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Introduction

Introduction

As global energy demand surges, it is crucial to minimize heat energy losses in systems such as Heating,
Ventilating, and Air Conditioning (HVAC), power plants, and water desalination, among others. Heat
recovery has emerged as a preferred solution for harnessing thermal energy that would otherwise be wasted.
Waste heat recovery is now essential in numerous applications, as it involves capturing and reusing waste
heat, thereby reducing operating costs and enhancing energy efficiency. Although several recovery
technologies have been well-established and technically validated, engineers and researchers continue to
refine these technologies and optimize the heat transfer process. The growing interest in hybrid and
standalone heat recovery systems has made energy recovery methods an indispensable consideration. In
this context, the present study focuses on a hybrid energy recovery system that reuses heat energy to provide
hot water and generate electricity.

Thermoelectric generators (TEGs) have emerged as a promising technology for converting thermal
energy into electrical energy using the Seebeck effect. TEG technologies have attracted significant research
interest in recent years and are increasingly needed in the modern world due to their ability to generate
electricity from low-grade waste heat. This quality has been demonstrated in various applications where
TEGs effectively operate even with modest temperature differences. Consequently, TEGs are expected to
play a pivotal role in reducing future power generation costs. Moreover, TEGs are favored for their silent
operation, compactness, and reliability, owing to the lack of moving parts. However, TEG efficiency
remains relatively low, presenting a challenge in identifying temperature differences that yield to energy.
Higher temperature differences result in increased power generation, necessitating enhancement of the heat
transfer coefficients on both sides of a TEG. Another objective of this PhD work is to integrate vortex
generators into hybrid or advanced heat recovery systems and to evaluate the performance of such systems
through numerical parametric analyses.

Vortex generators (VGs) are devices designed to stimulate fluid flow, thereby improving the heat
transfer coefficient. Positioned at a specific angle of attack on the boundary layer, a predetermined number
of vortex generators or turbulators create a swirling wake that imparts energy into the boundary layer. VGs
have garnered considerable attention for achieving high thermal performance by energizing the flow, which
in turn boosts the heat transfer coefficient. While VGs effectively enhance heat transfer, they also induce a
substantial pressure drop. The challenge, therefore, lies in identifying a system that delivers optimal output
by balancing the pressure drop and the increase in heat transfer coefficient.

The global energy demand continues to rise due to technological advancements and the rapid
development of energy-intensive applications. Concurrently, significant waste thermal energy is present in
various systems such as HVAC, power plants, heating systems for buildings, domestic hot water, and
numerous other applications, with energy loss sometimes exceeding 60 %. Furthermore, high global energy
consumption contributes to the depletion of natural resources, resulting in increased energy prices, resource
scarcity, and adverse environmental impacts such as air, water, and soil pollution, climate change, and
ozone layer depletion. Consequently, heat recovery is as crucial as discovering new energy sources. Studies
have demonstrated that heat recovery can reach up to 90 % in certain cases, making it a significant factor.
As a result, heat recovery has become a top priority for harnessing waste energy, with growing interest in
simple and hybrid heat recovery systems.
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In this context, our study focuses on a hybrid energy harvesting system that employs thermoelectric
generators (TEGs) in a concentric tube heat exchanger (CTHE) with countercurrent flow. To enhance heat
transfer, TEGs are utilized as vortex generators (VGs), inducing turbulence in the flow and enabling more
efficient extraction of heat energy. The study also examines the mass flow rates of fluids and the placement
of TEGs to determine an optimal geometric design. Finally, the development of vortices and the influence
of VGs on the flow are investigated within this optimal design.

The current work involves numerical and parametric analyses of proposed new or advanced hybrid
recovery systems that incorporate TEGs for additional power generation and VGs to improve heat transfer.
The originality of the work resides in three main aspects: (1) the application of vortex generators concept
to waste heat recovery systems, (2) hybridization of waste recovery systems by their association to
thermoelectric generators, and (3) suggestion of vortex-generator equipped thermoelectric-based hybrid
heat recovery systems. Four primary studies are conducted to achieve the aforementioned objectives:

(a) Investigate the impact of VGs on a CTHE system employed for liquid/liquid heat recovery heat
exchangers.

(b) Examine the performance of VG modules placed at different locations within a heat exchanger.

(c) Implement the optimal design in a multi-drain heat recovery application and evaluate the Life Cycle
Assessment of the design using openLCA software.

(d) Assess the performance of TEG modules utilized as vortex generators in a hybrid heat recovery
system. These various studies are conducted numerically using Ansys Fluent software.

This thesis comprises seven sections (excluding the introduction) and five primary chapters, with some
chapters further divided into subsections. The literature review encompasses three studies addressing heat
recovery and heat transfer enhancement topics. The first chapter assists in identifying the thesis's core focus,
which will be explored in numerical studies and applications.

The thesis is structured as follows:
Chapter I: Literature Review

I.1 Energy Recovery in Air Conditioning Systems: Comprehensive Review, Classifications, Critical
Analysis, and Potential Recommendations, published in Energies.

I.2 A Comprehensive Review on Hybrid Heat Recovery Systems: Classifications, Applications, Pros
and Cons, and New Systems, published in Renewable and Sustainable Energy Reviews.

L.3 Thermoelectric Generators for Power Generation: Applications, Heat Recovery Methods, and
Challenges, published in Electricity.

Chapter I1: Numerical and Parametric Study: CFD analysis on the spatial effect of Vortex Generators in
Concentric Tube Heat Exchangers — A comparative study, published in International Journal of
Thermofluids

Chapter II1: Drain water heat recovery application.
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II1.1 Thermoeconomic, environmental, and social analysis of vortex generator-equipped multi-drain
heat recovery systems, submitted to International Journal of Thermofluids.

II1.2 Thermoeconomic impact of vortex generator-equipped multi-drain heat recovery systems: various
renewable sources, published in Energy Conversion Management X.

Chapter IV: Pioneering Hybrid Heat Recovery Systems: Thermoelectric Generators as Insulators and
channels boosted by vortex generators.

Chapter V : Conclusions and Recommendations.
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Introduction (en francais)

Face a I'augmentation de la demande mondiale d'énergie, il est essentiel de minimiser les pertes d'énergie
thermique dans les systémes énergétiques tels que les systémes de chauffage, de ventilation et de
climatisation, les centrales électriques et le dessalement de 1'eau, entre autres. La récupération de chaleur
s'est imposée comme une solution privilégiée pour exploiter 1'énergie thermique qui serait autrement
gaspillée. La récupération de la chaleur perdue est désormais essentielle dans de nombreuses applications,
car elle consiste a capturer et a réutiliser la chaleur perdue, ce qui permet de réduire les coiits d'exploitation
et d'améliorer l'efficacité énergétique. Bien que plusieurs technologies de récupération aient été bien
établies et techniquement validées, les ingénieurs et les chercheurs continuent d'affiner ces technologies et
d'optimiser le processus de transfert de chaleur. L'intérét croissant pour les systémes de récupération de
chaleur hybrides et autonomes a fait des méthodes de récupération d'énergie une considération
indispensable. Dans ce contexte, la présente étude porte sur un systéme hybride de récupération d'énergie
qui réutilise I'énergie thermique pour fournir de I'eau chaude et produire de I'électricité.

Les générateurs thermoélectriques (TEG) sont apparus comme une technologie prometteuse pour
convertir I'énergie thermique en énergie électrique en utilisant 1'effet Seebeck. Les technologies TEG ont
suscité un intérét considérable dans la recherche ces derniéres années et sont de plus en plus nécessaires
dans le monde moderne en raison de leur capacité a produire de 1'¢lectricité a partir d'une chaleur résiduelle
de faible qualité. Cet avantage a ét¢ démontré dans diverses applications ou les TEG fonctionnent
efficacement méme avec de faibles différences de température. Par conséquent, les TEG devraient jouer un
role essentiel dans la réduction des colits de production d'électricité a l'avenir. En outre, les TEG sont
appréciés pour leur fonctionnement silencieux, leur compacité et leur fiabilité, en raison de l'absence de
pieces mobiles. Toutefois, 1'efficacité des TEG reste relativement faible, ce qui pose le probléme de
l'identification des différences de température qui produisent de I'énergie. Des différences de température
plus élevées entrainent une augmentation de la production d'énergie, ce qui nécessite une amélioration des
coefficients de transfert de chaleur des deux c6tés dun TEG. Un autre objectif de ce travail de doctorat est
d'intégrer des générateurs de tourbillons dans des systémes hybrides ou avancés de récupération de la
chaleur et d'évaluer les performances de ces systémes au moyen d'analyses numériques paramétriques.

Les générateurs de vortex (VG) sont des dispositifs congus pour stimuler 1'écoulement des fluides,
améliorant ainsi le coefficient de transfert de chaleur. Positionnés a un angle d'attaque spécifique sur la
couche limite, un nombre prédéterminé de générateurs de tourbillons ou de turbulateurs créent un sillage
tourbillonnant qui transmet de 1'énergie a la couche limite. Les générateurs de tourbillons ont fait 1'objet
d'une attention considérable car ils permettent d'obtenir des performances thermiques élevées en
dynamisant I'écoulement, ce qui a pour effet d'augmenter le coefficient de transfert thermique. Si les VG
améliorent effectivement le transfert de chaleur, ils induisent également une chute de pression
supplémentaire substantielle. Le défi consiste donc a identifier un systéme qui offre un rendement optimal
en équilibrant la perte de charge et I'augmentation du coefficient de transfert de chaleur.

La demande mondiale d'énergie continue d'augmenter en raison des progrés technologiques et du
développement rapide d'applications a forte consommation d'énergie. Parallélement, une quantité
importante d'énergie thermique perdue est présente dans divers systémes tels que les systémes de chauffage,
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de ventilation et de climatisation, les centrales électriques, les systémes de chauffage des batiments, l'eau
chaude sanitaire et de nombreuses autres applications, avec une perte d'énergie dépassant parfois 60 %. En
outre, la forte consommation mondiale d'énergie contribue a I'épuisement des ressources naturelles, ce qui
entraine une augmentation des prix de I'énergie, une raréfaction des ressources et des effets néfastes sur
I'environnement, tels que la pollution de l'air, de I'eau et du sol, le changement climatique et
'appauvrissement de la couche d'ozone. Par conséquent, la récupération de la chaleur est aussi cruciale que
la découverte de nouvelles sources d'énergie. Des études ont démontré que la récupération de chaleur peut
atteindre jusqu'a 90 % dans certains cas, ce qui en fait un facteur important. Par conséquent, la récupération
de chaleur est devenue une priorité absolue pour l'exploitation de 1'énergie résiduelle, avec un intérét
croissant pour les systémes de récupération de chaleur simples et hybrides.

Dans ce contexte, notre étude se concentre sur un systéme hybride de récupération d'énergie qui utilise
des générateurs thermoélectriques (TEG) dans un échangeur de chaleur a tubes concentriques (CTHE) avec
un écoulement a contre-courant. Pour améliorer le transfert de chaleur, les TEG sont utilisés comme
générateurs de vortex (VG), induisant des turbulences dans 1’écoulement et permettant une extraction plus
efficace de I'énergie thermique. L'étude examine également les débits massiques des fluides et
I'emplacement des TEG afin de déterminer une conception géométrique optimale. Enfin, le développement
des tourbillons et l'influence des TEG sur 1'écoulement sont étudiés dans le cadre de cette conception
optimale.

Le travail actuel comprend des analyses numériques et paramétriques de systémes de récupération
hybrides nouveaux ou avancés qui incorporent des TEG pour la production d'énergie supplémentaire et des
VG pour améliorer le transfert de chaleur. L'originalité du travail réside dans trois aspects principaux : (1)
'application du concept de générateurs de vortex aux systémes de récupération de la chaleur perdue, (2)
I'hybridation des systemes de récupération de la chaleur par leur association a des générateurs
thermoélectriques, et (3) la proposition de systémes hybrides thermoélectriques de récupération de chaleur
équipés de générateur de vortex. Quatre études principales seront menées pour atteindre les objectifs
susmentionnés :

(a) Etudier I'impact des gaz a effet de serre sur un systéme CTHE utilisé pour les échangeurs de chaleur
de récupération de chaleur liquide/liquide.

(b) Examiner les performances des modules VG placés a différents endroits dans un échangeur de
chaleur.

(¢) Mettre en ceuvre la conception optimale dans une application de récupération de chaleur multi-drain
et évaluer l'analyse du cycle de vie de la conception a l'aide du logiciel openLCA.

(d) Evaluer les performances des modules TEG utilisés comme générateurs de tourbillons dans un
systéme hybride de récupération de chaleur. Ces différentes études sont réalisées numériquement a l'aide
du logiciel Ansys Fluent.

