived from such 
energy in which the main purpose is to absorb solar energy and transfer it to either thermal or 
electrical energy. Furthermore, there is a notable tendency for using hybrid SE systems which 
allows the simultaneous production of thermal and electrical energy. Parabolic trough 
photovoltaic/thermal (PTPVT) system is a distinguished type of hybrid solar systems which 
combines parabolic trough solar collector (PTC) with photovoltaic modules. The initial investment 
of such systems is high compared to with alone systems. However, regardless to the expensive 
cost, they are more efficient than the individual technologies. Also, despite that there is an increase 
in the number of studies and researches on such systems, a lot of studies are required in order to 
achieve the optimized structure in which the system attains the highest thermal and electrical 
efficiencies simultaneously.  Besides, there are few manufacturers of these systems and their 
utilization is not spread as the individual technologies.  

Nevertheless, parabolic trough photovoltaic thermal system can be coupled with thermoelectric 
generators (TEGs) in order to increase the electrical conversion efficiency of the system. TEGs are 
instruments utilized to convert thermal energy into electrical energy by Seebeck effect which is 
defined by the phenomenon in which the temperature difference between the terminals of two 
distinct conductors or metals causes the generation of small induced voltage. The amalgamation 
of TEGs into the cogeneration system is a trend that is investigated and studied worldwide by 
various researchers [18–20].  

Soltani et al. [21] demonstrated the performance of tri-generation system which comprises 
parabolic trough collector, solar PV module and thermoelectric generator. A non-dimensional 
model was conducted using MATLAB software to study the influence of ambient temperature and 
solar irradiance on the system performance. It was resulted that the system electrical was enhanced 
when locating PV cells and TEGs on the lateral area of the receiver tube. It was also obtained that 
at 998 W/m2 solar concentration the electrical power generated is 22.7 W. The authors validated 
the established thermal model by comparing it with two previous researches.  

Riahi et al [22] studied the performance of PTPVT and parabolic trough photovoltaic 
thermoelectric (PTPVT-TE) systems. The authors designed, manufactured and tested the hybrid 
systems. Also, mathematical models of the systems were developed and validated to evaluate the 
thermal and electrical performance of the two systems. The results revealed that the PTPVT-TE 
system output electrical power and electrical efficiency are higher than that of the PTPVT system.  
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Shadmehri et al. [23] conducted a three-dimensional model on parabolic trough photovoltaic 
thermal system coupled with thermoelectric generators. The authors performed a numerical 
simulation and validated the model to study the effect of cooling and temperature on the 
performance of photovoltaic modules and the influence of aperture width of reflector and apex 
angle of absorber on the generated power by photovoltaic cells and the solar energy flux.  

A new system was suggested by Yin et al. [24] which integrates  PV cell and TEGs with PTC. The 
new system was compared with the existing systems regarding the energy and exergy efficiency 
as well as the operating temperature. It was shown that the proposed system has higher exergy 
efficiency compared to the existing systems.  

Mohsenzadeh et al. [25] proposed a new structure of PTPVT system in which the receiver consists 
of triangular channel surrounded by photovoltaic and thermoelectric generators. The authors 
developed an experimental investigation to study the system thermal and electrical performance. 
The results show that the system can attain a daily average thermal and electrical efficiency of 
46.16% and 4.83% respectively.  

Kohan et al. [26] investigated the performance of parabolic trough photovoltaic thermal system 
with thermoelectric generators integrated at the backside of the PV cells. To fulfill this target, the 
authors established a three-dimensional numerical models for PV and thermoelectric generators. 
Results showed that the studied hybrid system is able to produce power more than that generated 
by conventional PV system according to certain environmental conditions.  

As a summary for the previous conducted studied, the integration of TEGs to PTPVT system 
enhances its electrical performance. Also, it can be concluded that PTPVT-TE is a promising 
system which is highly affected by several parameters and weather conditions. Nevertheless, it is 
obvious that there are few studies including thermal modeling on this system that facilitates 
analyzing the performance of the system and conducting parametric analyses or case studies. 
Furthermore, scarce are the studies which investigate the effect of weather conditions and distinct 
parameters on the performance of the system by carrying out case studies. Moreover, analyzing 
the performance of PTPVT-TE system from economic and environmental views is not 
implemented.  

On the basis of this context, the main purpose of this paper is to perform case studies on three 
countries of distinct climates which are Lebanon (moderate), France (mild) and UAE (warm) to 
study the performance of PTPVT-TE system. This purpose is achieved by developing a new 
thermal modeling of the system, simulating it using MATLAB software and validating it against 
previous work. Hence, the following points summarize the originality of this work:  

1) This work proposes a novel suitable thermal modelling for PTPVT-TE system which 
facilitates performing case studies with least computational time.  

2) The importance of this work is illustrated by the implementation of thermal modeling and 
case studies which serve in analyzing the performance of PTPVT-TE system.  

3) It proffers significant modeling and case studies for PTPVT researchers. Hence, the 
conducted thermal modelling can be used in any study that aims to enhance PTPVT system 
performance by studying the effect of weather conditions in addition to distinct parameters 
as well as the effect of using TEGs on the system performance.  

4) It offers significant economic and environmental analyzes of the PTPVT-TE system 
performance. 
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The concept of the studied hybrid system is described in section 2. The thermal modeling of the 
considered system is presented in section 3. Section 4 is devoted to validating the thermal model. 
Section 5 and 6 proffer case studies and economic and environmental analyses respectively. 
Finally, section 7 summarizes the main conclusions of this work.  

2. Concept of Parabolic trough PVT-TE hybrid system  

PTPVT-TE system is generally composed of parabolic trough collector with triangular receiver. 
Figure 1 presents a schematic of PTPVT-TE system. PV modules are located on the two sides of 
the receiver opposing the concentrator, a thermal absorber is at the receiver top side and TEGs are 
located at the PV layer back side. Inside the triangular receiver, a circular channel is placed where 
the fluid to be heated passes through it. Moreover, a metallic substrate is added between the fluid 
channel and the triangular receiver to enhance heat transferred by conduction.  

 

Figure 1. PTPVT-TE system. 

This system is characterized by the simultaneous generation of electrical and thermal energy. At 
the top part of the triangular receiver, the thermal absorber absorbs the solar radiation and converts 
it into thermal energy to be delivered to the fluid inside the channel. Meanwhile, PV modules 
receives solar radiation reflected by the parabolic concentrator. The main role of PV cells is to 
transform part of the absorbed solar energy into electrical energy and the remaining part will be 
released from the back part of the PV cell. Hence, this released heat will be absorbed by the TEGs 
which in their turn transform part of it into electric energy and the remaining part will be delivered 
to the fluid inside the circular tube. Therefore, thermal energy is transferred to the fluid from two 
ways: thermal absorber and PV cell + TEGs, and the electrical energy is generated by the PV 
module and TEGs.  
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3. Thermal modeling  

In this section a thermal model of the hybrid system is established using thermal resistance analogy 
and based on several assumptions such as steady state, negligible temperature gradient in PV layer 
and metallic substrate, uniform concentration of solar radiation along PV layer, thermodynamic 
equilibrium and negligible kinetic and potential energies. Also, it is assumed that the sky 
temperature, ambient temperature and water inlet temperature are uniform [27].  

Indeed, the steady state thermal behavior is not adopted in this proposed thermal modeling due to 
the change in the ambient temperature and the solar radiation. However, the steady state part of 
the thermal behavior is considered in which the aforementioned parameters vary negligibly and 
when quasi-stationery annually simulations are conducted. This is very beneficial in establishing 
parametric analyses or case studies. The simplified models that are utilized for estimating the 
performance of concentrating PVT system allows to take into consideration a wide range of 
operational parameters especially those related to the solar concentration. However, the proposed 
thermal model with the iterative procedure is sufficiently fast and cheap compared to the higher 
dimensional models which are used in commercial software.  

Figure 2 shows a schematic of the thermal resistance of the system where the unknown parameters 
are shown in red color. There are eight unknowns in the system which are: absorber temperature 
Tabs, substrate temperature Tsub, PV temperature TPV, concentrator temperature Tconc, hot and cold 
temperatures of the TEG TH and TC respectively, fluid outlet temperature Tf,out and the temperature 
between the absorber and the substrate TAS. These unknowns can be computed using 8 equations 
which can be obtained by applying energy balance on several nodes and parts of the system.  

 

Figure 2. Thermal resistances of the system. The unknown parameters are shown in red color and the 

nodes are located in green color. 