Cette thése comprend sept sections et cinq chapitres principaux, certains chapitres étant divisés en sous-
sections. La revue de la littérature englobe trois études traitant de la récupération de chaleur et de
I'amélioration du transfert de chaleur. Le premier chapitre aide a identifier I'objectif principal de la thése,
qui est exploré dans les études numériques et les applications.
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La thése est structurée comme suit :
Chapitre I : Revue de la littérature

I.1 Récupération d'énergie dans les systeémes de conditionnement d'air : « Comprehensive Review,
Classifications, Critical Analysis, and Potential Recommendations », publié dans Energies.

L.2Une revue compléte sur les systémes hybrides de récupération de chaleur : « Classifications,
Applications, Pros and Cons, and New Systems », publié¢ dans Renewable and Sustainable Energy
Reviews.

I.3 Générateurs thermoélectriques pour la production d'électricité : « Applications, Heat Recovery
Methods, and Challenges », publi¢ dans Electricity.

Chapitre II : Etudes numériques et paramétriques

Analyse CFD sur l'effet spatial des générateurs de vortex dans les échangeurs de chaleur a tubes
concentriques - Une étude comparative, publiée dans International Journal of Thermofluids.

Chapitre III : Application de récupération de chaleur des eaux usées

II1.1 Analyse thermoéconomique, environnementale et sociale de systémes de récupération de chaleur
multi-drains équipés de générateurs de vortex soumis a International Journal of Thermofluids.

II1.2Systéme de récupération de chaleur intégré dans différentes sources d'énergie renouvelable : étude
de I’analyse du cycle de vie, publié dans Energy Conversion Management X.

Chapitre IV : Systémes de récupération de chaleur hybrides novateurs : Générateurs thermoélectriques
en tant que générateurs de vortex et isolation.

Chapitre V : Conclusions et perspectives
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Chapter 1. Literature Review

I.1. Energy Recovery in Air Conditioning Systems: Comprehensive Review,
Classifications, Critical Analysis, and Potential Recommendations

Résumé (en francgais)

L'énergie est devenue 1'épine dorsale des activités quotidiennes de l'humanité. Les systemes de
chauffage, de ventilation et de climatisation (CVC), qui consomment environ 39 % de 1'énergie dans le
secteur résidentiel, sont devenus un élément essentiel pour fournir de 1'air frais, en particulier apres la crise
du COVID-19, non seulement dans les hopitaux, mais aussi dans toute construction simple. Ainsi, la
diminution de ce pourcentage ou la récupération d'une partie de 1'énergie perdue est une question essentielle
dans les scénarios de gestion de 1'énergie d'aujourd'hui.

Dans ce contexte, le présent manuscrit propose un examen complet, des classifications, une analyse
critique et des recommandations potentielles pour la récupération d'énergie dans les systémes de
climatisation. Il classe la récupération d'énergie en deux catégories principales :

e Utilisation de 1'énergie perdue pour des usages externes, tels que le chauffage de l'eau
domestique, ou avec d'autres dispositifs ;

e Utilisation de I'énergie perdue pour des usages internes, tels que le flux d'air chaud qui peut étre
réutilisé pour augmenter l'efficacité du CVC.

En outre, ce document présente un résumé des recherches antérieures et passe en revue les dispositifs
utilisés pour récupérer 1'énergie. Ces objectifs sont atteints grice a I'é¢tude d'environ 190 articles
scientifiques, qui a permis de conclure que les dispositifs de récupération d'énergie ont un effet considérable
sur la consommation d'énergie dans le domaine du chauffage, de la ventilation et de la climatisation,
principalement le caloduc, I’échangeur a plaque et les dispositifs a roue rotative.
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1.1.1. Introduction

Energy has always been an essential requirement for the existence and all living organisms, where it is
essential for growth, movement, maintenance, and creating work. Nowadays, with the rise of technological
evolution and the rapid development of applications that need work, the human lifestyle has become more
and more energy-dependent, especially in developing urban cities. For instance, in India during the last six
decades, energy consumption has grown 16 times. The International Energy Agency (IEA) predicted that
by 2050 energy consumption will increase by 50 % [1], where buildings will account for the largest source
of emissions, basically due to the rapid growth in industries. Likewise, the growing demand for energy is
likely to be more intense, in growing states due to the growth of new buildings. Based on the first law of
thermodynamics, rising energy demand, global warming, energy shortage, and the need to provide fresh
air, mainly after COVID-19, make reducing energy loss a challenge. The reduction of energy loss leads to
the development of a new strategy that arranges the use of energy, and most importantly, gets benefits from
the lost power and makes use of it. This strategy is called recovering lost energy.

Energy management has been comprehensively studied for almost 40 years. Recently, it has become
one of the most challenging issues and popular research topics, where its importance turns out to be the
same as finding a new source of energy, where the percentage of lost energy sometimes surpasses 60 %,
besides, and 72 % of the all-inclusive primary energy consumption is wasted during energy conversion [2].
Thus, recovering part of this loss is very beneficial. Lately, in residential and commercial buildings, energy
consumption has escalated firmly; the main reason was due to the HVAC systems at those organizations.
HVAC accounts for almost 50 to 82 % of the energy, of which 40 % of the world’s overall final energy is
spent in buildings. While in non-industrial buildings, HVAC is responsible for around 18-35 % of the total
energy consumption, and about 30 % in commercial buildings [3]. In some countries like Sweden, HVAC
is highly used to reduce radon problems, which makes heat recovery a vital requirement to reduce energy
consumption.

The high-energy consumption of HVAC makes Energy Management Systems (EMS) a fundamental
issue to improve efficiency and provide significant energy savings in construction mainly in hospitals for
removing contaminated air. Nowadays, EMS has become a primary concern in building projects where
many types of research have been done on the BEMS (Building Energy Management System) over the last
decade. Besides, statistical results indicate that the effect of savings of BEMS raises from 11.39 % to 16.22
% yearly, this is due to the continuous research that leads to improving this topic [4].

I.1.2. Theoretical Background

During the last decade, HVAC systems have been used not just for luxury purposes, where the primary
function of HVAC is to provide fresh air circulation and healthy and easy interior situations for occupants
with the least non-renewable energy. These systems have spread more and more, which made recovering
energy in HVAC nowadays a must.

HVAC systems studied in this paper follow the Vapor Compression Refrigeration cycle (VCR) as shown
in Figure 1.1.1; cold low-pressure vapour passes into the compressor and is compressed isentropically into
high-pressure vapour, compression increases the temperature (from Tc to Th) and pressure of refrigerant
(from PI to Ph) as shown in Figure 1.1.2 the Clapeyron or P-V (Pressure-Volume) diagram and the entropy

8



Chapter I. Literature Review
Energy Recovery in Air Conditioning Systems: Comprehensive Review, Classifications, Critical Analysis, and Potential Recommendations

or T-S (Temperature-Entropy) diagram [5]. The gas then flows to the condenser; gas is condensed at
constant pressure (Ph) to liquid and released its heat to the outside air (Qh). For this reason, if you place
your hand directly above the condenser, you will feel hot air coming, this heat will be lost energy unless it
is captured and used again. The high-pressure liquid is then transported to the expansion valve, which
lowers the liquid’s pressure (from Ph to P1) and the liquid’s temperature (from Th to Tc) at constant enthalpy
via the throttling process. Refrigerant exits from the expansion valve as liquid-vapour mixture transport to
the evaporator, where it is completely evaporated by absorbing the latent heat of vaporization (Ql), the
change of state from a mixture to gas within the evaporator requires heat absorption from the cold space.
This process happens at constant low pressure (P1) to gas at the evaporator exit.

Low Pressure
side

High Pressure

- side
g Expansion

( valve

(\_ Compressor ~_,)

—

Liquid

Condenser

Gas

Figure 1.1.1: Refrigeration cycle basic working process [6]
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Figure 1.1.2: Change of state on P-V [7] and T-S [8] diagrams

The high usage of HVAC, the tendency of today’s world to energy management where heat recovery is
one of its main axes, and the significant heat loss in the condenser drive the attention of scientists to search
for well-designed and efficient systems that benefit from the heat loss. In other words, capturing the lost
heat and transforming it into useful energy is called heat recovery.

Recently, new technology has been introduced to cooling systems as an alternative for refrigeration, air
conditioning, heat pumping, or power generation applications. This technology is a solid-state physics and
is known as a caloric energy conversion. The caloric effect is divided into four categories: barocaloric,
electrocaloric, magnetocaloric, and pyrocaloric. Mainly, the highest progress has been observed in the
magnetocaloric domain, where it has proven to be efficient and eco-friendly [6]. On the other side,
considerable efforts have been made in the electrocaloric refrigeration and electrocaloric refrigeration
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fields. Caloric cooling and air conditioning have been studied intensively, where caloric cooling has shown
to be much more environmentally friendly than vapour compression technology with significant efficiency.

1.1.3. Historical Notes

As mentioned in the introduction, most of the community concerns are directed towards reducing energy
consumption, whereas Europe has found that the only way to reduce total energy demand is by minimizing
the energy demand of buildings. This can be achieved by applying two ways: either improving the
efficiency of HVAC in buildings or capturing the lost energy for useful purposes, although both ways are
correlated, where capturing lost heat will result in improving the efficiency. In this paper, two types of
highly remarkable recovery systems were investigated by either energy recovery systems or heat recovery
systems:

Energy recovery systems have highly remarkable recovery systems in improving the efficiency of
HVAC as they recover at the same time latent heat, which is the heat caused by changes in phase, and
sensible heat which is the heat related to changes in temperature where no change in phase occurs [7].
Enthalpy wheels and fixed plates with permeable material are types of energy recovery devices.

Heat recovery systems are unable to recover latent heat since they only recover sensible heat, yet they
have a significant effect on the HVAC system. The heat pipe, thermosiphon, runaround coil, and oscillating
heat pipes are the discussed types of heat recovery devices in this paper [8].

1.1.3.1. Energy recovery systems

It is also called total energy recovery, where it transfers both the latent and sensible heat; this advantage
increases the efficiency and competency of the enthalpy devices in energy recovery. In winter, it is found
that enthalpy devices recover over 25 %. Enthalpy or rotary wheel transfers both latent and sensible heat.
They are highly used in HVAC due to their high efficiency, humidity, and frost control; however, their
design causes a high-pressure drop in the airstream, so high-powered fans are added to deliver proper
ventilation air with a low-pressure drop. Fixed Plate Heat Exchanger (FPHE) has been developed for over
40 years to become the most utilized type of heat recovery system. So far, cross-counter flow, which is a
combination of cross and counter flow, is the most commonly used type (around 89 %) [9]. In the last 20
years, many tests were done on new designs of FPHE which show major results in terms of energy savings
[10].

1.1.3.2. Heat recovery systems

Since 1970, research work on Heat Pipe Heat Exchangers (HPHE) for HVAC has been done in industries
mainly in Britain, North America, and Australia [11]. Since 2010, over 3600 papers have been published
concerning all types of HPHE in various applications. It was found that heat pipes are suitable for electronic
devices, and domestic and industrial applications, also; they can be used in surgery rooms in hospitals [12].
Lately, researchers have shown a high interest in heat pipe technology for heat recovery due to its excellent
features and high efficiency.
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A run-around coil is a reliable system for recovering heat. London and Kays [13] discovered that it
achieves the best performance when the coupling liquid and air have equal heat capacity rates under a
constant Number of Transfer Units (NTU) conditions [14]. Runaround coil is used in hospitals and
industries [15].

Thermosiphon (THE) is a type of heat pipe that works on gravity [16]; its natural phenomenon
encourages researchers such as Azad and Geoola [17], Lee and Bedrossian [18], and others to do theoretical
calculations on its thermal performance. THE has a positive effect on HVAC systems as it is observed from
the investigated papers [19]. However, it is most commonly used in other applications such as solar heating
[20].

Pulsating heat pipe (PHP) or Oscillating Heat Pipe (OHP) is one of the newest evolutions in Heat Pipe
(HP) technology. In the 1990s, Akachi [21] proposed and patented PHP, its working process and schematic
are summarized in Table 1.1.1. PHP has over 340 published papers [22]; it is measured as one of the
promising cooling technologies, especially for electronics due to its high thermal performance, simple
design, quick response to high heat load, and low cost. In HVAC, PHP is a candidate for heat recovery as
it does not require any moving parts and inline air streams. Besides, it has a lower cost than other devices
[23].

Loop Heat Pipe (LHP) has been developed since 1972, it can transfer significant heat flow passively
over long distances compared to other two-phase passive devices. Gerasimov and Maydanik [24] proved
that water is the best working fluid in LHP.

Phase Change Material (PCM) is a method of thermal storage that uses sensible heat, latent heat, and
thermochemical reactions to absorb and release heat [25]. Recently, PCMs have acquired high interest;
several researches demonstrate the potential of PCMs [26]. Researchers have suggested PCMs for
commercial use. As well, they have studied hybrid systems of PCM with other systems such as Earth-to-
air heat exchangers and solar energy [27].

Geothermal systems can contribute to significant savings in the energy demands of buildings” HVAC
systems, making it a very appealing solution. Geothermal energy is an old method of energy, combined
with ventilation systems; it minimizes the load by precooling the supply air by around 25-75 % and 30 %-
70 % savings in energy demands and electrical energy consumption for heating/cooling of buildings’
HVAC systems in central and northern Europe [28]. Water to Earth heat exchangers and Earth to Air Heat
Exchangers (EAHESs) are two types of geothermal energy, EAHEs combined with other systems show
considerable results in reducing energy consumption [29]. A statistical study was done on the satisfaction
of the owners with the ground heat pump (GHP), and results show that more than 85 % would recommend
this system to others. Geothermal has a positive effect on HVAC since it reduces the consumption of the
heating/cooling process [30].

Now, Table I.1.1 gives detailed information about the working process, advantages, properties,
disadvantages, and main parameters of each device [31].
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Table I.1.1: Summary of energy and heat recovery systems

Devices Working process Advantages Disadvantage Parameters
Heat Pipe . L .
E In the evaporator section, liquid in the pipe | ¢ 1 (45-65 %) i];h:fgeecrti%rrsartllclz or
evaporates due to the temperature, which y

1l

=111

Cond.

Evap.

is above the boiling point of the liquid,
vapor then goes through an adiabatic
section in a vapor form, it then reaches the
condenser section which returns into liquid
due to the temperature, which is below the
dew point of the vapor, the liquid goes
back to the evaporator section through the
wick structure.

¢ Counter flow

« Parallel flow

* No cross-contamination
* No moving parts [32]

* High reliability

* Does not require any external
power for its operation [33]
* No mechanical or electrical

input

¢ Transfers

* Overheating [34]

operating conditions
and the design of the

only
sensible energy

« Difficulty in HP [35]:
choosing the best e Inlet temperature
working fluid. o Inlet flow rate

o Wick structure
e Working fluid
¢ Dimensions

e Inclination

Thermosiphon

The process in Thermosiphon is the same
as the heat pipe but with no wick structure.
Liquid returns to the evaporator section
due to gravity, for this reason, the
thermosiphon is called a gravity pipe or
wickless heat pipe [36].

* Sensible (40-60 %)
¢ Counter-flow
« Parallel flow

» No mechanical or electrical high pour point makes

input
Easy to maintain

sensible energy the design of the
« Water can be a thermosiphon:
working fluid, but its e Working fluid
Di i f pi
it unsuitable for gé;nrﬁgf;;ns of  pipe

applications with low

temperatures [37] o Inclination [38]

.
=~

Stored

PCM is a material with high thermal energy
storage (TES) density and high-power
capacity for charging and discharging. This
material melts and solidifies at a specific
temperature. When the material phase is
changed from liquid to solid and vice versa,
heat is captured or released. This makes
PCM latent heat storage [26].

(i) Sensible heat.
(i1) Latent heat.

(ii1)) Thermochemical reaction

* No moving parts

* Long life cycle

* No pressure loss

* Passive

* No cross-contamination

* Difficulty in choosing

* Requires high thermal

Requirements of PCM:
* Thermo-physical

material.

conductivity [39, 34] * Kinetic
to guarantee high- « Chemical
energy storage
density and high-
power capacity for
charging and
discharging

e economic, environmental

* The challenge is to
augment the latent heat
storage capacity [40]
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Devices Working process Advantages Disadvantage Parameters
Runaround
This system consists of two or more multi- ) Factors that affect the
S, * Sensible (55-65 %) . d coil [441:
! row finned tube coils linked to each other Counterflow * Requires pump to runaround coil [44]:
by a pump that runs the cycle. Outside air | p_ 111 flow move the fluid. * Airflow .
enters the supply air-handling unit . _ o * Low efficiency * Glycol concentration
) i : No cross-contamination . Freezi bl « The flow rate of the brine
(SAHU), in heating mode; pipework « Low-pressure drop feezing - probiems o
. 4 [42] * If permeable material is
transfers the heat from the exhaust air- « No moving parts [42 .
g parts [42] dded h h
handling unit (EAHU) through the - Highly recommended in - Scnsile heat addec, - then e
. & ) g . 1 bg }; ies due to its ability - LOWeT efficiency ~ runaround coil becomes
circulating fluid to the SAHU. Return air abora Orllés due 1o 1ls abtity . hared  to other @ total energy recovery
enters the EAHU agd transmits its heat to to ¢ 1m1naze CrOSS- Hevices. device and is called a
the pipework then circulating fluid. contamination [43] « Requires  electrical ~ runaround.
Hence, heat is transmitted from the EA * Supply and exhaust ducjc does power for running the Mmembrane energy
. . not have to be located side by
stream over the pipework coil to the side pump [14] exchanger [45]
flowing fluid, and then from the fluid over (RAMEE)
the pipework coil to the SA stream [41].
OHP/PHP [46]
PHP is evacuated, and then slightly filled
| | by worklpg fluid. At the e;vaporator end, « Sensible (52 %) in case R134a + Low efficiency Operating limitations for
— the tube is exposed to a high temperature, PHP such as [50]:
Condenser | . . . * Counter-flow * Effect of the
. M which leads to evaporating the working « Parallel flow inclination angle ° Number of turns
g | A A H fluid, which increases the vapor pressure, . [ ow-pressure drop [47] depends on the ° Filling ratio
Liquid | ' " and expansion of the bubbles in this zone.  « passive, does not require properties of the é;pf;{c_t rago_d
o Vapor The growing bubbles push the liquid to the  input power [48] working fluid used in | olr' 1r;g ut |
condenser, which is at a low temperature. ~ * Low cost [46] CLPHP [49] . Iflc lrii ton afng © diabati
The low temperature causes condensation ~ * R134a PHP has better thermal + A low-pressure fluid eng 0 adiabatic
and a further increase in pressure performance for specifically temperature near the "Sl"e}fettl(i)rrlltemal diameter of
'T_ (PRYRY _* difference. However, because the tubes are ~ 10W-heat application devices.  freezing point the tube.
=54 Evaporator I linked, liquid and vapor bubble motion at * Quick response to the high borders the PHP . Operating  temperature

the evaporator section push the liquid at
the condenser back to the evaporator
section.

heat load

process [46]

[51]
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Devices Working process Advantages Disadvantage Parameters
Rotary Enthalpy Wheel
[52] Rotary Wheel exchanges heat and
. . ° 1 - 0,
humidity. The wheel rotates at a constant Sensible (50-80 %) [53] « Cross-contamination  Enthalpy wheel depends
in out  speed, the channel is subjected to two e Total (55-85 %) [54] upon:

counter-flow arrangement streams. Outside « Transfers latent + sensible . Regular maintenance * Wheel length

i Air (OA) enters the wheel, heat is  energy.
= 0 1 transferred from the lower section to the
Supply Air (SA), Return Air (RA) enters
the lower section and transmits the heat to
the wheel and leaves as Exhaust Air (EA)
with lower temperature. In cooling mode,

* Counter flow

* Parallel flow

* Humidity control
* High efficiency

A dehumidified. Moisture is given to the freezing problems.
wheel, containing a hygroscopic substance, * Low-pressure drop [52]

or coated with desiccant to absorb e No working fluid is required

humidity.

the coming air is pre-cooled and ¢ Frost control means

* Moving parts [42] ¢ Channel base

« Airstreams must be * Height
adjacent to each other * Thickness
relatively. * Revolution speed

* Requires filtration to « Geometrical ~parameters:
no keep the air stream yheel size.

clean [55]

e The calculation
critical [56, 57]

¢ Desiccant material

. Boundary conditions: face
velocity [58]

Fixed Plate

Removed air from

inside Fixed Plate Heat Exchanger (FPHE)

Fresh air to

building contains a box with a set of parallel metal ~ * Sensible (50-80 %)
or plastic plates which allows the removed « Total (55-85 %)
g air to pass over the incoming air, « Counterflow

transmitting the energy and warming it up.

* Parallel fl
The two air streams are parted by the araflcl tlow

plates and do not mix. Liquid ¢ CYOSSHO.W
_ Desiccant Dehumidification System * No moving parts [42]
Ren;ﬁggizlr © Eresh air fror{ LDDS) can be added to the FPHE to « Humidity control

outside  recover latent and sensible energy.

« Freezing problems in Parameters that affect

very cold climates Fixed plate:
« Condensation build- * Type of flow
up [59] » Number of channels

* High-pressure loss Working fluid
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Among the energy recovery devices mentioned in Table I.1.1., it is noticed:

1. RW and FPHE have the highest efficiency due to transferring both sensible and latent heat, which
increases their efficiency among other systems. So, RW is highly recommended, however, there are
some limitations such as regular maintenance besides the contamination, and this is why it is not used
in hospitals unless it is equipped with a filtration system.

2. FPHE is a good choice mainly since it has no moving parts. However, frosting problems, high-
pressure drops, and condensation build-up should be taken into consideration.

3. PCM provides a great opportunity for energy storage.

4. Combining PCM with other systems is recommended since PCM offers the opportunity to store
energy, whereas adding PCM slows the temperature rise and guarantees the safe operation of the
devices in the long term.

I.1.4. Research Objectives

This review investigated over 184 published papers starting from 1992 to 2020. The investigated papers
are classified into the categories shown in Figure I.1.3, where RW, Fixed plate, and HPHE share the highest
percentage among the devices. 35 % of the papers were review papers, which means heat recovery devices
are highly studied and have a remarkable portion of the research sector.

ENERGY RECOVERY IN HVAC

M HPHE : Heat Pipe Heat Exchanger

W THE : Thermosiphon

M PHP : Pulsating Heat Pipe

MPCM : Phase Change Material

M EAGHE : Earth Air Ground Heat Exchanger

M EMS+BEMS: Energy Management System + Building EMS

M TEG+water heating : Thermoelectric Generator

W Review papers and others

Figure 1.1.3: Investigated papers according to the topic.

Figure 1.1.4 shows the number of papers according to the years that were investigated from 1992 to
2018; each column in the chart represents the number of studied papers every three consecutive years.
Results demonstrate that energy recovery in HVAC is increasing year after year, and there has been a great
increase since 2012 with ten times more articles than fifteen years before; this fact is a sufficient motivation
to study more about this topic.

Among the main review papers, it is noticed that all the review papers have studied the effectiveness of
waste heat recovery (WHR) methods in diverse fields. Jouhara et al. [60] reviewed WHR methods in
industrial processes from diverse approaches to obtain the optimum efficiency for a system. Mir6 et al. [61]
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executed a review on WHR in industries for Thermal Energy Storage (TES) where TES technologies are
applied to capture Industrial Waste Heat (IWH). Nazari et al. [62] presented a review of PHPs through solar
to cryogenic applications. Hoang [63] discussed the WHR from diesel engines built on the Organic Rankine
Cycle. Huang et al. [64] carried out a review of WHR for district heating.

Number of invistegated papers

Figure 1.1.4: Investigated papers according to years.

From the above-mentioned review papers, it is noticed that all of them endorsed the WHR 1in all fields
and they agreed on studying WHR in later research. However, none of them did a comparative review of
Heat Recovery (HR) devices according to their pros and cons and the effect of climate on the efficiency of
the WHR system. Accordingly, this review aims to present the main methods for energy management in
HVAC, then find out the most effective device, where it is not just about HR, it is about choosing the
optimum HR. This will be done by defining the devices and discussing their effects from already published
papers, then drawing out a conclusion. Throughout the research, it is noticed that the climate is an important

factor that most of the research papers did not take into consideration, so a section related to the climate
effect is added.

The novelty of this research is:

1. Providing a table about the working process and the pros and cons of each device
2. Classifying the papers to a new methodology which is:
2.1.saved energy is used for external systems.
2.2.saved energy is used in the HVAC system equipped with the energy recovery device.
3. Conclusions on the reviewed papers and finding the best device based on the drawn conclusions.
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I.1.5. Energy Recovery Systems

The chart, in Figure 1.1.5, divided Energy management in HVAC into the following categories:

TEG: Thermoelectric Generator
HPHE: Heat Pipe Heat Exchanger
PHP: Pulsating Heat Pipe

OHP: Oscillating Heat Pipe

PCM: Phase Change Material

Figure 1.1.5: Energy management classified into categories.

1. Outside use, which means the lost heat that is captured is used for external benefits, in other words,
saved energy is used for external systems like generating electricity.

2. TEG was mainly used for heating water by air-water HE [65]. Using the lost energy for outside use
is not only necessary for the heat recovery concept but also enhances the efficiency of the HVAC
system [66].