Energy balance on node 1: 𝑞𝑠𝑜𝑙𝑎𝑟,𝑎𝑏𝑠 − 𝑞𝑐𝑜𝑛𝑣,𝑎𝑏𝑠 − 𝑞𝑟𝑎𝑑,𝑎𝑏𝑠 = 
𝑇𝑎𝑏𝑠−𝑇𝐴𝑆𝑅𝑐𝑜𝑛𝑑,𝑎𝑏𝑠  (1)  
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where 𝑞𝑠𝑜𝑙𝑎𝑟,𝑎𝑏𝑠 is the available solar irradiation directed to the thermal absorber, 𝑞𝑐𝑜𝑛𝑣,𝑎𝑏𝑠 and 𝑞𝑟𝑎𝑑,𝑎𝑏𝑠 are the heat losses from the absorber by convection and radiation respectively, 𝑇𝑎𝑏𝑠 and 𝑇𝐴𝑆 are the absorber temperature and the temperature between the absorber and substrate 
respectively, and 𝑅𝑐𝑜𝑛𝑑,𝑎𝑏𝑠 is the thermal absorber conductive thermal resistance.  

The solar irradiation oriented towards the thermal absorber is: 𝑞𝑠𝑜𝑙𝑎𝑟,𝑎𝑏𝑠 = 𝐼𝑡𝑜𝑡𝑎𝑙  𝐴𝑎𝑏𝑠 𝛼𝑎𝑏𝑠 (2)  
where 𝐼𝑡𝑜𝑡𝑎𝑙 is the total radiation,  𝐴𝑎𝑏𝑠 and 𝛼𝑎𝑏𝑠 are the area and the absorptance of the thermal 
absorber, respectively.  

The thermal absorber convective heat losses are: 𝑞𝑐𝑜𝑛𝑣,𝑎𝑏𝑠 = 𝑇𝑎𝑏𝑠 − 𝑇𝑎𝑚𝑅𝑐𝑜𝑛𝑣,𝑎𝑏𝑠  
(3)  

with 𝑅𝑐𝑜𝑛𝑣,𝑎𝑏𝑠 = 1ℎ𝑎𝑏𝑠𝐴𝑎𝑏𝑠 
(4)  

where 𝑅𝑐𝑜𝑛𝑣,𝑎𝑏𝑠 is the absorber convection thermal resistance of, 𝑇𝑎𝑚 is the ambient temperature 
and ℎ𝑎𝑏𝑠 is the convective heat transfer coefficient of absorber. ℎ𝑎𝑏𝑠 can be calculated from the 
Nusselt number, where the following correlation can be used by assuming forced convection  [28]:   𝑁𝑢 = (0.037 𝑅𝑒45 − 871) 𝑃𝑟13 

(5)  

where 𝑁𝑢, 𝑃𝑟, and 𝑅𝑒 are the Nusselt number Prandtl number, and Reynolds number of the fluid, 
respectively.  

 The thermal absorber radiative heat losses are: 𝑞𝑟𝑎𝑑,𝑎𝑏𝑠 = 𝜀𝑎𝑏𝑠𝜎𝐴𝑎𝑏𝑠 (𝑇𝑎𝑏𝑠4 − 𝑇𝑠𝑘𝑦4 ) (6)  
where 𝜀𝑎𝑏𝑠 is the absorber emissivity, 𝜎 is the Stephan-Botzmann constant and 𝑇𝑠𝑘𝑦 is the sky 
temperature.  

The conductive thermal resistance of the thermal absorber is: 𝑅𝑐𝑜𝑛𝑑,𝑎𝑏𝑠 = 𝑡𝑎𝑏𝑠𝐾𝑎𝑏𝑠 𝐴𝑎𝑏𝑠 
(7)  

where 𝐾𝑎𝑏𝑠 is the absorber thermal conductivity and 𝑡𝑎𝑏𝑠 is the absorber thicknesses. 

Energy balance on node 2: 𝑇𝑎𝑏𝑠−𝑇𝐴𝑆𝑅𝑐𝑜𝑛𝑑,𝑎𝑏𝑠  =  
𝑇𝐴𝑆−𝑇𝑠𝑢𝑏𝑅𝑐𝑜𝑛𝑑,𝑠𝑢𝑏   (8)  

where 𝑇𝑠𝑢𝑏 and 𝑅𝑐𝑜𝑛𝑑,𝑠𝑢𝑏 are the substrate temperature and conductive thermal resistance 
respectively.  

Energy balance on node 3:  𝑞𝑠𝑜𝑙𝑎𝑟,𝑃𝑉 − 𝑃𝑒𝑙,𝑃𝑉 − 𝑞𝑐𝑜𝑛𝑣,𝑃𝑉 − 𝑞𝑟𝑎𝑑,𝑃𝑉 = 
𝑇𝑃𝑉−𝑇𝐻𝑅𝑐𝑜𝑛𝑑,𝑃𝑉 (9)  
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where 𝑞𝑠𝑜𝑙𝑎𝑟,𝑃𝑉 is the available solar irradiation directed towards the PV layer,  𝑃𝑒𝑙,𝑃𝑉 is the 
electrical power produced by PV cells, 𝑞𝑐𝑜𝑛𝑣,𝑃𝑉 and 𝑞𝑟𝑎𝑑,𝑃𝑉 are the PV modules convective and 
radiative heat losses respectively, 𝑇𝑃𝑉 and 𝑇𝐻 are the PV and TEG hot side temperatures.  

The solar irradiation oriented to the PV is: 𝑞𝑠𝑜𝑙𝑎𝑟,𝑃𝑉 = 𝐼𝑏 𝐴𝑃𝑉 𝐶𝑅𝑃𝑉 𝛼𝑃𝑉 𝜂𝑜𝑝𝑡 𝐼𝐴𝑀𝑡ℎ   (10) 
where 𝐴𝑃𝑉 is the PV layer area,  𝐼𝑏 is the beam radiation, 𝜂𝑜𝑝𝑡 is the PV layer optical efficiency,  𝛼𝑃𝑉 is the PV layer absorptance, 𝐼𝐴𝑀𝑡ℎ is the thermal incident angle modifier and  𝐶𝑅𝑃𝑉 is the 
concentration ratio. 𝐼𝐴𝑀𝑡ℎ is given by [29]:  𝐼𝐴𝑀𝑡ℎ = 1 − 𝑏0,𝑡ℎ ( 1𝑐𝑜𝑠𝜃 − 1)   If 𝜃 < 60° 𝐼𝐴𝑀𝑡ℎ = [1 − 𝑏0,𝑡ℎ ( 1𝑐𝑜𝑠𝜃 − 1)] (1 − 𝜃−6030 )  If 𝜃 ≥ 60° 

(11) 

where 𝑏0,𝑡ℎ is the 𝐼𝐴𝑀𝑡ℎ curve coefficient and 𝜃 is the angle of incidence.  𝐶𝑅𝑃𝑉 is given by:  𝐶𝑅𝑃𝑉 = 𝐴𝑎𝑝𝐴𝑃𝑉 
(12) 

where 𝐴𝑎𝑝 is the aperture area. 

The generated PV cells electrical power is: 𝑃𝑒𝑙,𝑃𝑉 = 𝐼𝑏 𝐴𝑃𝑉  𝐶𝑅𝑃𝑉 𝜂𝑜𝑝𝑡 𝐼𝐴𝑀𝑒𝑙 𝜂𝑃𝑉 (13) 
where 𝜂𝑃𝑉 is the PV layer efficiency and 𝐼𝐴𝑀𝑒𝑙 is the electrical incident angle modifier. 𝜂𝑃𝑉 is 
given by [27,30–32]: 𝜂𝑃𝑉 = 0.298 + 0.0142 ln(𝐶𝑅𝑃𝑉) + [−0.000715 + 0.0000697 ln(𝐶𝑅𝑃𝑉)](𝑇𝑃𝑉 − 298) (14) 𝐼𝐴𝑀𝑒𝑙 is given by [29,33]: 𝐼𝐴𝑀𝑒𝑙 = 1 − 𝑏0,𝑒𝑙 ( 1𝑐𝑜𝑠𝜃 − 1)    If 𝜃 < 60° 𝐼𝐴𝑀𝑒𝑙 = [1 − 𝑏0,𝑒𝑙 ( 1𝑐𝑜𝑠𝜃 − 1)] (1 − 𝜃−6030 )  If 𝜃 ≥ 60° 

(15) 

where 𝑏0,𝑒𝑙 is the 𝐼𝐴𝑀𝑒𝑙 curve coefficient. 

The PV layer convective heat loss is: 𝑞𝑐𝑜𝑛𝑣,𝑃𝑉 = 𝑇𝑃𝑉 − 𝑇𝑎𝑚𝑅𝑐𝑜𝑛𝑣,𝑃𝑉  
(16) 

with 𝑅𝑐𝑜𝑛𝑣,𝑃𝑉 = 1ℎ𝑃𝑉𝐴𝑃𝑉 
(17) 

where 𝑅𝑐𝑜𝑛𝑣,𝑃𝑉 is the PV layer convection thermal resistance , ℎ𝑃𝑉 is the PV layer convective heat 
transfer coefficient which can be computed by the correlation in equation (5).  