3. Inside use, which means air-saved energy is used in the HVAC system equipped with the ER device
to improve the efficiency and heat/cool the supply. This section is divided into:

i. Heat Recovery: energy transferred is just sensible heat; it can be transferred by different types
of heat devices that will be discussed in the upcoming sections.
ii. Mathematical Control which is related to predicting systems such as smart systems, where
they have revealed a positive impact on saving energy as shown in Figure 1.1.5.
iii. Energy Recovery or total energy recovery: it is called total because it transfers both the latent
and sensible heat; this advantage increases the efficiency and competency of the enthalpy
devices in energy recovery.
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I.1.5.1. Energy recovery for outside use

In the following section, saved energy is used for external systems such as heating domestic water, or
using the captured lost heat to generate electricity; this process shows remarkable results as it is considered

a free source of energy.

Air-Water HE

The concept of heating domestic water from the recovered lost heat is by capturing the rejected heat
from the condenser by using a heat exchanger, where the cold water is heated by the warm flow that is
produced from the condenser.

Table 1.1.2 summarizes the methodology and results of the main investigated papers related to energy
recovery using an air-water heat exchanger.

Table 1.1.2: Summary of the investigated papers related to heating water for domestic use from the lost

heat.

Authors

Methodology

Result

Ramadan et
al. 2015 [67]

Counter-flow concentric tube heat exchanger
at the condenser is used. Hot air coming from
the condenser warmth up the water inside the
tube.

The outlet temperature of the water rises
from 304 K to 347 K when the cooling
load rises from 3.52 to 63.31 kW.

Stalin et al.
2012 [68]

One inlet and one outlet tank are used for water
flow, pump for circulating water from the tank
to the water-cooled condenser, and this
procedure lasts until the desired temperature is
reached.

2.71 hours are spent to raise the
temperature of 350 L of water from 20 °C
to 50 °C with a payback period of 6
months.

Lokapure et
al. 2012 [69]

A refrigerant to water HE is placed between the
compressor and the condenser. Water is
propagated through one side of HE, and hot
refrigerant gas from the compressor is
transmitted over the other side.

Inlet water of 33 °C becomes 43 °C
outlet water, and the heat in the water is
increased by 30.3 %.

The COP of the system is raised by 13.66
% after using the HE with the air
conditioner.

From Table 1.1.2, it can be observed that the results obtained in air-water HE were considerable, and it
is worth it to heat domestic water from the lost heat. This system is efficient due to:

1. The high heat capacity of water allows it to conduct heat about 25 times more than air does. So, water
is considered more efficient than air.

2. The increase of outlet temperature of the water as the load increases. This indicates that applying air
to the water HE in buildings that have high use of HVAC is very efficient.
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Thermoelectric Generator TEG

It is also called a Seebeck generator, a solid-state device, which transforms the difference of temperature
on its opposite sides into electricity following the phenomenon of the Seebeck effect. TEG is a considerable

technology that recovers lost heat in various applications. Table 1.1.3 represents the methodology and

results of the main investigated papers related to energy recovery using Thermoelectric Generators (TEGs).

Table 1.1.3: Summary of the investigated papers related to generating electricity from the lost heat.

Authors

Methodology

Result

Ramadan et
al. 2017 [70]

Placing flat plate TEG of 40x40 cm?2
horizontally, the air of the condenser is
considered the heat source and the exhaust
airflow is used as a cooler.

At a load of 100 kW, TEG was able to
generate 90 W of electrical power

Kumar et al.
2015 [71]

TEG in a vertical direction facing the condenser
from one side and the outside air from another
side.

30 % of waste heat is recovered by the
condenser side.

Damanhuri
et al. 2018
[72]

Six Peltiers were arranged between Cu plates. 3
cases were monitored depending on the
temperature AT of the cooling coil and
condenser temperature.

A difference temperature of 9-10 °C
and a load of 1.5 hp generated 1.61 V.

Trinidad et al.
2015 [73]

Experimental studies on a TEG array design
were conducted to study the energy
consumption of this device. The hot air and cold
air entered a square channel with a wall
separating them. The hot air entered the bottom
section, and the cold air entered the top section;
The hot side had an 1850W max capacity while
the electrical loads ranged from 390 to 760 Q.

Results show that the application of the
electrical load has a high effect on the
gradient temperature between the outlet
and inlet of the hot air. On the other
hand, the numerical analysis indicates
that this system behaves differently as
compared to a  conventional
counterflow HE.

As a conclusion drawn from Table 1.1.3, it is observed that:

1. TEG has low efficiency due to its design.
2. When the temperature difference increases, the value of generating electricity increases.
3. TEG shows a positive effect on HVAC but some improvements should be done to increase its

efficiency.

I.1.5.2. Energy Recovery for Inside Use

I.1.5.2.1. Heat Recovery

Air-Air HE
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A method of capturing heat loss from hot air enclosure, it is a type of exchanging heat, however, through
a passive way, where the design enhances heat transfer. Table 1.1.4 shows the methodology and results of
the papers that studied air-air energy recovery devices (HPHE, THE and PHP/OHP, Run around coil) [74].

Table 1.1.4: Summary Investigated papers related to air-air energy recovery devices.

Authors  Methodology Results
Firouzfar HPHE is placed in two streams of fresh air The heat transfer and effectiveness rate of
etal., 32-40 °C and return air (26 °C) in AC. both the condenser and evaporator sections
2011 [75] Ratios of mass flow rates 1, 1.5, and 2.3 were raised to 48 %.
were tested to observe heat transfer and
change of temperature of fresh air.
Sanaye et A HPHE, made from copper with water as The optimal point is with an effectiveness of
al.,, 2014  working fluid and a wick structure of 10 0.774 and a total cost of 1474 $ with a return
[76] sheets of the 100-mesh bronze screen, is period of about 2.5 years.
E placed horizontally to recover heat from the
B exhaust air, in heating mode, and transfers
= it to the cold inlet fresh air whereas, in
cooling mode, it pre-cools the hot inlet
fresh air.
Ahmadza TRNSYS software was used to study the Results revealed that by reheating and pre-
dehtalata  hourly influence of HPHE on HVAC. cooling, a total amount of 236.9 MWh of
peh, 2013 Eight-row HPHE was added with an energy could be saved yearly. This amount
[77] average of 22.4 °C indoor temperature and results in saving 24,572 $ annually.
54.5 % indoor air Relative Humidity (RH).
Firouzfar 3-row THE was investigated which consists The cooling capability for the system was
et al. of 48 wickless heat pipes organized in 6- improved by 20 to 32.7 %. In an evaporator
2011 [75] row. and condenser, the equal value of air face
velocities should be avoided.
Guoyuan THE is used in an AC system for outlet air Results show that the seasonal temp
Maetal. heatrecovery in a shopping mall in Beijing. effectiveness (STE) is 66.08 % in winter and
2013 [78] 55.43 % in summer.
Jouhara Wraparound Loop Heat Pipes (WLHP) are Results show that the effectiveness declines
o etal thermosiphons used commercially. It with the rise of air velocity. The effectiveness
E 2018 [36] depends on gravity to return the condensed of the HP filled with water varied from 20.14
liquid. HP filled with R134a and water were % to 19.61 %, whereas it varied from 13.76 %
investigated at two different air velocities: to 13.25 % when it was filled with R134a.
2.56 m/s and 2.6 m/s. Thus, water HP was 46 to 48 %, which is
greater than R134a.
Vanyasre Thermosiphon of an outer diameter of 16 A comparison was done on the results
etal., mm, and 570 mm long is used with a obtained, and it was concluded that in
2017 [79] working fluid de-ionized water. Different thermosiphon, 45° is more efficient than other

flow rates are set in the test 10 ml/s, 15 ml/s,
and 20 ml/s for various heat inputs of 155

inclinations when de-ionized water is used as
a working fluid.
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W, 200 W, 250 W, and 300 W and different
inclinations of 30°, 45°, and 90°.

Mahajan OHP consists of multiple finned OHP, The results show that the OHP system is
et al. organized in a staggered way (to increase energy and cost-effective since a reduction of
2017 [80] the heat transfer). Typical HVAC is studied total average consumption was observed,
at 60.96x45.72 cm?. The ducted air streams around 16 % yearly. OHP can save, annually,
have a constant volumetric flow rate of 1.18 more than 2500 $ in cities that have
m?/s opposite to each other. Outdoor continental (warm to hot summer and severe
temperature is assumed to vary between -8 cold winter) climatic conditions
°C and 48.9 °C.
Supiratta  Copper tubes closed-loop (CLOHP) was When R134a was used as the working fluid,
nakul et  used with a diameter of 2.03 mm. Indoor heat flux increased to 5.19 kW/m? at a
al.,, 2011  design temperature varies between 20 and temperature of 27 °C. The CLOHP/CV
[81] 27 °C with 50 % RH. R134a, R22, and resulted in an increase in the surface area and
R502 refrigerants were used as working the heat capacity of the base fluid.
fluids.
o]
g Govinda  OHP-HE was studied with a 70 % fill ratio Results indicate that OHP can recover up to
& Mahajan  of n-pentane. The performance of OHP was 240 W of heat from the waste exhaust air
E et al., compared with the empty tube i.e. at stream, with a low-pressure drop of almost 62
2015 [82] vacuum pressure having the same overall Pa in the cold air stream. The heat transfer rate
dimension. with 70 % n-pentane is two times that of the
evacuated OHP.
Chawane PHP performance is compared by using Water-filled devices showed  higher
etal, three different working fluids: ammonia, performance as compared to R-123 and
2013 [46] water, and acetone. ethanol in a vertical orientation. Ammonia
shows desirable characteristics of heat
transfer, it has a high freezing point.
Baruaet  Mathematical models of the fall of Temperature declines exponentially. For a
al.,, 2011  temperature in the condenser section were fixed D, the temperature drop depends on the
[83] established concerning time for different length of the evaporator. For a fixed L, the
diameters D and lengths L of the pipes of temperature reduces faster for the smaller
the evaporator sections. diameter of the pipe.
Wallinet A summary on increasing the performance The Annual HR rate was improved from 47 %
al.,, 2012 of transferring energy through run-around to 66 %. The system shows considerable and
[15] coil ventilation HRS. Studies have also affordable results, for the three-stage heat
= investigated the methods to improve heat pump design, the payback period was 5.7
3 pump units by decreasing the energy used, years, and for the variable heat pump capacity
b= this was done by conducting a modified design 6.2 years.
g design of 3 3-stage heat pumps to the
g system the heat recovery rate per year was
é obtained at the Stockholm.
Zaengerle, Integrated system of energy recovery with This system is very valuable to recover energy
2012 [84] cooling and heating devices of runaround in cold climates, thus decreasing the power of

coil studied in cold climates.

the fan.
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Table 1.1.4 revealed that:

1. Air-to-air HE decreases considerably the energy consumption, but there are some limitations

according to its characteristics and specific configuration.

2. Many factors affect the efficiency such as working fluid, size, and climate...

3. It is highly recommended to combine other systems such as PCM to overcome its overheating
problem.

4. Besides, it is noticed that OHP in continental climates can save more energy.

5. The efficiency of THE in winter is higher than that in summer. It is recommended to perform a
comparative study for each of THE and HPHE in different climates.

6. Papers on integrating run-around coil with HVAC were not available as much as other HR devices,
yet it is concluded that this technology is noticed to be effective in cold climates.

Earth-Air HE

EAHE is considered an encouraging technology, which can efficiently decrease the load of cooling/
heating of a building by warming up the air in the wintertime and the same in summer. Table I.1.5 shows
the methodology and results of papers that studied energy recovery from EAHE.

Table 1.1.5: Summary of the investigated papers related to energy recovery from earth to air HE

Authors

Methodology

Results

Reddy et
al., 2015
[85]

Air conditioning system with a ground source
heat exchanger (ACSWGSHE) is developed.
HE, of helical shape, is placed in a hole of 0.2 m
in diameter and 15 m deep. The test was done
under three different conditions: (i) open hole,
(ii) hole filled with water at ambient temperature,
and (iii) hole filled with sand. The tube was made
of copper and the refrigerant was R22.

When the borehole was filled with water, the
COP rose from 2.11 to 3.72. In addition, the
power consumption of the AC decreased by
29 %. When the bore was filled with sand,
COP decreased significantly due to low heat
transfer from the condenser to the ground.
The cost of the ACSWGSHE system is high.
However, after a specific time, savings and
energy conservation are significant.

Woodson
et al., 2012
[86]

EAHX at 1.5 m depth was designed with varied
temperature varies from 25 °C to 43 °C, a 25 m
length.

The designed system cooled the inside air
from the outside air by more than 7.5 °C
when the temperature was 30.4 °C.

Tiwari et
al., 2014
[87]

A room of height 2.6 m, length 4.5 m. Two
designs were used: (i) Design I: 5 air changes,
0.1 m pipe diameter, pipe length is 21 m. A fan
of 0.3 m diameter and 66 rpm requires 90 W
power to operate. (ii) Design II: 5 air changes and
0.025 m pipe radius, pipe length is 15 m. A fan
of 0.3 m diameter and 66 rpm requires 90 W
power to operate.

Design I provide net thermal energy of 0.29
kW in summer and 0.36 kW in winter.
Design II provides net thermal energy of 0.26
kW in summer and 0.34 kW in winter. The
environmental cost for Design I and Design
ITis 10.1 $ and 13.9 § respectively.
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Congedo
et al., 2016
[88]

Under the summer and winter conditions of the The best performance was at a pipe depth of
Mediterranean Climate, a horizontal air-ground 5 m with a ground conductivity of 3 W/(mK).
heat exchanger (HAGHE) system is studied with A gain of about 23 kWh in winter and 37
a 5 m pipe. kWh in summer.

Fazlikhani
et al., 2017
[89]

In Hamadan, the system works for 225 days
and saves 50.1-63.6 % of energy. In Yazd, it
works for 294 days which results in reducing
consumption by 24.5-47.9 %.

This study compared the efficiency of the earth
to air heat exchanger (EAHE) systems in hot-arid
(Yazd) and cold (Hamadan) climates.

It is observed that:

1. EAHE is effective in severely cold/hot weather when the temperature is high which results in a higher
temperature gradient which means higher heat transfer.

2. Besides, it is noticed that the EAHE is most efficient in hot dry climates weather.

3. EAHE depends on some parameters to achieve optimum energy saving such as the ground, soil
properties, depth, climate, working fluid, geometry, and material of the pipes used. So, location and
climate should be taken into consideration.

1.1.5.2.2. Mathematical Control

Controlling and smart systems are great inventions that helped in many fields, where do not just facilitate

the process, but; also save energy as will be shown in the methodology and results of the papers that studied
the effect of mathematical control on HVAC systems in Table I.1.6.

Table 1.1.6: Summary of the investigated papers related to mathematical control effect on HVAC

systems.
Authors Methodology Results
The overall energy efficiency ratio was
A comparison between the modified bin increased by 45.57 %. The Energy Efficiency
Elhelw 2016 method and cooling load temperature Ratio (EER) of the modified bin method was
[90] difference/ solar cooling load factor/cooling between 14.29 and 10.58, higher than EER
load factor (CLTD/SCL/CLF) method. acquired from using CLTD/SCL/CLF method
10.89. Overall EER saved 33.42 %.
Sayadi et al. Model predictive control (MPC) is used to A reduction of about 43 % and 31 % in energy
2016 [91] foresee the situations of the system. used when using MPC.

Wang et al.,

The model showed over 80 % accuracy. The

Detection of occupancy using Wifi coverage, designed model reduced the energy

2017 [92] smart devices, and sensors. consumption of HVAC significantly.
Zlatanovic, Simple and cheap method is used for the Results show that ESEM has a p0§1tlve effect
. S on HVAC, and 55 % of electrical energy
2011 [93] energy-saving estimation model (ESEM). . .
savings can be accomplished.
Godina et Model = Predictive  Control  (MPC), Up to 14.2 % can be saved by applying the

al., 2018 [94]

proportional integral derivative (PID), and

ON/OFF control methods in an AC. specific model.
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Mathematical Control is related to controlling and predicting systems such as the smart system. These
systems have revealed a positive impact on saving energy as shown in Table 1.1.6, where it is noticed that
Model Predictive Control (MPC), Building Automation Systems (BAS), Estimation models, and automatic
smart systems have acquired high attention in HVAC for their ease in use, however, they require high cost
and accuracy in constructing. From Table 1.1.6, it is noticed that the model accuracy is acceptable, and it
showed a significant positive effect on saving energy. It is recommended to do research that involves a
smart system in HR devices.

1.1.5.2.3. Total Energy Recovery

Enthalpy Wheel

One of the energy recovery devices that transfers sensible and latent heat, this criterion increases the
efficiency of RW and helps in decreasing the moisture in the air. Table 1.1.7 shows the methodology and
results of the papers that are related to the RW heat exchanger in HVAC.

Table 1.1.7: Summary of the investigated papers related to the enthalpy wheel effect on HVAC systems.

Authors

Methodology

Results

Wang et
al., 2012
[95]

Two simple design cases of energy
recovery with and without airside
economizer were studied and compared to
a baseline case which is without energy
recovery and airside economizer case.

Airside economizer combined with energy
recovery reduced 17 % of HVAC energy
consumption annually, which is the highest
energy benefit. In summer design, for the Miami
climate, COP is increased by up to 26 %.

Ali et al.,
2016 [96]

Comparison between two cases: (i)
without heat recovery wheel, (ii) with heat
recovery wheel.

After using the heat recovery wheel, the energy is
reduced by 15 % from 11.6 tons to 9.9 tons of
cooling capacity.

Hussaini
et al., 2017
[97]

Comparison of heat load calculations with
and without heat recovery wheel for
energy-efficient using Eco-Fresh enthalpy
wheel software.

When using HRW sensible heat a total reduction
in the ton of refrigeration decreased to 46.02 %,
which means about half of the energy is saved.

Bellia et
al., 2000
[98]

An application is done for retail stores, in
four Italian cities. An application is done
in the theatre in Rome.

The maximum and most profitable savings to the
corresponding traditional system have been
obtained to be around 22 %. Savings are between
23 % and 43 %. For both cases, the needed electric
power is reduced by about 55 %.

Herath et
al., 2020
[99]

Installing Enthalpy Wheels (EW) to
central air conditioning systems. Energy
saving is calculated for various operating
conditions. The payback period for
involving RW in AC is calculated.

EW can recover around 20 % to 40 % of total
energy consumption compared to a configuration
with no EW in operations. Energy recovery
increased when the temperature of fresh air and
the moisture content increased. The payback
period for an EW is in the range of 1 to 5 years.
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Results in Table 1.1.7 show that:

1. EW HE is effective in HVAC applications, due to its high efficiency and ability to transfer latent, as

well as sensible energy, which can be saved.

2. Besides, it was noticed that energy recovery increases when the temperature of fresh air and moisture

content increases, subsequently the chance to recover heat using EW rises.

3. It is also noticed that the efficiency of RW in hot and humid climates increases.

4. So, it is recommended to study RW in a humid and cold climate, it is logical that the results will be
positive where humidity has a positive effect on RW as it recovers latent heat.

PCM

It is a material that releases and absorbs phase change, this process provides heating and cooling by
melting and solidification. PCM offers storage ability, which makes it useful in many applications. Table
1.1.8 shows the methodology and results of the papers that are related to the PCM effect on the HVAC

system.

Table 1.1.8: Summary of the investigated papers related to PCM effect on HVAC systems.

Authors Methodology

Results

Chaiyat et PCM of paraffin waxes material, which melts at
al., 2014 around 20 °C was used in the Thai climate for
[100] better cooling efficiency of an AC.

9.10 % of the electricity cost was saved
when PCM was used. The payback period
was 4.15 years.

Hybrid conditioning system that joins EAHEs and
Tranto et PCMs that considers surfaces as sources of
al., 2013 cooling or heating. The hybrid system was
[101] studied, for 24 hours, with airflow rates of 0.02,
0.04, and 0.05 m3/s

PCM alone can reduce temperature
swings by 33 %. The hybrid system
reduced temperature swings by 40, 47,
and 46 %, respectively under the given
flow rate.

15 plates were 10 mm separated and assembled in
Madyira, a Plexiglas box, and air mass flow rates of 0.027,
2017 [102] 0.061, and 0.075 kg/s were provided by an axial
fan.

For 0.027 kg/s, PCM discharged about 78
% of its latent energy storage. In the day,
about 95 % of latent storage capacity was
recharged

Studies in Table 1.1.8 indicate that:

1. PCM possesses a significant effect in terms of energy-saving and storage.
2. Besides, the PCM+EAHE system is encouraging, especially due to its enhancement in swing

temperature reduction.

3. PCM has a high cost and some limitations such as its low thermal conductivity [103].
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So, it is recommended to use PCM as an aiding storage system to store the excess heat and discharge it
gradually such as PCM combined with HP, THE, or EAHE where PCM offers storage which helps in
keeping the system for a longer lifetime.

Fixed Plate

It uses metallic plates to transfer the heat between fluids. Its novelty is through exposing the fluid to a
greater surface area as fluids are blowout over different plates, this helps in increasing the heat transfer rate
for compacted size. FPHE can transfer latent energy as well as sensible energy, especially when combined
with Liquid Desiccant Dehumidification System (LDDS) [104]. Table 1.1.9 shows the methodology and
results of the papers that are related to the Fixed Plate membrane energy recovery effect on the HVAC

system.

Table [.1.9: Summary of the investigated papers related to the Fixed Plate effect on HVAC systems.

Authors Methodology Results
Zafirah et  Tests were performed in a range of airflow As alrﬂoW and T1se, efﬁcwgcy is reduced.
. . The efficiency of the system varied between 40
al., 2016 rates from 1 to 3 m/s and intake relative and 74 %. the highest recovered enerey was
[105] humidity of 70 %, 80 %, and 90 %. o & &y
1,456 W.
. Quasi-counter-flow HE designs including Results showed that L-shaped HE saved up to 75
Nasif et GJ energy compared to Z-shaped and Z-shaped
L-shaped, Z-shaped, and Z-shaped .
al., 2015 . opposite HE. L-shaped HE recovered 90 GJ
opposite flow Heat Exchanger (HE) were
[106] . more energy compared to other HE
studied. .
configurations.
Shen et Fixed plate heat exchanger is united with 16 to 19 % of the total energy consumption was
al., 2017 the hybrid mass and heat transfer model in recovered from the outlet air which leads to
[104] the regenerator. energy savings of about 14 to18 %.
. Performance of Z-type flow enthalpy Results showed that in tropical (humid climate)
Nasif et . . . . o
al.. 2010 membrane coupled in AC is investigated this system saved up to 8 % of energy annual
[1'67] annually to measure the effectiveness of consumption. But, in a moderate climate, it uses
different climates. 4 % less energy than conventional AC.
. Investigating the effectiveness of applying Results showed that this system recovered
Nasif, . . . . . .
2018 [108] Fixed Plate energy recovery heat energy in a humid climate higher than that in

exchangers for HVAC in buildings.

moderate and dry climate conditions.

Table 1.1.9 exhibits the following conclusions:

1. FPHE is a promising method to save energy in HVAC applications.

2. It is noticed that the intake air conditions affect the performance of the system such as increasing
airflow rate and RH because fixed plate HE transfers latent and sensible energy.

3. The shape of the fixed plate has a major effect on the amount of recovered energy, where results
show that the L-shaped fixed plate shows higher recovered energy.
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4. In addition, it is noticed higher recovered energy in humid climates than in dry and moderate climate
environments.

1.1.5. Effect of weather conditions

Based on the above-investigated papers, it is observed that climate has a considerable effect on the
performance of each device [109]. So, in this section, energy recovery devices will be classified according
to their best climate conditions based on previous research.

All the papers agreed that the cost savings and efficiency of the system in winter are higher than that in
summer [110]. Thus, heating is more efficient than cooling for the same system [111]. Also, Wuetal. [112]
indicated that when relative humidity exceeds 70 % in hot and humid climates, latent heat becomes a
significant constraint. Then, energy recovery devices are suitable for such climates due to their ability to
transfer both latent and sensible heat systems [75]. Thus, rotary wheels and fixed plates can be used in cold
humid climates but there is a freezing problem at very low temperatures. However, for the fixed plate, the
condensation builds up problems, limiting its implementation in severely cold weather. In winter, it is found
that enthalpy devices recover over 25 % of energy more than sensible heat devices. Whereas in summer,
the energy recovery device recovers about three times as much energy as the sensible heat devices [113].

Ground heat pump (GHP) systems have been widely implemented in cold climates. Results showed that
GHP in cold climate regions is slightly improved, where energy savings are around 7.2 % and energy cost
savings on average 6.1 % [30]. Horizontal air-ground heat exchanger (HAGHE) system, which is a type of
geothermal energy, reduces the consumption of energy in all seasons, they show high effectiveness in
various climates (hot and humid, cold climate, tropical climate, Mediterranean climate, moderate climate,
etc.) [114]. However, they perform optimally in a hot-arid climate, where a reduction of 66 % in the gradient
temperature between the highest and lowest daily temperatures occurred over the year [88]. Whereas, in
the cold climate, the reduction was lower [89]. Thus, EAHE performs in a hot-dry climate better than in a
cold climate. These results demonstrate that GHP and EAHE are applicable in hot dry-climate regions.

An experiment was done in India showing that heat pipes (HP) saved maximum energy in warm-humid,
and hot-dry climates [115]. Results also revealed that wraparound heat pipes, HPs wrapped around a cooling
coil, are applicable for hot and humid climates [36]. Thermosiphon is also recommended to be used in a
subtropical climate (hot and humid summers, cold winters) [116]. Thus, HP is mainly reliable in hot
climates, however, there is a lack of research about HP in cold climates. So, it is recommended to do an
experimental study that compares the use of HP in a cold dry climate and a cold humid climate.