 The PV layer radiative heat losses are: 𝑞𝑟𝑎𝑑,𝑃𝑉 = 𝜀𝑃𝑉𝜎𝐴𝑃𝑉 (𝑇𝑃𝑉4 − 𝑇𝑐𝑜𝑛𝑐4 ) (18) 
where 𝑇𝑐𝑜𝑛𝑐 is the temperature of concentrator and 𝜀𝑃𝑉 is the emissivity of PV layer.  
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The conductive thermal resistance of PV is: 𝑅𝑐𝑜𝑛𝑑,𝑃𝑉 = 𝑡𝑃𝑉𝐾𝑃𝑉 𝐴𝑃𝑉 
(19) 

Where 𝐾𝑃𝑉 and 𝑡𝑃𝑉 are the PV layer thermal conductivity and thickness, respectively.  

Energy balance on node 4: 𝑇𝑃𝑉−𝑇𝐻𝑅𝑐𝑜𝑛𝑑,𝑃𝑉 =  
𝑇𝐻−𝑇𝐶𝑅𝑇𝐸𝐺  + 𝑃𝑇𝐸𝐺  (20) 

where 𝑇𝐶 and 𝑅𝑇𝐸𝐺  are the cold temperature and thermal resistance of the TEG respectively.  𝑃𝑇𝐸𝐺  
is the power generated by TEG.  

Energy balance on node 5: 𝑇𝐻−𝑇𝐶𝑅𝑇𝐸𝐺  =  
𝑇𝐶−𝑇𝑠𝑢𝑏𝑅𝑐𝑜𝑛𝑑,𝑠𝑢𝑏 (21) 

where 𝑇𝑠𝑢𝑏 and 𝑅𝑐𝑜𝑛𝑑,𝑠𝑢𝑏 are the substrate temperature and thermal resistance respectively. The 
conductive thermal resistance of substrate is: 𝑅𝑐𝑜𝑛𝑑,𝑠𝑢𝑏 = 𝑡𝑠𝑢𝑏𝐾𝑠𝑢𝑏 𝐴𝑠𝑢𝑏 

(22) 

where 𝐾𝑠𝑢𝑏 is the substrate thermal conductivity and 𝑡𝑠𝑢𝑏 is the substrate thickness. 

Energy balance on node 6:  𝑇𝐴𝑆−𝑇𝑠𝑢𝑏𝑅𝑐𝑜𝑛𝑑,𝑠𝑢𝑏  +  
𝑇𝐶−𝑇𝑠𝑢𝑏𝑅𝑐𝑜𝑛𝑑,𝑠𝑢𝑏 = 𝑞𝑓 (23) 

where 𝑞𝑓 is the heat transferred to the fluid: 𝑞𝑓 =  𝑚̇𝑓𝐶𝑝,𝑓(𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛) (24) 

where 𝑚̇𝑓  is the mass flow rate of the fluid, 𝐶𝑝,𝑓  is the specific heat of the fluid and 𝑇𝑓,𝑜𝑢𝑡 and 𝑇𝑓,𝑖𝑛 are the outlet and inlet temperatures of the fluid, respectively. 

The energy balance on the parabolic concentrator is:  𝑞𝑠𝑜𝑙𝑎𝑟,𝑐𝑜𝑛𝑐 + 𝑞𝑟𝑎𝑑,𝑃𝑉 = 𝑞𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑓𝑟𝑜𝑛𝑡 + 𝑞𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑏𝑎𝑐𝑘 + 𝑞𝑟𝑎𝑑,𝑐𝑜𝑛𝑐 (25) 
where 𝑞𝑠𝑜𝑙𝑎𝑟,𝑐𝑜𝑛𝑐 is the solar radiation oriented towards the concentrator, 𝑞𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑓𝑟𝑜𝑛𝑡 and 𝑞𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑏𝑎𝑐𝑘 are respectively the front and back concentrator convective heat losses, and 𝑞𝑟𝑎𝑑,𝑐𝑜𝑛𝑐 is the concentrator radiative heat losses.  

The available solar radiation oriented to the concentrator is: 𝑞𝑠𝑜𝑙𝑎𝑟,𝑐𝑜𝑛𝑐 = 𝐼𝑡𝑜𝑡 𝐴𝑐𝑜𝑛𝑐 𝛼𝑐𝑜𝑛𝑐 (26) 
where  𝐴𝑐𝑜𝑛𝑐 and 𝛼𝑐𝑜𝑛𝑐 are the area and absorptance of the concentrator respectively.  

The convective heat losses from the concentrator front and back are: 𝑞𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑓𝑟𝑜𝑛𝑡 = 𝐴𝑐𝑜𝑛𝑐ℎ𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑓𝑟𝑜𝑛𝑡(𝑇𝑐𝑜𝑛𝑐 − 𝑇𝑎𝑚) (27) 
and 
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𝑞𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑏𝑎𝑐𝑘 = 𝐴𝑐𝑜𝑛𝑐ℎ𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑏𝑎𝑐𝑘(𝑇𝑐𝑜𝑛𝑐 − 𝑇𝑎𝑚) (28) 
where ℎ𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑓𝑟𝑜𝑛𝑡 and ℎ𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑐,𝑏𝑎𝑐𝑘 are the convective heat transfer coefficients of the 
concentrator from the front and back respectively.  

The concentrator radiative heat losses is: 𝑞𝑟𝑎𝑑,𝑐𝑜𝑛𝑐 =  𝜀𝑐𝑜𝑛𝑐𝜎𝐴𝑐𝑜𝑛𝑐 (𝑇𝑐𝑜𝑛𝑐4 − 𝑇𝑠𝑘𝑦4 ) (29) 
where 𝜀𝑐𝑜𝑛𝑐 is the concentrator emissivity.  

The final energy balance is performed on a control volume including the fluid channel and the 
substrate which is treated as a heat exchanger. The temperature of the metallic substrate is assumed 
to be constant due to its high thermal conductivity. 𝑚̇𝑓 𝐶𝑝,𝑓(𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛) =  𝜀𝑚̇𝑓 𝐶𝑝,𝑓(𝑇𝑠𝑢𝑏 − 𝑇𝑓,𝑖𝑛) (30) 
where 𝜀 is the heat transfer effectiveness which can be computed using NTU number: 𝜀  = 1 - 𝑒−𝑁𝑇𝑈 (31) 
and 

𝑁𝑇𝑈 =  
11ℎ𝑓 +  𝑅𝑠𝑢𝑏  𝐴𝐻𝑋
𝑚̇𝑓 𝐶𝑝,𝑓  

(32) 

where  𝐴𝐻𝑋 is the heat exchanger area and ℎ𝑓 is the heat transfer coefficient of the fluid which can 
be calculated using the following correlation: 𝑁𝑢𝑓= 0.023 𝑅𝑒𝑓45 𝑃𝑟𝑓25 

(33) 

The electrical efficiency of the system can be computed by: 𝜂𝑒𝑙 = 𝑃𝑒𝑙,𝑡𝑜𝑡𝑎𝑙𝐼𝑏 𝐴𝑎𝑝  
(34) 

where 𝜂𝑒𝑙 is the electrical efficiency and 𝑃𝑒𝑙,𝑡𝑜𝑡𝑎𝑙 is the total electrical power produced by the 
hybrid system:  𝑃𝑒𝑙,𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑒𝑙,𝑃𝑉 + 𝑃𝑇𝐸𝐺  (35) 
The thermal efficiency of the system can be computed by: 𝜂𝑡ℎ = 𝑞𝑓𝐼𝑏 𝐴𝑎𝑝 (36) 

where 𝜂𝑡ℎ is the thermal efficiency.  

Matlab software is utilized and the eight aforementioned unknowns are computed using the 
Iterative Convergence Method (ICM) which is represented in figure 3.  A three stage calculation 
will be performed. First stage, PV temperature TPV is assumed and substituted in equation (25) to 
calculate the concentrator temperature Tconc. Then, using system of six equations (1, 8, 9, 20, 21 
and 30), six unknowns will be computed which are: absorber temperature Tabs, substrate 
temperature Tsub, hot and cold temperatures of the TEG TH and TC respectively, fluid outlet 
temperature Tf,out and the temperature between the absorber and the substrate TAS. In the third stage, 
using equation (23) the PV temperature T’PV  is calculated and compared with the assumed value 
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TPV. If the assumed value is equal to the calculated one, the iterative ends; otherwise, it repeats 
itself.  

 

Figure 3. ICM Iteration procedure of the thermal modeling. 

4. Thermal model validation  

The developed thermal modeling is compared with experimental results from Mohsenzadeh et al 
[25] and numerical results from Calise and Vanoli [27] in order to be validated accurately. The 
system in [25] is similar to the studied system, however, the triangular receiver consists of 
triangular duct where the fluid flows inside it. On the top of the triangular receiver, thermal 
insulator is located while on the sides facing the concentrator TEGs and PV module are positioned. 
While the system in [27] has the same structure as the studied system but without using TEGs. 
Table 1 shows the difference in the structure of the system studied and the systems in [25] and 
[27].  

Table 1. The structure of the studied system and the systems from [25] and [27]. 

Studied system System from [25] System from [27] 
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Table 2 and 3 comprise the comparison between the obtained results of the developed thermal 
model and results of Mohsenzadeh et al [25] Calise and Vanoli [27], respectively. It is clear that 
the results are similar to the two studies since the maximum deviation is 6.6%. This indicates that 
the conducted thermal modeling is validated and it has enough accuracy and precision to be used 
in parametric analysis, case study or feasibility study.  

Table 2. Obtained system temperatures by the conducted thermal model and data from [25]. 

Parameter  Results from thermal modeling Results from [25] Deviation  𝑞𝑓 177.9 W 176.3 W -0.9% 𝑃𝑒𝑙,𝑡𝑜𝑡𝑎𝑙 20.9 W 19.6 W -6.6% 𝑇𝑃𝑉 367.9 K 363.9 -1.1% 

Table 3. Obtained system temperatures by the conducted thermal model and data from [27]. 

Parameter  Results from thermal modeling Results from [27] Deviation  𝑇𝑓,𝑜𝑢𝑡 350.85 K 352.45 K 0.45% 𝑇𝑃𝑉 355.71 K 355.45 K -0.07% 𝑇𝑎𝑏𝑠 351.95 K 355.85 K 1.10% 𝑇𝑠𝑢𝑏 351.85 K 353.65 K 0.51% 

 

5. Case studies and discussions  

This section is devoted to implement the suggested thermal model using MATLAB software in 
order to demonstrate the thermal and electrical performance of the aforementioned hybrid system. 
To fulfill this aim, case studies are conducted on Lebanon, France and United Arabian Emirate 
which have different climate weathers (moderate, mild and warm respectively) to investigate the 
effect of climate on the performance of PTPVT-TE system. Table 4 elucidates the design 
parameters of the system.  

Table 4. Design parameters of PTPVT-TE system [27,34–37]. 

Parameter  Symbol Value Unit 

Concentrator     
Concentrator aperture area  𝐴𝑎𝑝 60.0 m2 

Concentrator absorptance  𝛼𝑐𝑜𝑛𝑐  0.03 - 
Concentrator emissivity  𝜀𝑐𝑜𝑛𝑐 0.30 - 
Concentration ratio   𝐶𝑅𝑃𝑉 10 - 
Photovoltaic     
PV layer area  𝐴𝑃𝑉 6.0 m2 
PV thermal conductivity  𝐾𝑃𝑉 50 W/m2 
PV absorptance 𝛼𝑃𝑉 0.97 - 
PV emissivity  𝜀𝑃𝑉 0.20 - 
Absorber     
Absorber area  𝐴𝑎𝑏𝑠 3.0 m2 
Absorber thermal conductivity 𝐾𝑎𝑏𝑠 205 W/m2 

Absorber absorptance  𝛼𝑎𝑏𝑠 0.90 - 
Absorber emissivity  𝜀𝑎𝑏𝑠 0.20 - 
Substrate     
Substrate thermal conductivity 𝐾𝑠𝑢𝑏  250 W/m2 

TEG    
Area of 1 TEG 𝐴𝑇𝐸𝐺 0.05×0.05 m2 
TEG thermal conductivity 𝐾𝑇𝐸𝐺  1.4 W/m2 

TEG emissivity  𝜀𝑇𝐸𝐺 0.60 - 
TEG absorptance  𝛼𝑇𝐸𝐺 0.4 - 
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Table 5 illustrates the latitude and longitude of the three cities that are taken under study in the 
three aforementioned countries: Baalbek in Lebanon, Angers in France and Abu Dhabi in UAE. 

Table 5. latitude and longitude of Baalbek, Angers and Abu Dhabi [38].  

Country  City   Latitude  Longitude   
Lebanon  Baalbek 24.005 36.218 
France  Angers 47.471 0.551 
UAE Abu Dhabi 24.476 54.366 

Figures 4, 5 and 6 illustrate the boundary conditions in 2016 for Lebanon (Baalbek), France 
(Angers) and UAE (Abu Dhabi) respectively [38]. The boundary conditions include the beam and 
total incident radiation, and the ambient temperature.  

 

Figure 4. Total solar radiation for Lebanon, France and UAE [38].  

Fluid channel     
Fluid channel diameter  𝑑𝑓 0.06 m 
Fluid specific heat  𝐶𝑃,𝑓 4183 J/kg K 
Fluid flow rate  𝑚̇𝑓 0.15 kg/s 
IAM electrical coefficient  𝑏0,𝑒𝑙𝑒𝑐  0.28 - 
IAM thermal coefficient  𝑏0,𝑡ℎ 0.14 - 
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Figure 5. Beam radiation for Lebanon, France and UAE [38].  

 

Figure 6. Ambient temperature for Lebanon, France and UAE [38]. 

Figures 7, 8 and 9 present the system temperatures for Lebanon, France and UAE respectively. It 
is noticeable that the system temperatures including the fluid outlet temperature, absorber and 
substrate temperature, temperature between the absorber and substrate and the cold temperature 
side of TEG are close to each other, and the hot temperature and PV temperature are close to each 
other and greater than the other temperatures. This reveals that the heat is transmitted by 
conduction and the thermal resistance of each component of the system is low. Also, the 
temperature of PV and hot side of TEG are greater than the other system temperatures due to the 
fact that the solar radiation absorbed by the PV layer is concentrated which is greater than that 
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absorbed by the thermal absorber. The concentrator temperature is a low temperature of the system 
due to its high reflectance, and the fluid inlet temperature is the lowest temperature of the system. 

The fluid outlet temperatures are relatively high compared to the fluid inlet temperature where its 
average increase per month in Lebanon, France and UAE is approximately 35.8°C, 19.5°C and 
40.6°C respectively. Besides, it is clear that the maximum fluid outlet temperature achieved in 
Lebanon and France are obtained during July with 80.4°C and 46.8°C respectively, and 32.1°C 
and 23.9°C for inlet temperatures respectively, while in UAE the maximum fluid outlet 
temperature is reached during June with 77.7°C, and 33.9°C for water inlet temperature. This can 
be explained by the highest beam radiation and water inlet temperature and relatively high total 
radiation during July in Lebanon. In France, the highest inlet water temperature is obtained during 
July with relatively high beam and total radiations. In UAE, relatively high beam and total 
radiation and water inlet temperatures are obtained in June.  

On the other hand, the minimum outlet temperature attained is during January in Lebanon, France 
and UAE (29.2°C, 20.0°C and 56.7°C respectively) where the inlet water temperature is 8.9°C, 
7.8°C and 20.0°C respectively. This is due to the lowest beam and total radiations and water inlet 
temperature obtained during January in the three countries. Hence, the initial conditions have a 
great influence on the water outlet temperature achieved by the hybrid system.  

 

Figure 7. System temperatures for Lebanon. 
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Figure 8. System temperatures for France.  

 

 

Figure 9. System temperatures for UAE.  

Figure 10 shows the fluid outlet temperature during each month in the three countries. It is clear 
that the outlet fluid temperature is highly influenced by the climate conditions such as beam and 
total radiation as well as the ambient temperature which affects the water inlet temperature. The 
lowest water outlet temperature is observed in France which has the lowest values of these 
parameters in contrast to UAE which has the highest ones. While Lebanon obtained results lower 
than UAE and greater than France due to its moderate climate. However, the higher values of beam 
and total radiation in Lebanon compared to UAE lead to exception in the results during July and 
August for which the outlet temperature in Lebanon is higher than that of UAE.  

226



  Revised version submitted to Sustainable Energy Technologies and Assessments 

 

 

 

Figure 10. Fluid outlet temperature for Lebanon, France and UAE.  

Figure 11 presents the monthly generated energy by TEGs for Lebanon, France and UAE. The 
maximum attained energy generated by TEG is 228.2 kWh in Lebanon during July, 103.8 kWh in 
France during April and 187.2 kWh in UAE during June. While the minimum achieved value is 
64.5 kWh in Lebanon during February, 35.1 kWh in France during January and 138.0 kWh in 
UAE during December. The annual energy generated by Lebanon, France and UAE is 1806.2 
kWh, 848.1 kWh and 1893.7 kWh respectively. 

 

 

Figure 11. Energy generated by TEGs for Lebanon, France and UAE.  
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It is clear that the graph of the energy generated by TEGs has similar shape to that of beam 
radiation. This reveals that the beam radiation has a direct and significant influence on the energy 
generated by TEG. This explains the fluctuation of the amount of energy between the three 
countries, where during May to September Lebanon generates energy more than UAE and France, 
while during other months UAE attains the highest amount of energy produced. France which has 
the lowest beam radiation generates the lowest energy.  

The suggested thermal model is implemented on PTPVT system when no TEGs are utilized and 
the heat rate and electrical power generated by the system are compared with that produced by the 
considered PTPVT-TE system. The integration of TEGs to the hybrid system lead to decrease the 
heat rate transferred to the fluid and increase the electrical power generated. Equations (37) and 
(38) show the expression of the percentage decrease in the heat rate and percentage increase in the 
electrical power. %𝑑𝑒𝑐 = 𝑞𝑓𝑃𝑇𝑃𝑉𝑇 − 𝑞𝑓𝑃𝑇𝑃𝑉𝑇−𝑇𝐸𝑞𝑓𝑃𝑇𝑃𝑉𝑇  × 100 

(37) 

Where %𝑑𝑒𝑐 is the percentage decrease in the heat rate, 𝑞𝑓𝑃𝑇𝑃𝑉𝑇 and 𝑞𝑓𝑃𝑇𝑃𝑉𝑇−𝑇𝐸 are the heat rate 

from system without and with TEGs respectively.  