OHPs are most efficient and cost-effective in continental climatic conditions (hot summers and cold
winters); G. Mahajan et al. [80] estimated that when OHP was involved in Heat Recovery Ventilator (HRV),
more than $2500 were saved yearly in cities with continental climatic conditions. OHP-HRYV offers a total
average reduction of 16 % of energy consumption annually, so it shows high potential in dropping energy
consumption as well as operating costs. Besides, it was shown that OHP is suitable for a sub-humid tropical
climate, where the WHR of the heating mode exceeds 80 % of the total annual WHR. Thus, OHP is reliable
in a hot humid climate. It is recommended to study OHP efficiency in a hot dry climate and compare it to
a hot humid climate.
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PCM revealed good results for both heating and cooling [117]. Yet, its optimal performance depends on
the chosen material, for example, in a cold climate, the material’s melting point should be around 26°C,
while in hot climates, a 20°C melting point leads to better energy savings [118]. Research revealed that
PCM is reliable in a tropical climate non-arid climate, like Chennai [119].

Figure 1.1.6 proposes a classification of the devices according to their best climatic condition, where
each device achieves its optimal effectiveness. For example, RW showed high effectiveness in all climates,
but its efficiency in humid is better than in arid so it is placed in humid climates similarly to EAHE, which
shows significant results in a hot dry climate as mentioned in this section. The same procedure goes for the
other devices that offer their optimum performance according to the climate.
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Figure 1.1.6: Heat recovery devices according to the climate.

1.1.6. Economic Study and Discussion

Studying the effect of employing heat recovery systems in HVAC from an economical perspective is
critical to make sure that the addition of such a system is worth the investment. Li lingxue [120] conducted
an economic study on the employment of air-water-cooled air conditioning systems. Results show that this
system saves around 89822 kWh, with nearly 90000 yuan for a year, if the average price is 1 yuan per kWh.
Thus, the investment in the system can be recovered in the first year. Moreover, Yau et al. [121] studied
the effect of HPHE, where it was obtained that a total amount of 2885 kWh can be saved yearly; and this
amount can be raised to 7023 kWh per year if eight-row HPHX was used. In another study, Mahajin et al.
[80] showed that the OHP system is energy and cost-effective since a reduction of total average
consumption was observed, around 16 % yearly. Besides, OHP can save, annually, more than 2500 $ in
cities that have continental (warm to hot summer and severe cold winter) climatic conditions.
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A study involving HPHE in the HVAC system was made, where the HPHE is used to recover heat from
the exhaust air, in heating mode, and transfers it to the cold inlet fresh air whereas, in cooling mode, it pre-
cools the hot inlet fresh air. It was found that the optimal point had an effectiveness of 0.774 and a total
cost of 1474 § with a return period of about 2.5 years [76]. Precooling or preheating air is considered to be
very effective as Ahmadzadehtalatapeh [77] showed that the results revealed that by reheating and pre-
cooling, a total amount of 236.9 MWh of energy could be saved yearly. This amount results in saving
24,572 $ annually.

Another study on thermosiphon THE heat recovery unit in shopping centres under different seasons was
conducted. It was noticed that the seasonal temperature effectiveness of THE was 55.43 % in summer and
66.08 % in winter with a payback period of about 2.5 years [122]. Wallin et al. [15] performed a study on
improving heat transfer through the run-around coil. Results showed that the annual HR rate was improved
from 47 % to 66 %. The system shows considerable and affordable results, for the three-stage heat pump
design, the payback period was 5.7 years, and for the variable heat pump capacity design 6.2 years. As
noticed from previous work, HR is an added value to HVAC systems under different conditions. Despite,
the additional cost that the recovery system requires, the system saves a remarkable amount of energy over
time.

In particular, RW and FPHE have the highest efficiency due to transferring both sensible and latent heat,
which increases their efficiency among other systems. Consequently, they mainly used humid weather to
benefit from the latent energy, where energy recovery increases when the temperature of fresh air and
moisture content increases, subsequently the chance to recover heat using EW rises. So, RW and FPHE are
highly recommended for humid climates. On the other hand, the disadvantage of RW is that it may not be
used for hospitals due to contamination matter. So, FPHE is a good alternative especially since it has no
moving parts. However, it has frosting problems, high-pressure drops, and condensation build-up that
should be taken into consideration. The ability of FPHE and RW to recover both latent and sensible energy
gives them the credentials over the heat recovery devices, although HP is also considered one of the most
commonly used in HVAC besides the FPHW and RW.

Concerning heat recovery devices, it is noticed that OHP in continental climates can save more energy.
However, the efficiency of THE in winter is higher than that in summer. Integrating run-around coil with
HVAC was not available as much as other heat recovery devices, however, this technology is noticed to be
effective in cold climates. Thus, the righteous device depends on the location and weather.

Air-to-air HE decreases considerably the energy consumption, but there are some limitations according
to its characteristics and specific configuration. As for air-to-water HE, it is considered to be more efficient
due to the high heat capacity of water which allows it to conduct heat about 25 times faster than air does.
The increase of outlet temperature of the water as the load increases. This indicates that applying air to the
water HE in buildings that have high use of HVAC is very efficient.

EAHE is effective in severely cold/hot weather when the temperature is high which results in a higher
temperature gradient, which means higher heat transfer. Besides, it is noticed that the EAHE is most
efficient in hot dry climates weather.

Some devices were remarkably noticed; however, they do not offer a significant output such as TEG,
which may be used easily with no moving parts, which eliminates the maintenance cost. Yet, they offer
slight improvement due to their low efficiency.
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Thermal Energy Storage systems provide a good opportunity for energy storage. Merging PCM with
other systems is advised since PCM offers the opportunity to store energy, whereas adding PCM slows the
temperature rise and guarantees the safe operation of the devices over the years. Consequently, integrating
more than one recovery device offers significant output, for instance, combining TEG or PCM with other
systems, where PCM possesses a significant effect in terms of energy-saving and storage. This opportunity
of storing energy slows the temperature rise and guarantees the safe operation of the devices over the years,
besides, it prevents the other devices from overheating, which is considered a double-phase benefit. So, it
is recommended to use PCM as an aiding storage system to store the excess heat and discharge it gradually
such as PCM combined with HP, THE, or EAHE where PCM offers storage which helps in keeping the
system for a longer lifetime.

1.1.7. Conclusions

This review has covered the main methods of energy management in HVAC by investigating more than
190 papers and then classifying them into specific categories to conclude that heat recovery (HR) is an
important issue in HVAC. The challenge is not just to recover the wasted heat; the challenge is to recover
the maximum wasted heat possible. It also presents historical notes on main energy recovery devices. Then,
it discusses HR systems and their effects from already published papers. As well, it provides a table about
the working process, pros, and cons of each device. Finally, it presents the best weather conditions for each
system. From this review, the following outcomes were concluded:

o Air-water HE is a very effective method to save energy. This is due to the water's thermal properties,
which have higher thermal conductivity and specific heat capacity than air. As the load increases the
outlet temperature of water increases, this indicates that applying air-water heat exchangers in
buildings that have a high use of HVAC is very efficient.

o TEG has low efficiency due to its design. However, it shows significant results in HVAC applications
due to its main advantage, which is generating electricity from even small-grade waste heat.
Accordingly, this is considered a great solution in the future to decrease the cost of power generation.
Yet, the main challenge in TEG is to increase its efficiency.

e Smart systems have acquired high attention in HVAC for their ease of use and significant positive
effect on saving energy, but they require high cost and accuracy in construction.

e The most commonly used types of heat recovery are heat pipe, fixed plate, and rotary wheel devices
for their advantages over the other devices.

e PCM provides a great opportunity for energy storage since it possesses a significant effect in terms
of energy-saving and storage. Besides, the PCM + EAHE system showed significant results, which
widened the research for involving PCM more in other systems, especially in hot climate regions.

e Systems that recover sensible and latent energy (RW, FPHE, and PCM) are efficient in a humid
climate. Thus, they are most efficient in a non-arid climate. However, RW and FPHE are efficient in
humid climates because there is a limitation on very low temperatures that cause freezing and
condensation problems. Besides, it is concluded that GHP and EAHE are applicable in hot dry-
climate regions.

e Papers on integrating run-around coil with HVAC were not available as much as other heat recovery
devices, however, it is concluded that this technology is noticed to be effective in cold climates.
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Finally, some recommendations appear:

e Do research that involves the smart system in heat recovery devices, where smart systems reduce
energy consumption and heat recovery (HR) systems recover waste heat.
e Involve TES systems more often with other HR systems, where TES system offers the storage
opportunity which helps in keeping the system for a longer life such as:
- PCM combined with HP, THE, TEG, or EAHE.
- TEG combined with HP where HPs provide higher gradient temperature.
- TEG combined with PCM and HP.
e [t is recommended as well to study the hybrid heat recovery systems which means a system that
combines more than one heat recovery as it was found that some previous work revealed that HHRS
is promising in different domains.

Throughout the research, it is noticed that hybrid heat recovery systems, which means employing more
than one heat recovery system into one single system, are showing great potential in many applications,
where the recovery systems exceed 28 % of better efficiency and the coefficient of performance reaches
2.2 times the conventional system. At this point, the coming study presents a comprehensive review of
hybrid heat recovery systems and gives a rich and useful summary of previous works. The main aim is to
(1) classify energy recovery systems into specific methods, (2) provide an overview of hybrid energy
recovery systems, (3) demonstrate a detailed description of each method, (4) point out their applications,
(5) present innovative systems, and (6) show the pros and cons of each system alone and each system
combined into a hybrid heat recovery system. Finally, answers the main question which is: Is the rise in the
percent of heat recovery in a hybrid heat recovery system worth employing a complement or new heat
recovery system, or may it cost more than it recovers?
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I.2. A Comprehensive Review on Hybrid Heat Recovery Systems:
Classifications, Applications, Pros and Cons, and New Systems

Résumé (en francgais)

Avec l'augmentation de la consommation d'énergie, I'épuisement des ressources naturelles et les
problémes d'impact des sources d'énergie conventionnelles sur les changements climatiques mondiaux, il
existe une demande croissante pour la récupération de chaleur qui permet de récupérer plus de 90 % de
I'énergie perdue. Dans cette étude, on montre que les systémes hybrides de récupération de chaleur, qui
consistent a utiliser plus d'un systéme de récupération de chaleur dans un seul systéme, affichent un grand
potentiel dans de nombreuses applications, car les systemes de récupération dépassent 28 % d’efficacité
supplémentaire et le coefficient de performance atteint 2,2 fois celui du systéme conventionnel.

L'étude actuelle présente un examen complet des systemes hybrides de récupération de la chaleur et
fournit un résumé riche et utile des travaux antérieurs. La démarche adoptée est de (1) classer les systémes
de récupération d'énergie en méthodes spécifiques, (2) fournir une vue d'ensemble des systémes hybrides
de récupération d'énergie, (3) présenter une description détaillée de chaque méthode, (4) souligner leurs
applications, (5) présenter des systémes innovants, et (6) montrer les avantages et les inconvénients de
chaque systéme seul et de chaque systéme combiné dans un systeme hybride de récupération de chaleur.

Enfin, cette étude montre que la récupération de chaleur hybride est une solution prometteuse, en
particulier lorsqu'elle est combinée a des générateurs thermoélectriques (TEG), 60 % des études impliquant
des TEG dans un systéme de récupération de chaleur hybride. En outre, cette étude répond a la question
principale suivante : l'augmentation du pourcentage de récupération de chaleur dans un systéme de
récupération de chaleur hybride vaut-elle la peine d'employer un syst¢tme de récupération de chaleur
complémentaire ou nouveau, ou risque-t-elle de cotiter plus cher que ce qu'elle récupére ?
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1.2.1. Introduction

Energy has always been a vital source for the survival of all living beings, where it is essential for
evolution, development, preservation, and generating power. Nowadays, with the augmentation of
industrial progression and the vast expansion of applications that require work, human beings become
highly dependent on energy. For instance, in India, energy consumption has developed 16 times during the
last six decades [123]. The International Energy Agency (IEA) expected that in the next decade, worldwide
energy consumption would be elevated by more than 53 %; mainly due to the quick development of
industries [124]. Moreover, the accumulative call for energy is estimated to be more intense, mainly in
rising countries due to the development of new constructions. A long time ago, fossil fuels (natural gas,
coal, oil...) were the main sources of energy, yet, with the rise in their cost and the pollution impact they
have on living beings, it becomes urgent to press the call for alternative means of energy sources. This shed
the light more on renewable energy but also on recovering lost energy: Heat Recovery (HR) studies show
that 66 % of primary energy source is being lost mainly as waste heat, which leaves only 34 % to be
effectively used [125] as illustrated in Figure 1.2.1. So, recovering a part of the lost energy is a current
challenge for many researchers.
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Figure 1.2.1: Energy statistics: waste heat recovery.