 %𝑖𝑛𝑐 = 𝑃𝑒𝑙,𝑡𝑜𝑡𝑎𝑙𝑃𝑇𝑃𝑉𝑇−𝑇𝐸 − 𝑃𝑒𝑙,𝑡𝑜𝑡𝑎𝑙𝑃𝑇𝑃𝑉𝑇𝑃𝑒𝑙,𝑡𝑜𝑡𝑎𝑙𝑃𝑇𝑃𝑉𝑇  × 100 
(38) 

 

Where %𝑖𝑛𝑐 is the percentage increase in the electrical power, 𝑃𝑒𝑙,𝑡𝑜𝑡𝑎𝑙𝑃𝑇𝑃𝑉𝑇 and 𝑃𝑒𝑙,𝑡𝑜𝑡𝑎𝑙𝑃𝑇𝑃𝑉𝑇−𝑇𝐸 
are the electrical power generated by system without and with TEGs respectively.  

 

Figure 12 shows the percentage decrease in the heat rate and increase in the electrical power for 
Lebanon, France and UAE when TEGs are used in PTPVT system. 

  
(a)  (b)  
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Figure 12. (a) Percentage decrease in the heat rate (b) Percentage increase in the electrical power for 

Lebanon, France and UAE when TEGs are used in PTPVT system, i.e; PTPVT-TE system compared to 

PTPVT. 

The annual average increase in the electrical power is 1.8%, 2.2% and 1.4% and the yearly average 
alleviation in the heat rate is 1.9%, 2.1% and 1.7% in Lebanon, France and UAE respectively. It 
is axiomatic that the electrical power is increased since the system is generating power by TEGs 
and PV module instead of PV module alone. While the addition of TEGs mitigated the heat rate 
due to the thermal resistance added to the system which is the thermal resistance of the TEGs. 
However, it is noticeable that there is slight effect of TEG implementation on the heat rate and 
electrical power due to the low value of the TEG thermal resistance and the temperature difference 
between hot and cold sides. Also, the addition of TEGs affects the system performance in winter 
seasons more than summer seasons. Since during summer the ambient temperature is high, and 
although the addition of TEGs will decrease the temperature of PV cells, but it will remain 
relatively high which means that the electrical and thermal performance of the system will be 
slightly affected. In contrast to the case during winter where the system temperatures are low, 
hence decreasing the temperature of PV will enhance the electrical performance and decrease the 
amount of heat transferred to the fluid and thus affect the system performance more than in 
summer.  Moreover, France which has the lowest climate conditions is affected more than Lebanon 
and UAE by the addition of TEGs to the system. In contrast, UAE which has the warmest weather 
is the least country that the system is influenced by integrating TEGs. This is due to the fact that 
the solar radiation controls the variations of parameters in the system, hence, at low solar radiation 
the parameters are affected by adding TEGs more than the case when solar radiation is high. This 
reveals that the addition of TEGs in PTPVT-TE system has more influence on its performance at 
low climate boundary conditions.    

Figure 13 shows the annual total electrical and thermal energy generated by the PTPVT-TE system 
for Lebanon, France and UAE. The annual amount of total electrical energy generated by PV and 
TEGs is 46.5 MWh, 27.4 MWh and 51.1 MWh for Lebanon, France and UAE respectively. While 
the annual thermal energy produced by the hybrid system is 101.4 MWh, 56.7 MWh and 114.2 
MWh. The results assure that the climate has a vital impact on the electrical and thermal 
performance of the considered system. UAE which has warm climate has the best system 
performance which generates the highest amount of electrical and thermal energy, Lebanon which 
has moderate climate achieves relatively good performance of the system (electrical and thermal 
energy attained in Lebanon are slightly less than that attained by UAE by about 9 and 11.2%) and 
France which has mild climate achieves the lowest system performance in which it generates 
thermal and electrical energy less than that generated by UAE by 46.4% and 50.4%. 
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Figure 13. Annual thermal and electrical energies generated by the PTPVT-TE system for Lebanon, 

France and UAE.  

Figure 14 (a) presents the variation of the thermal efficiency with respect to the month for Lebanon, 
France and UAE. The highest thermal efficiency achieved is during August in Lebanon (58.3%), 
during June in France (58.6%) and during July in UAE (58.8%), while the lowest thermal 
efficiency attained is during December in Lebanon (56.8%) and France (56.2%) and during 
January in UAE (57.7%). 
 

  

(a) (b) 

Figure 14. (a) Thermal efficiency for Lebanon, France and UAE. (b) Electrical efficiency for Lebanon, 

France and UAE. 

Indeed, since France and UAE has the coldest and warmest climate among the three countries, 
they must obtain the lowest and highest thermal efficiencies respectively. However, the thermal 
efficiency of France is higher than that of Lebanon during July and August, and even higher than 
the thermal efficiency of Lebanon and UAE during May and June. This exception can be clarified 
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by referring to equations (24) and (36) where the thermal efficiency is obtained from the ratio of 
multiplication of fluid specific heat and mass flow rate with the temperature difference to the 
multiplication of beam incident radiation and aperture area. Hence, the thermal efficiency is 
function of the ratio of temperature difference to the beam radiation since the fluid specific heat 
and mass flow rate and the aperture area are constant. Therefore, the high thermal efficiency of 
France is due to the high ratio between the water temperature difference and the beam radiation 
compared to Lebanon and UAE. To clarify, during May and June, the ratio of water temperature 
difference to beam radiation is 0.0553 and 0.0555 for Lebanon, 0.0559 and 0.0560 for France, and 
0.0558 and 0.0559 for UAE.  

Figure 14 (b) shows the electrical efficiency for each country as function of month. The highest 
electrical efficiency attained is during January in Lebanon (28.5%), France (29.0%) and UAE 
(26.9%). While the lowest electrical efficiency attained is during July in Lebanon (25.5%), during 
August in France (27.4%) and during June in UAE (25.6%). It is obvious that France exhibits the 
highest electrical efficiency while UAE has the lowest value. In fact, the rise in the temperature 
leads to deterioration in the electrical efficiency which is the case of UAE that attains the highest 
system temperatures compared to France and Lebanon. However, the electrical efficiency in 
Lebanon is the lowest among the three countries during July and August due to the fact that during 
these months Lebanon attains beam and total radiation higher than UAE. During January, the 
highest electrical efficiency is obtained in the three countries since it is the coldest month where 
the lowest system temperatures and thermal efficiency are attained. While the lowest value is 
obtained during months where the system temperatures and thermal efficiency are relatively high.  

 

Figure 15. Average total efficiency of the system with and without PV for Lebanon, France and UAE.  

Figure 15 presents the average total efficiency of the system with and without PV layer. It is 
obvious that the PV has a significant effect on the system total efficiency. To clarify, the total 
efficiency of the system without PV is 58.7%, 58.3% and 59.3% in Lebanon, France and UAE 
respectively. While the total efficiency of the system with PV is 84.5% in Lebanon, 85.6% in 
France and 84.4% in UAE. This reveals that the PV layer noticeably increases the system average 
total efficiency by about 44.4%.  
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6. Economic and environmental analyses 

In this section, economic and environmental analyses are established to compute the payback 
period and the amount of CO2 emissions reduced when PTPVT-TE system is used in Lebanon, 
France and UAE.  

Economic analysis:  

In order to compute the payback period, the total power saved must be computed to obtain the total 
energy saved and then the amount of saved money.  

The total power saved is the summation of the electrical power produced by PV layer and TEGs 
and the equivalent power required of the thermal heat gained by water: 𝑃𝑡𝑜𝑡 = 𝑃𝑒𝑙,𝑃𝑉 + 𝑃𝑇𝐸𝐺 + 𝑃𝑊𝐻 (39) 
where 𝑃𝑡𝑜𝑡 is the total power saved and 𝑃𝑊𝐻  is the equivalent power required for water heating 
which can be obtained using the following equation: 𝑃𝑊𝐻 = 𝑞𝑓𝜂𝐸𝐻 (40) 

where 𝜂𝐸𝐻 is the efficiency of the electric heater that can be used to heat water.  

The total energy saved 𝐸𝑡𝑜𝑡 is calculated using equation (41) where the average number of day 
light hours (𝑁ℎ) and number of days (𝑁𝑑) of each month must be taken into consideration. Table 
6 presents the average number of day light hours per month for the three countries [39–41].   𝐸𝑡𝑜𝑡 = 𝑃𝑡𝑜𝑡. 𝑁𝑑 . 𝑁ℎ (41) 

 
Table 6. Average day light hours per month for Lebanon, France and UAE [39–41]. 

Month Lebanon France UAE 

Jan 10 9 11 

Feb 11 10 11 

Mar 12 12 12 

Apr 13 14 13 

May 14 15 13 

Jun 14 16 14 

Jul 14 16 14 

Aug 13 14 13 

Sep 12 13 12 

Oct 11 11 12 

Nov 10 9 11 

Dec 10 8 11 

 

The total amount of saved money (𝑆𝑀) is computed by multiplying the total energy saved by the 
price of one kilo-watt hour: 𝑆𝑀 = 𝐸𝑡𝑜𝑡.  𝑃𝑟1𝑘𝑊ℎ (42) 
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where 𝑃𝑟1𝑘𝑊ℎ is the price of one kWh which is presented in Table 7 for the three considered 
countries [42].  

Table 7. Average electrical kWh cost for Lebanon, France and UAE [42].  

Country Price ($/kWh) 

Lebanon 0.133 

France 0.200 

UAE 0.100 

After estimating the amount of saved money, the payback period (𝑃𝐵𝑃) is obtained by dividing 
the cost of the considered hybrid system (𝐶𝑃𝑇𝑃𝑉𝑇−𝑇𝐸) over the annual money saved (𝑆𝑀𝑎𝑛) . 𝑃𝐵𝑃 = 𝐶𝑃𝑇𝑃𝑉𝑇−𝑇𝐸 𝑆𝑀𝑎𝑛  

(43) 

Table 8 summarizes the cost of PTPVT-TE system where the cost of building the photovoltaic 
thermal system and the TEGs are found equal in the three countries [43–45].  

 

Table 8. Cost of PTPVT-TE system [43–45].  

PVT system components Price ($) 

PV module 
TEGs 

6200 
19200 

Parabolic concentrator 4250 
Additional components 3450 

Tracking system 1600 
Inverter 3400 

Design and tank 9500 
Total cost 47600 

Table 9 presents the annual amount of saved energy, power and money and the payback period for 
each country.  Despite the fact that UAE achieves the highest energy saved among the three 
countries (around 194 000 kWh), it attains the lowest amount of annual money saved ($19 400) 
due to the low cost of one kWh in this country. While Lebanon saves the highest amount of money 
($ 23 000) since it attains relatively high amount of saved energy and it has higher cost of one kWh 
than UAE. Then, UAE requires the highest duration which is 2.5 years to return the price of the 
system while the payback period of Lebanon is the least, with 2.1 years. For France case, it has 
relatively low amount of saved energy (about half as much) but quite similar amount of saved 
money (thanks to the higher price of one kWh in this country), the system payback period is 2.4 
years.  

Table 9. Annual amount of saved energy, power and money and the payback period for each country. 

Country Annual amount of energy 
saved (kWh) 

Annual amount of money 
saved ($) 

Payback period (year) 

Lebanon 173 238 23 041 2.1 
France 98 184 19 637 2.4 
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UAE 193 846 19 385 2.5 

Environment analysis:  

The amount of reduced carbon dioxide emissions (𝑀𝐶𝑂2,𝑟𝑒𝑑) is estimated by the following 
equation: 𝑀𝐶𝑂2,𝑟𝑒𝑑 = 𝐸𝑡𝑜𝑡.  𝑀𝐶𝑂2/1𝑘𝑊ℎ (44) 

where 𝑀𝐶𝑂2/1𝑘𝑊ℎ is the mass of carbon dioxide produced for the generation of one kilowatt hour 
electricity.  

The amount of carbon dioxide produced to generate 1 kilowatt hour in Lebanon, France and UAE 
are 0.47 kg/kWh, 0.058 kg/kWh and 0.42 kg/kWh respectively [46–48]. Figure 15 shows the 
variation of the amount of carbon dioxide emissions alleviated each month for the three countries. 

 

Figure 15. Amount of CO2 emissions mitigated per month for Lebanon, France and UAE. 

It is noticeable that the amount of reduced CO2 emissions are low in France which is due to the 
low amount of CO2 produced when generating one kWh electricity. Indeed, this amount is greatly 
less than that mitigated in Lebanon and UAE since France generates around 75% of its electricity 
using nuclear power plants. The maximum amount of CO2 gases reduced is 10.4 tons and 0.7 tons 
in Lebanon and France during July, and 8.0 tons in UAE during June. For the annual amount of 
alleviated CO2 emissions, it is obtained that the system reduces about 81.4 tons, 5.7 tons and 79.5 
tons in Lebanon, France and UAE respectively. It is obvious that the amount reduced in France is 
negligible compared to the results of Lebanon and UAE since France relies on energy with low 
greenhouse gas emissions to produce electricity.  

7. Conclusions  

The tri-generation system structure and concept are described in this work. A new suggested 
thermal modeling is established using thermal resistance analogy and energy balance at several 
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nodes and parts of the system. The thermal model is simulated using MATLAB software and 
validated against previous work with maximum deviation of 6.6%.  

To investigate the effect of climate conditions on the performance of the studied system, case 
studies are implemented in this paper considering three countries of distinct climates which are 
Lebanon (moderate), France (mild) and United Arabian Emirate (warm).  The results show that 
the system annual generated electrical and thermal energy are 46.5 MWh and 101.4 MWh in 
Lebanon, 27.4 MWh and 56.7 MWh in France and 51.1 MWh and 114.2 MWh in UAE where 1.8 
MWh, 0.8 MWh and 1.9 MWh are generated from TEGs in Lebanon, France and UAE 
respectively. Moreover, the highest electrical and thermal efficiencies obtained are 28.5% and 
58.3% in Lebanon, 29.0% and 58.6% in France, 26.9% and 58.8% in UAE. Furthermore, it was 
concluded that the addition of TEGs to PTPVT system serves in augmenting the electrical power 
by an average of 1.8%, 2.2% and 1.4% in Lebanon, France and UAE respectively while alleviating 
the heat rate by an average of 1.9%, 2.1% and 1.7% in Lebanon, France and UAE respectively. 
Besides, it was observed that PV layer has vital effect on total efficiency of the system in which it 
rises it by about 44.4%.  

To assess the economic and environmental influence of utilizing the hybrid system, the payback 
period and the amount of reduced CO2 emissions are evaluated. The proposed system requires 
about 2.1 years, 2.4 years and 2.5 years to return its cost in Lebanon, France and UAE respectively 
where it costs $ 47 600. Besides, adopting such hybrid system serves in mitigating CO2 emissions 
annually by about 81.4 tons, 5.7 tons and 79.5 tons in Lebanon, France and UAE respectively. 

It is obvious that PTPVT-TE system is a promising system which can contribute to the global 
efforts in providing the world energy requirements. Also, there is a great potential to play a vital 
role in conserving energy and mitigating greenhouse gases which reduces pollution. Such system 
requires more studies and researches in order to achieve system optimization with the lowest 
possible cost, since the augmentation in the conversion efficiency and the alleviation in the cost of 
the system authorize it to be one of the most adopted system in the world.   
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Chapitre 5 

Conclusions et perspectives 

 

 

 

La diminution de la consommation d'énergie est une tendance forte à encourager de nos jours pour 

plusieurs raisons : le coût élevé des sources d'énergie, le réchauffement climatique, les émissions 

élevées de gaz toxiques, les lois gouvernementales obligatoires, etc. Les combustibles fossiles qui 

sont les principales sources d'énergie, s'épuisent rapidement et leur coût augmente 

continuellement. Pour cette raison, les sources d'énergie renouvelables, durables, alternatives et 

propres ont attiré l'attention des scientifiques et des chercheurs au cours des dernières décennies. 

Les sources d'énergie renouvelables comprennent principalement le solaire, l'éolien, la géothermie, 

l'hydroélectricité, etc. L'énergie solaire est l'une des sources d'énergie renouvelable les plus 

prometteuses, ainsi le rayonnement solaire est absorbé par les systèmes solaires et transformé en 

chaleur ou en électricité pour être utilisé dans diverses applications. De plus, il y a un grand intérêt 

à utiliser des systèmes solaires hybrides qui sont le résultat de la combinaison de systèmes solaires 

entre eux. Ces systèmes visent à maximiser l'utilisation de l'énergie solaire. En plus de cela, 

l'intégration de générateurs thermoélectriques à ces systèmes est devenu un intérêt pour beaucoup 

de chercheurs récemment. C’est ainsi que cette thèse a porté sur les systèmes solaires hybrides 

dans lesquels le système hybride photovoltaïque / thermique à concentrateur parabolique (PTPVT) 

et le système hybride photovoltaïque / thermique / thermoélectrique à concentrateur parabolique 

(PTPVT-TE) ont été étudiés en détails. 
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Sur la base de ce qui a été mentionné, une vaste revue de la littérature sur l'énergie solaire est 

réalisée.  