The high demand for energy and attention to the environment besides the huge sum of lost heat [126],
encourage researchers to work hard on creating novel systems [127] and finding energy reduction
techniques [128] that recover a significant percentage of wasted energy from primary sources. In industries
and modern manufacturing, recovering wasted heat is a must, where a bulk amount of heat is lost due to
high energy consumption. For instance, industries that operate on gas turbines [129], boilers [130]
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turbomachines [131] turbocharger compressors [132] consume a large amount of energy and generate a
considerable loss of energy which appears in the form of thermal energy. However, several forms of energy
recovery methods capture, and reuse wasted energy again as shown in Figure 1.2.2. Each method possesses
advantages depending on the application, the rate of heat recovery may reach up to 90 % according to some
used devices. Figure 1.2.2 shows energy recovery methods that are classified into (1) energy recovery:
systems that recover lost energy (sensible and latent), (2) heat recovery: systems that recover heat loss, (3)
kinetic energy: systems that recover the loss in kinetic energy for example in Formula 1 [133], and (4)
storage, where storing the collected energy is fundamental for reuse later.
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Significance of Hybrid Heat Recovery System

The high energy demand problem and the high cost of generating energy sources (including
environmental impact, and depletion) [134], impose integrating energy recovery devices in several
applications, where rarely are the systems that do not involve at least a single energy recovery method. The
idea of hybrid systems is spread not just for recovery systems but also to benefit from combining at least
two systems. For instance, Al Turki et al. [135] executed a hybrid desalination system which may function
by renewable energy sources. Recently, it has been noticed that many usages involved the Hybrid Heat
Recovery System (HHRS), which means integrating more than one HR method at the same time [136].
When using a mono HR system, a percentage of the wasted energy is recovered which mainly depends on
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the efficiency of the HR system. But the question that this review intends to answer is: Is this rise in the
percentage of energy recovered worth employing a new recovery system?

This review investigates over 200 published papers starting from 1985. Figure 1.2.3 shows that the
number of studied papers on HHR has been significantly increasing year after year. After 2015, the number
of papers exceeded 30 to reach the highest number (43 papers) in 2019-2020. Globally HHR systems are
applied repeatedly in many applications [137] and fields such as vehicles [138], electronics [139],
desalination [135], boilers [140], internal combustion engines [141], solar systems [142], heating,
ventilation, and air-conditioning, buildings [143] refrigeration cycle [144], and various applications [145];
this attentiveness to HHRSs motivates the writing of this review paper on the HHR methods.

50

[__] Published papers

40

30

20

Investigated papers

0

1985 - 2011 2012-2014  2015-2016  2017-2018 2019 - 2020

Figure 1.2.3: Investigated papers according to years.

Among the main review papers, it is realized that no review has discussed the types of HHR methods
and their differences among each system. However, they mainly reviewed a specific type of HHR in
different applications, for example, Ali [146] reviewed the HP-PCM (Heat Pipe—Phase Change Material)
system in many fields such as Thermoelectric Generator (TEG). Patil et al. [147] started a review of
Thermoelectric Materials (TEM) and Heat Exchanger (HE) for generating power. Also, Soni et al. [148]
executed a review on hybrid systems with the Earth-to-Air Heat Exchanger (EAHE) system such as PCM.
Moreover, De Lovato et al. [149] did a review on the application of HR in power plants that run on solar
and geothermal sources. Additionally, Khan et al. [150] executed a review on hybrid renewable energy for
water desalination applications. Furthermore, Zhu et al. [136] reviewed the WHR from the marine engine
and Xu et al. [151] did areview on the WHR of the organic Rankine cycle in a heavy diesel engine. Besides,
Mohtaram et al. [129] conducted a study on a waste-to-power generation system integrated into the
ammonia-water dilution Rankine cycle and another study [127] on exergy and energy analysis of adiabatic
compressed air energy storage.

Thus, several topics were discussed in the aforementioned papers, some papers described specific hybrid
systems such as TEG-HP or HP-PCM, and some papers reviewed WHR or hybrid renewable energy
systems. However, none of them performed a review of the HHR systems in general.
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So, based on these observations, this paper aims to:

1. Provide a review on HHR which is studied intensively.

2. Compare the HHRS with a conventional recovery system.

3. Find out if the increase in efficiency provided by the HHR system is worth the addition of the
hybrid system.

The novelty of this research is:

a. Providing charts that classify ER methods and HR methods.
b. Displaying the main traits of each HRS and their advantages when combined with other HRSs.
c¢. Reviewing HHR, where research lacks review papers on HHRSs.

This review presents seven sections: (1) introduction to hybrid heat recovery, (2) overview of previous
works on HHR systems, (3) specific classification of the HHR systems, (4) application of HHR systems,
(5) new HHR systems, (6) materials for ideal heat recovery devices and the advantages of combining heat
recovery systems, (7) most commonly used system, where throughout the research, it is noticed that TEG
has the highest share in HHR due to its advantages over other systems, and finally the last section (8) is
devoted to the usage of Vortex Generators (VGs) for enhancing heat transfer in conventional HRSs.

1.2.2. Overview of previous works on Hybrid Heat Recovery Systems

In this section, an overview of the previous review papers is presented and a discussion over the storage
system is taken as well. Naghavi et al. [152] did a review of hybrid HP-PCM systems and concluded that
this combination overcomes some limitations such as Heat Pipes overheating and the PCM’s low thermal
conductivity, besides increasing the efficiency if coupled with a solar system. Another review done by Ali
[146] shows an agreement with the results of Naghavi et al. [50] where the hybrid HP-PCM system slows
down the increase in temperature, which guarantees safe operation over the long lifetime of the devices.
Orr et al. [153] conducted a review of the TEG-HP in HHRSs highlighting that they both are solid-state,
silent, passive, durable, and scalable. Besides, it presented the advantages of combining TEG-HP to
conclude that combining these systems appears to be very reliable.

All the above review papers present the advantages of the hybrid systems and the gap when each HRS
is used alone, these advantages are presented in a chart in section 6. Among the research, it is found that
there is a lack of experiments and simulations on the Hybrid Thermal Storage System (HTSS). Thermal
energy storage (TES) was mainly combined with (i) heat recoveries such as PCM-HP [154] or PCM-TEG
[155], and (ii) Energy Electrical System (EES) which means thermal-electrical. In this paper the concern is
about thermal storage, however, a glance over electrical storage will be presented as it appeared frequently
throughout the research process. To simplify the analysis, hybrid energy storage is classified into three
types as shown in Figure 1.2.4: Hybrid Energy Storage System (HESS) which is related to storing energy
in general, Hybrid Electrical Thermal Storage System (HETSS) which is related to a combination of devices
to store electrical and thermal energy, Hybrid Electrical Energy Storage (HEES) which is related to storing
energy in the electrical form.
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Figure 1.2.4: Hybrid energy storage types

1.2.2.1. Hybrid Energy Storage System (HESS)

HESS is a combination of more than one storage system, it can be classified as Electrical Energy Storage
(EES) and Thermal Energy Storage (TES). Recently, the Hybrid Thermal Storage System (HTSS), which
means employing more than one thermal energy storage system at the same time, was studied in a different
aspect. In 2020, Abdelsalam et al. [156] developed numerical research to study the HTSS which is presented
by a water tank comprising modules of PCM. Results showed that adding PCM modules to the water tank
reduces volume storage by 40 %. Hosseinzadeh et al. [157] studied the effect of hybrid nanoparticles and
fins on the solidification process in a novel hexagonal triplex with fins integrated into the latent heat TES
system. Results showed that this system increases the solidification process by up to 12 %.

1.2.2.2. Hybrid Electrical Thermal Storage System (HETSS)

As mentioned above, HETSS has a significant share in hybrid systems. It is presented by employing
PCM or PEM with any heat recovery methods such as TEG that recovers the waste heat from PEM [158].
Bilodeau et al. [159] presented a combination of electrical and thermal energy storage which showed
reductions, yearly, around 13 % of overall electric consumption, and 35 % of cooling operations. Besides,
HETSS can reduce the size of the generator as well as the backup power. This leads to lower costs, higher
system efficiency, and a higher lifetime due to optimizations. Teng et al. [160] showed by simulation that
HETSS is more flexible and economical than ESS; moreover, it can upgrade the system’s accommodation.
Mehrjerdia et al. [161] concluded that EES decreases the cost by around 15 %, TES reduces the cost by
around 17 %, and the coordinated system HETSS reduces the cost by around 34 %. Thus, employing
HETSS achieved the best functionality.

1.2.2.3. Hybrid Electrical Energy Storage (HEES)

With the rapid pace of installing the Renewable Energy System (RES) described by Wang et al. [162],
the energy storage system has become a fundamental sector to develop, as said by Jing et al. [163]. ESS
typically experiences an unbalanced discharging/charging pattern which decreases the ESS lifespan,
consequently, the cost of the system increases due to substituting costs. Hajiaghasi et al. [164] in a review
paper on HESS mentioned that many researchers studied the effect of HESS, and the result was positive in
all the studies. Besides, the above-mentioned review paper and Choi et al. [165] agreed that HESS can
overcome the above challenges in RES and microgrids, where it can deliver a suitable dynamic response
and raise the lifespan of the storage system compared to ESS. Also, to overcome the limitation of the power
delivery in batteries and ES in ultracapacitors, Lukic et al. [166] proposed HESSs which can provide three
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times the power of the battery alone. Similar enhancement was shown with an active control having only
one-third of the Ultracapacitor’s (UC’s) numbers.

Glavin et al. [167] employed a hybrid storage system of super capacitor-battery in Photovoltaic (PV),
and the results showed that HSS attained higher specific power than the conventional battery storage
system. Bocklisch [168] studied four different configurations of HESS with a discussion on its applications
to conclude that HESSs are quite promising and remarkably flexible technology, that can overcome
fluctuations over short, mid, and long terms in a 100 % Renewable Energy Systems (RES). In conclusion,
HESS shows desirable results when combining more than one storage system, the longevity of the system
is increased, more power is stored, and higher stability is obtained [169]. Applying HESS can save up to
15.9 %—20.8 % of the energy consumption in vehicles and improve life-cycle costs from 26.5 % to 28.1 %
[170], thus employing an additional storage system has great potential.

1.2.3. Hybrid Energy Recovery Methods

Hybrid Energy Recovery (HER) is studied in various applications, and it showed significant results in
all fields. However, the concern of this review is to study HHRSs. So, in this section, a classification of
HER systems is presented while discussing only HHR systems. Besides, an overview of previous research
on each field of the hybrid heat recovery system is done according to the investigated papers that were
studied. The classification of the HER system is shown in the chart in Figure .2.5, it is classified as follows:

e Hybrid Heat Recovery combines two or more methods to capture the energy that is lost from heat.
HHR methods are based on (i) TES-HR, which is a combination of Thermal Energy Storage presented
by PCM or PEM and any type of HR methods (TEG-HP...); (ii) Electrical, which means employing
methods that capture wasted heat and convert it into electricity alone or electricity combined with
heating water; (iii) HP-Geothermal, which involves Heat Pipe in Earth Air Heat Exchanger (EAHE)
and Ground Heat Exchanger (GHE).

e Hybrid Energy Recovery, captures lost energy in any energy form such as (i) TEG-piezo: which uses
thermal and mechanical waste energy to produce electricity; (ii) Hybrid Kinetic Energy Recovery
System (KERS) is mainly employed in formula 1, or the hybrid energy harvester triboelectric (harvest
KE) and piezoelectric (harvest thermal energy) [171]; (iii) Hybrid energy storage combination is used
to store electrical energy or thermal-electrical energy. Other examples of HERSs are pressure
exchangers to recover the pressure loss from the exit flow, such as the brine flow in reverse osmosis.
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Figure 1.2.5: Hybrid energy recovery methods.

In the following part, some investigated papers are presented in tables to demonstrate their studies and
discuss the collected results. The papers are divided according to the chart in Figure 1.2.5.

1.2.3.1. Thermal Energy Storage

As mentioned previously TES is an important factor that stores captured energy. PCM is one of the TES
systems that can absorb, store then release significant quantities of latent heat [172]. Table 1.2.1 sums up
the methodology and results of some investigated papers related to Hybrid Thermal Energy Storage
(HTES), such as PCM combined with other HR methods.

Table 1.2.1: Summary of the investigated papers related to waste heat recovery from PCM and other

systems.

TES Authors Methodology

Results

Motahar Experimental module was done to
etal.  study heat transfer enhancement in a
2016 PCM with and without HP. The
[173] melting and solidification studies of

PCM were done at a constant
temperature fluid in the heat pipe.

The melting and freezing rates were intensely
boosted when using HP: a growth of 15 °C in
temperature drops the melting time by 53 %
in the melting process, and a decrease of 10
°C in temperature reduces the solidification
time by 49 % in the solidification process.