En outre, les systèmes hybrides PTPVT sont considérés dans lesquels une méthodologie pour 

développer la modélisation thermique est suggérée. Le concept du système est illustré par la 

production simultanée d'eau chaude et d'électricité lors de l'exploitation de l'énergie solaire. Des 

analyses paramétriques et des études de cas avec analyses économiques et environnementales ont 

été réalisées pour étudier les performances du système. De plus, l'intégration de générateurs 

thermoélectriques dans le système PTPVT est étudiée et la méthodologie suggérée est utilisée pour 

effectuer la modélisation thermique du système PTPVT-TE. La performance du système est 

étudiée en réalisant des études de cas, des analyses économiques et environnementales. 

Les principaux résultats de cette thèse de doctorat sont résumés dans le tableau suivant : 

Titre de l’étude Méthodologie de l’étude Résultats principaux 

1.1 
Systèmes de cuiseurs 

solaires: étude 
économique et 

environnementale pour 
différents scenarii libanais 

➢ Présenter une revue sur le cuiseur 
solaire qui comprend le principe et la 
classification, les paramètres influençant 
les performances d'un cuiseur solaire, et 
l'analyse d'énergie et d'exergie liée aux 
systèmes de cuiseur solaire. 

➢ Réaliser une étude économique 
pour différents scenarii au Liban (maison, 
hôtel, restaurant et snack) et pour plusieurs 
catégories de cuiseurs solaires (cuiseur à 
caisson solaire, cuiseur à panneaux 
solaires, cuiseur solaire parabolique et 
cuiseur solaire à tube sous vide avec 
stockage thermique). 

➢ Effectuer une analyse 
environnementale pour calculer la  
réduction des émissions de dioxyde de 
carbone dans les différents scenarii en 
pourcentage du temps pendant lequel la 
cuisinière solaire est utilisée (Pr). 

✓ Les cuiseurs solaires peuvent être classés en 
type direct et indirect en fonction du mécanisme 
de transfert de chaleur vers la marmite. 

✓ Une plus grande utilisation du cuiseur solaire 
réduit la période de retour sur investissement 
dans tous les scenarii et augmente la réduction 
des émissions de CO2. 

✓ La quantité de dioxyde de carbone économisée 
passe de 30,3 à 60,6 kg/mois, 3027 à 6055 
kg/mois, 1998 à 3996 kg/mois et de 454 à 908 
kg/mois à la maison, au restaurant, à l'hôtel et au 
snack respectivement lorsque le Pr augmente de 
0,5 à 1. 
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1.2 
Séchage solaire : revue 

avec des 
évaluations 

environnementales 

➢ Présenter une revue sur le sécheur 
solaire qui comprend les principaux 
composants, les classifications et les 
paramètres affectant les performances 
ainsi que les avantages, les inconvénients 
et les limites de cette technologie. 

➢ Réaliser des études économiques 
et environnementales pour le cas libanais 
afin d'évaluer la période de retour sur 
investissement (PP) et la réduction 
d’émissions de CO2 en fonction du 
pourcentage de temps d'utilisation du 
séchoir solaire (Pr), de la masse d'aliments 
séchés et du type d’aliments. 

✓ Les séchoirs solaires sont évalués en fonction de 
trois éléments clés : le mode de circulation de l'air 
(passif et actif), le mode de transfert de chaleur 
(direct et indirect, hybride et mixte) et le type de 
chambre de séchage (armoire, serre et tente). 

✓ Une plus grande utilisation du séchoir solaire 
réduit la période de retour sur investissement 
dans tous les scenarii et augmente la réduction 
d'émissions de CO2. 

✓ Pour le Pr égal à 0,6, lors du séchage de 120 kg 
de carottes à l'aide d'un séchoir solaire, le coût 
économisé (SM) est de 780 $/mois, PP est de 10 
mois et les émissions de CO2 diminuent de 6400 
kg/mois. 

1.3 
Chauffage solaire de 

l'eau: vers une utilisation 
optimale au Liban 

➢ Présenter une revue des systèmes 
de chauffage solaire de l'eau (SWHS) qui 
comprend le principe, les composants et la 
classification, les études menées sur les 
SWHS ainsi que les avantages et 
inconvénients de ces systèmes. 

➢ Établir un aperçu des problèmes 
d'électricité au Liban, y compris des études 
économiques et environnementales. 

➢ Développer des études pour 
plusieurs cas libanais (famille et école, 
restaurant, hôtel et salle de sport) dont le 
but est d'estimer le coût économisé en 
utilisant SWHS au lieu du radiateur 
électrique et sa période de retour sur 
investissement ainsi que la réduction des 
émissions de dioxyde de carbone. 

✓ Les SWHS peuvent être classés selon la 
méthode de circulation du flux à l'intérieur du 
système (entre le réservoir de stockage et le 
capteur solaire) en systèmes passifs et actifs, et 
selon le type de capteur solaire utilisé, qu'il 
s'agisse d'un capteur à plaque plane, d'un 
capteur à tube sous vide ou collecteur à 
concentrateur parabolique. 

✓ Une plus grande utilisation des SWHS diminue la 
période de retour sur investissement dans tous 
les scénarii et augmente la réduction d'émissions 
de CO2. 

✓ Pour une utilisation élevée de SWHS (Pr = 0,9), 
la durée d’amortissement moyenne du système 
pour une maison, une école, un restaurant, un 
hôtel et une salle de sport est respectivement de 
14,2 ans, 4,6 ans, 9,2 ans, 4,4 ans et 5,3 ans. 

✓ La réduction d’émissions annuelle de CO2 est de 
0,16 tonne/personne, 0,016 tonne/élève, 0,04 
tonne/service, 0,37 tonne/lit et 0,11 
tonne/personne si un SWHS est utilisé 
respectivement dans la maison, l'école, le 
restaurant, l'hôtel et la salle de sport. 
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1.4 
Solaire photovoltaïque : 

bilan avec étude 
économique et 

environnementale sur le 
Liban 

➢ Présenter une revue des systèmes 
et technologies solaires photovoltaïques qui 
incluent le principe du solaire PV, ses 
principaux composants ainsi que les types 
et générations de technologie PV. 

➢ Mettre en œuvre des mesures 
économiques et environnementales pour 
mettre en évidence le rôle vital de 
l'utilisation des systèmes solaires 
photovoltaïques pour produire de 
l'électricité au Liban pour plusieurs scénarii 
(maison, salle de sport, restaurant et hôtel). 

✓ Les systèmes photovoltaïques sont de deux 
types principaux : les systèmes photovoltaïques 
connectés au réseau et les systèmes 
photovoltaïques hors réseau. 

✓ Les systèmes photovoltaïques peuvent être 
classés suivant la génération : la première 
génération est du silicium cristallin, la deuxième 
génération est basée sur la technologie PV à 
couche mince, tandis que la troisième génération 
comprend des technologies telles que la cellule 
solaire à colorant, la cellule organique et le 
système photovoltaïque concentré (CPV). 

✓ Une plus grande utilisation des systèmes PV 
réduit la période de retour sur investissement 
dans tous les scenarii et augmente la réduction 
d'émissions de CO2. 

✓ Pour une utilisation élevée du système PV (Pr = 
0,9), la durée d’amortissement du système et le 
montant annuel de réduction des émissions de 
CO2 sont de 16,2 ans et 4,7 tonnes pour la 
maison, 2,1 ans et 97,7 tonnes pour la salle de 
sport, 4,1 ans et 154,3 tonnes pour restaurant, et 
13,0 ans et 383,2 tonnes pour l'hôtel. 

1.5 
Capteurs solaires 

hybrides photovoltaïques 
/ thermiques : 
classifications, 

applications et nouveaux 
systèmes 

➢ Etablir une revue sur les capteurs 
solaires hybrides PVT qui comprend 
l'histoire des systèmes solaires hybrides 
PVT, le concept principal, les avantages et 
les classifications selon différentes 
manières en plus de l'intégration de 
générateurs thermoélectriques avec le 
système PVT. 

✓ Le tri PVT est démontré en tenant compte du type 
de cellule PV, de capteur thermique, de fluide de 
travail, de vitrage et d'absorbeur thermique. 

✓ Dans toutes les applications, les performances 
des systèmes PVT sont meilleures que celles des 
systèmes thermiques et des systèmes PV 
fonctionnant seuls. Les systèmes PVT peuvent 
couvrir l'énergie thermique et électrique requise 
par la plupart des applications. 

✓ Le type le plus couramment utilisé est le type 
intégré de systèmes PVT-TE dans lesquels des 
TEG sont intégrés à la face arrière de la cellule 
PV. L'utilisation de TEG sert à augmenter 
l'efficacité électrique du système et donc 
l'efficacité globale. 
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2. 
Système hybride 
photovoltaïque / 

thermique à 
concentrateur 
parabolique : 

modélisation thermique et 
analyse paramétrique 

➢ Suggérer une nouvelle 
méthodologie pour conduire la modélisation 
thermique du système hybride 
photovoltaïque / thermique à concentrateur 
parabolique, une analogie de la résistance 
thermique et la simuler en utilisant une 
procédure itérative. 

➢ Effectuer une analyse paramétrique 
pour étudier l'influence de paramètres 
importants comme le nombre de Reynolds, 
la longueur du côté du récepteur, la 
longueur du tube récepteur et l'épaisseur de 
l'absorbeur sur les performances 
thermiques et électriques du système. 

✓ L'efficacité thermique diminue avec 
l'augmentation du nombre de Reynolds, elle 
diminue respectivement de 8,31% et 2,12% dans 
l'écoulement laminaire et turbulent. 

✓ L'efficacité thermique augmente d'environ 35% 
lorsque la longueur du côté récepteur passe de 
0,03 m à 0,2 m et de 0,78% lorsque la longueur 
du tube récepteur augmente de 4 m à 20 m. 

✓ Le rendement électrique augmente avec 
l'augmentation du nombre de Reynolds, de 
38,25% dans l'écoulement laminaire et de 5,78% 
dans l'écoulement turbulent. 

✓ L'efficacité électrique diminue de 10,5% et 2% 
lorsque la longueur du côté récepteur et la 
longueur du tube récepteur augmentent, 
respectivement. 

✓ L'épaisseur de l'absorbeur n'a aucun effet sur le 
comportement thermique et électrique du 
système : les deux rendements restent presque 
constants (rendement thermique de 56,46% et 
rendement électrique de 25,34%) avec 
l'augmentation de l'épaisseur de l'absorbeur de 
0,02 m à 0,2 m. 

3. 
Système hybride 

photovoltaïque/thermique 
à concentrateur 

parabolique : 
modélisation thermique, 
études de cas, analyses 

économiques et 
environnementales 

➢ Suggérer une nouvelle 
méthodologie pour conduire la modélisation 
thermique du système hybride 
photovoltaïque/thermique à concentrateur 
parabolique, une analogie de la résistance 
thermique et la simuler en utilisant une 
procédure itérative. 

➢ Réaliser des études de cas sur trois 
pays de climats différents que sont le Liban 
(climat méditerranéen), la France (climat 
modéré) et les Emirats Arabes Unis (climat 
chaud) afin d'étudier les performances 
thermiques et électriques du système. 

➢ Réaliser des analyses 
environnementales et économiques pour 
chaque pays pour construire des 
conclusions pratiques sur l'importance du 
système étudié. 

✓ La température de sortie la plus élevée parmi les 
trois cas est de 95°C au Liban, tandis que le 
rendement thermique le plus élevé est atteint aux 
EAU (51,1%) et le rendement électrique le plus 
élevé est de 27,9% en France. 

✓ La période de retour sur investissement au Liban, 
en France et aux EAU est de 1,4 ans, 1,6 ans et 
1,7 ans respectivement. 

✓ Le montant annuel des réductions d’émissions de 
dioxyde de carbone est de 72,9 tonnes, 5,1 
tonnes et 71,1 tonnes au Liban, en France et aux 
Émirats Arabes Unis, respectivement. 
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4. 
Système hybride triple 

photovoltaïque/thermique/ 
thermoélectrique à 

concentrateur 
parabolique : 

modélisation thermique, 
études de cas, analyses 

économiques et 
environnementales 

➢ Suggérer une nouvelle 
méthodologie pour conduire la modélisation 
thermique du système hybride 
thermoélectrique photovoltaïque à 
concentrateur parabolique, une analogie de 
la résistance thermique et la simuler en 
utilisant une procédure itérative. 

➢ Réaliser des études de cas sur trois 
pays aux climats différents : le Liban 
(méditerranéen), la France (modéré) et les 
EAU (chaud) pour étudier les performances 
du système. 

➢ Effectuer des analyses 
économiques et environnementales pour 
exposer l'importance significative de ce 
système. 

✓ L'énergie totale annuelle produite par le module 
PV et les TEG est respectivement de 44,7 MWh 
et 1,8 MWh au Liban, 26,5 MWh et 0,8 MWh en 
France, 49,2 MWh et 1,9 MWh aux EAU. 

✓ L'ajout de TEG au système PTPVT permet 
d’augmenter la puissance électrique en moyenne 
de 1,8%, 2,2% et 1,4% au Liban, en France et 
aux Émirats arabes unis respectivement tout en 
réduisant la puissance thermique en moyenne de 
1,9%, 2,1% et 1,7% au Liban, en France et aux 
EAU respectivement. 

✓ La période de retour sur investissement du 
système est de 2,1 ans, 2,4 ans et 2,5 ans au 
Liban, en France et aux EAU respectivement. 

✓ Le montant annuel des réductions d’émissions de 
CO2 est de 81,4 tonnes, 5,7 tonnes et 79,5 
tonnes pour le Liban, la France et les EAU 
respectivement. 

 

Finalement, comme perspectives de recherche pour ce travail, nous prévoyons de réaliser une étude 

dans laquelle les performances du système thermique photovoltaïque commun sont comparées à 

celles du système photovoltaïque / thermique à concentrateur parabolique (PTPVT) et du système 

photovoltaïque / thermique / thermoélectrique à concentrateur parabolique (PTPVT-TE). Nous 

prévoyons également d'ajouter des matériaux à changement de phase (PCM) et d'étudier leur effet 

sur les performances du système. Des études de cas peuvent être mises en œuvre sur ce système 

afin de comparer l'influence du climat sur les performances du système (de manière similaire aux 

chapitres 3 et 4). Par ailleurs, un prototype peut être mis en œuvre pour réaliser des études 

expérimentales pour étudier et comparer les performances des systèmes cités précédemment afin 

d'atteindre la conception optimale du système hybride. 
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Résumé : Au cours des dernières années, 
l'énergie solaire a retenu une attention cruciale 
de la part des chercheurs en raison de son 
grand potentiel à compenser les carences de 
production d'énergie. Les recherches et études 
menées sur l'énergie solaire visent non 
seulement à optimiser les systèmes d'énergie 
solaire existants, mais aussi à les combiner 
pour obtenir des systèmes d'énergie solaire 
hybrides qui permettent de produire de 
l'énergie thermique et de générer de l'énergie 
électrique simultanément. Dans ce contexte, le 
but de cette étude est d’examiner de manière 
extensive la littérature liée aux études d’énergie 
solaire, particulièrement les systèmes hybrides, 
mais aussi de suggérer de nouveaux systèmes 
hybrides et d’analyser d’autres systèmes 
existants en utilisant des modélisations 
thermiques appropriées ainsi que des analyses 
paramétriques et études de cas. 
En premier lieu, nous présentons une nouvelle 
méthodologie pour établir un modèle 
photovoltaïque / thermique à concentrateur  

parabolique (PTPVT « Parabolic Trough 
Photovoltaic/Thermal »). Une analyse 
paramétrique est réalisée pour étudier les 
performances du système et l'influence de 
plusieurs paramètres. Des études de cas sont 
mises en œuvre dans trois pays différents pour 
étudier l'effet des conditions climatiques sur les 
performances du système. En outre, des 
analyses économiques et environnementales 
sont menées pour calculer la période de retour 
sur investissement du système et la réduction 
des émissions de CO2 dans les trois pays. 
De plus, un système photovoltaïque / thermique / 
thermoélectrique à concentrateur parabolique 
(PTPVT-TE « Parabolic Trough Photovoltaic 
Thermal Thermoelectric ») est décrit, dans lequel 
une modélisation thermique est développée à 
l'aide d'une nouvelle méthodologie et des études 
de cas sont réalisées sur trois pays différents 
avec des analyses économiques et 
environnementales. 

 

 

Title : Hybrid Photovoltaic/Parabolic trough thermal/Thermoelectric systems: Thermal modeling, 
parametric analysis, and case studies 

Keywords: Solar Energy, PTPVT Solar Hybrid System, PTPVT-TE Solar Hybrid System.  

Abstract: In recent years, solar energy has 
gained crucial attention from researchers due to 
its great potential to compensate for energy 
deficiencies. Solar energy research and studies 
aim not only to optimize existing solar energy 
systems, but also to combine them to obtain 
hybrid solar energy systems that produce 
thermal energy and generate electric power 
simultaneously. In this context, the aim of the 
present doctoral study is to extensively examine 
the literature related to solar energy studies, 
particularly hybrid systems, but also to suggest 
new hybrid systems and to deeply analyze other 
existing systems using appropriate thermal 
modeling as well as parametric analyzes and 
case studies. It all started with a new 
methodology to drive a thermal model for the 
Parabolic Trough Photovoltaic Thermal system 

(PTPVT). A parametric analysis is performed to 
study the performance of the system and the 
influence of several parameters on it. Case 
studies are implemented in three different 
countries to study the effect of climatic 
conditions on system performance. In addition, 
economic and environmental analyzes are 
carried out to calculate the payback period of 
the system and the amount of CO2 emissions 
reduced in the three countries.  
In addition, a Parabolic Trough Photovoltaic 
Thermal Thermoelectric system (PTPVT-TE) is 
demonstrated where thermal modeling is 
developed using a new methodology and case 
studies are performed on three different 
countries with economic and environmental 
analyzes. 
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