PCM-HP

Krishna HP and nano PCM are used for
etal. electronic cooling. The PCM is put
2016  around the adiabatic part of HP,
[174] where heat is absorbed and then

The temperature of the evaporator in HP with
nano PCM is reduced by around 25.75 %,
which saves about 53 % of the fan’s power as
compared to the conventional HP. It was also
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released relying on the input power
of the evaporator and the speed of
the fan at the condenser.

found that the nano PCM can save nearly 30
% of the provided energy at the evaporator,
which reduces the consumption of fan power.

Weng et
al. 2011
[175]

PCMs are used around the adiabatic
part of HP, where heat is absorbed
and then released relying on the
input power of the evaporator and
the speed of the fan at the condenser.

The cooling component of tricosane as PCM
can store 46 % of the fan’s power and an
average of 12.3 °C heater temperature as
compared to the conventional HP (without
thermal storage material).

Pan et al.
2018
[176]

A novel PCM with finned HP as a
cooling system is investigated.
Various parameters such as fin
thickness, the conductivity of PCM,
and the solidification requirement
are expected to affect the cost of the
system.

The overall cost is around 30 $/kW, which
meets the time requirement (10 h
solidification), this cost is positive and
acceptable in the market. It can also be
concluded that the longitudinal and circular
fins attached to an HP have similar
performance in terms of cost-effectiveness.

PCM-HP-TEG

Kilkis
2020
[177]

TEG-PCM in photovoltaic thermal
(PVT) units, with heat pipe thermal
control. The efficiency of the
rational exergy management model
was obtained using pilot-scale tests
and compared with conventional
PVT.

The efficiency was around 25 % more than
the conventional PVT system and the overall
net electrical output power per unit insolation
solar area exceeded 30 %. In summer, exergy
total output (heat and power) is doubled that
of a conventional PVT unit.

Tan et al.
2011
[178]

Two-phase closed thermosiphon
(TPCT) (working fluid acetone and
filling ratio at 40 %) is used with
TEG, which is cooled by PCM
(paraffin wax) as a storage tank for
heat.

The thermal performance of the system is
studied numerically. Thermal storage of
PCM and TPCT can uphold a temperature
gradient of 152 °C and generate 9.5 W of
thermoelectric power.

PCM-TEG

Atouei et
al. 2017
[179]

Two-stage TEG is joined with PCM.
In 1% stage, a TEG module is fitted
between a PCM (cooling/heat sink),
and a heater (heat source). The heat
sink PCM is a source of heat for the
2n stage, where five smaller TEG
modules are set up around the PCM,
with one heat sink for cooling.

The proposed system produces 27 % more
electrical voltage than the system with a one-
stage TEG. Moreover, when the heater is
dispatched, the TEG provides an average of
0.377 V open circuit voltage for around 7900
s, while the one-stage TEG produces this
voltage just for 2100 s.

Zhang et
al. 2011
[180]

Numerical and experimental
analyses of TEG-PCM  are
developed. A comparison of TEG
with and without PCM is also
demonstrated.

Results show the importance of PCM and the
ability to produce power continuously day
and night. The period of generating energy
TEG-PCM is four times more than that
without PCM.

Jo et al.
2013
[181]

TEG embedded PCM is proposed
for waste heat recovery, as PCM
saves an immense amount of heat. A
comparison of TEG with and
without PCM is done when the heat
source is separated from the TEG.

When the source is detached, the output
power of TEG-PCM gradually drops,
whereas the output power of conventional
TEG falls fast. So, TEG-PCM can uphold the
generation of power for a long time even
without a heat source.

Mao et al.
2018
[182]

A system of TEG embedded in PCM
to recover the wasted heat energy is
proposed. Paraffin wax by 0.5 wt %

As the heat source is dispatched, TEG
provides electricity continuously with the
heat stored in PCM. Temperature can be
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was used in PCM. The output
voltage is measured in TEG-PCM
and compared to TEG without PCM
when the heat source is dispatched.

maintained for about 60 to 100 s in TEG-
PCM. Output voltages are about 0.4 to 0.6
mV more than TEG alone. The extreme
output voltages rise by 10.2 to 13.7 %, and
the average total electricity escalates by 31.6
%.

PCM-Geothermal

Bottarelli To study the effect of PCM on GHE
etal. and implementation of a finite
2013  element was modelled to simulate
[183] the heat transfer that occurred. A

PCM layer is placed to reduce the
rapid cooling on the ground loop
coil.

PCMs with GHEs were favourable as they
eases rapid cooling. There is the possibility of
stabilizing heat removal. The highest
temperature outcomes can be smoothed by up
to 0.7 K as compared to a case with no PCMs.
PCM could be designed to preserve drained
heat from winter to summer.

Soni et al. PCM-EAHE is employed. The effect

2016
[148]

of PCM on EAHE is studied to
investigate the cooling effect. This
system is environmentally friendly.

The cooling effect is raised by 69 % and
shrinks the length of the buried tube up to
93.5 %. EAHE with PCM enhanced the
cooling effect by up to 47 % as compared to
the conventional AC system.

Bonamen Thermal storing material is studied:

COP is increased up to 20 %. In 1 case (of
water), COP is 4.1 in winter, 5.7 in summer.
In the 2™ case (PCM), COP is 4.1 in winter
and 5.9 in summer. Thermal storage in the 2™
case is around 10 times smaller than that of
the 1% case and can be simply sited within the
technical room.

teetal. 1% case uses water as thermal
2016  storage, 2™ the case, PCM as
[184] thermal storage. The driving energy
input and output energy generation
performance is investigated.
Rodrigue Experiments were done to test the
setal. PCM integrated with EAHE, where
2013  EAHE discharges heat deposited in
[101] PCM to provide thermal stability

with low energy usage.

PCM alone (without EAHE) can reduce
swings in temperature by 33 %. The hybrid
system of 0.02, 0.04, and 0.05 m%/s airflow
rates for 24 h resulted in a reduction in
temperature swings by 47 %.

As presented in Table 1.2.1, PCM is a beneficial method to store thermal energy. However, many
factors affect its efficiency and extend its storage time such as parameters, design, and material used.

The material used is expensive [185], so it is recommended to conduct more research on it.

cases, energy recovered was improved, and employing PCM was worth the cost, the results in the papers
that studied the hybrid system show that integrating PCM is acceptable in the market. The following

notes were concluded:

Table 1.2.1 shows that integrating PCM with any heat recovery is a very effective method. In all

1. PCM-HP revealed a promising cooling technology: it reduces the energy consumption of the fan

used. PCM-HP system can be employed with TEG as well to provide an effective system.

. PCM upholds the generation of power in TEG for a longer period even with no heat source, which
results in increasing the power output. Besides, it protects the unit from high temperatures or
overheating. HP regulates temperature and transfers a higher amount of energy passively. Also,

employing this system in PV with proper design can reduce the necessity for batteries.

. Forced convection enhances heat transfer and increases efficiency, however, there is no financial

study that suggests if it is worth adding power input.
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4. PCM-EAHE is favourable for enhancing the cooling effect and saving volume storage, it would
make a great candidate to study in terms of cost, where it could be designed to preserve drained

heat from winter to summer.

1.2.3.2. Electrical and Geothermal

Geothermal energy is a free source of thermal energy produced and stored inside the Globe. It is mainly
used in heating and cooling applications. Geothermal (EAHE and GHE) combined with HP is considered
a remarkable technology as well as the technologies that transform lost heat into electrical energy such as
TEG. Table 1.2.2 sums up the methodology and results of some investigated papers related to TEG and

geothermal with other HR methods.

Table 1.2.2: Summary of the investigated papers related to waste heat recovery from TEG and other

systems.

TES Authors Methodology

Results

Orr et al. TEG-HP is designed to recover the During all various conditions of the investigation,
2016  heat loss from the exhaust gas on a the loss of power due to a pressure drop was all the
[186] 3.0 L V6 engine car. This system timeless than the output of the electrical power.

reduces the consumption of fuel, TEG efficiency reached 2.46 %. The saving in fuel
and emissions of CO,, which leads consumption, and reduction in fuel costs and
to lower running costs. emissions of CO,, was 1.57 %.

Caoetal. TEG-HP in the exhaust gas in a When adding TEG with HP the OCV by 7.5 %,
2018  wvehicle of a maximum power max. OP by 10.17 % and max. PD by 15.49 % as
[187] reached 300 °C and 80 kg/hr flow compared to the ones without HP, where open

rate. Open circuit voltage (OCV), circuit voltage reached 81.09 V and output power
max. output power (OP), and max. 13.08 W. Max power efficiency was 2.58%. These
power density (PD) was obtained results show the adequacy of using TEG-HP in the
and compared to TEG without HPs. automobile.

Sulaiman, PEM-FC integrated with TEG, and The top voltage of 25.7 mV and power of 218 mW
E etal. HP in a mini vehicle was were attained with forced convection and at the
& 2019  successfully  established.  The orientation of normal flow. The success of this
E [188] system is tested at 37 °C waste heat modelization would open the gates for further

temperature and a speed of 20 km/h. developments to reach higher performance.

Orr et al. TEG-HP system is hired to recover With ten modules, 2141 W of heat and 59.72 W of
2014 WH from a car’s engine. Ten electrical power transfer are produced with an
[189] modules are used to find the efficiency of2.79 %.

thermal, and electrical power
produced.

Remeli et Eight TEG sandwiched between Results show that this system can recover 1.345

al. 2015 two finned HPs to attain kW of the wasted heat and generate 10.39 W of
[190]  temperature difference through the electrical power.

TE.

Miljkovic TEG with thermosiphon (THE) is Ideal efficiency was 52.6 % attained at cycle
etal. being employed in the solar system temperatures of 776 K.

2011
[191]

43



Chapter I. Literature Review

A Comprehensive Review on Hybrid Heat Recovery Systems: Classifications, Applications, Pros and Cons, and New Systems

Remeli et TEG sandwiched in between two The top efficiency was 41 % at 1.1 m/s airspeeds.
al. 2016 HPs. 1** HP was coupled with the Recovery was about 1079 W of heat generating
[192] hot side and the 2" with the cold about 7 W of electric power. This means 0.7 % of
side of TEG. The waste heat was thermal-to-electric transformation effectiveness
seized by a 2-kW electric heater for was attained.
warming.
Jaberet A Hybrid system to provide Results reveal that at a load of 10 kW, the
al. 2019 electricity and hot water is proposed temperature of hot water reached 47 °C, and 141 W
[193] using 100 TEGs to generate was generated. As the load of the generator is
electricity. Changing the load of the augmented to 38 kW (14.12 W for each TEG), the
generator is done to study its effect temperature rises to 97 °C and the power produced
on the water’s temperature and reaches 1412 W.
power produced.
El Hage Shortreview that inspects four main Results show that recovering heat from the exhaust
etal. uses of heat recovery from gas of chimneys is very beneficial. The recovered
2019  cookstoves, the exhaust gas of heat is mostly applied to heat water and produces
[194] chimneys, electric generators, and electricity via TEG.
drain water.
Fenget A thermodynamic model of TEC Results display that the Thomson effect drops the
al. 2018 energy by TEG device is proposed. capacity of cooling of TEG-TEC by 27 %, the
[195] A numerical calculation study is maximum cooling capacity by 28 %, the coefficient
held to investigate optimal of performance by 19 %, the maximum COP by 28
performance. The impact of the %, and the temperature difference by 11 %. At a
Thomson effect is examined by 0.6 TE ratio, the cold joint of TEC is 285 K,
comparing the model (TEC) in two however, the hot joint of TEG is 450 K.
cases (1) with and (2) without the
Thomson effect (TEG).
O Marefati TEG-TEC system is employed in This hybrid system provides -electricity and
E etal. PEM, this system is used for cooling by using the wasted heat from PEM.
o 2019  electrical, thermal, and cooling Results indicate that the electrical efficiency of the
E [196]  purposes. In such a model, TEG suggested system is 53.3 % and the efficiency of
uses the wasted heat from PEM to the Fuel Cell (FC) is 40.97 %.
deliver power to TEC.
Gao etal. Thermoelectric devices (TED) The recovered power can increase the system
2012  which are TEG and TEC are efficiency and mitigate the dependence on Li-ion
[197] employed in a high-temperature batteries during system startup. This study shows
polymer electrolyte membrane fuel that a TE device application inside HTPEMFC
cell (HTPEMFC) power system, power systems is of great value and worthy of
which has been preliminarily further study.
evaluated.
Shirzadi PEM-HP FC is used for cooling HPs are capable of rising efficiency as compared
etal. issues, in which heat is moved by to other systems of cooling. Results show that HP
2017  HPsunder diverse setups consisting offers a feasible system for running thermally a
A [198] of wvarious cooling states in the PEMEFC pile.
o condenser
E Oro etal. A thin flat heat pipe was analyzed Test results with HP were positive, temp at the
R~ 2014  as a reliable alternative for proton evaporator and condenser were obtained, and it
[199] exchange membrane fuel cell was found that the temperature difference at the

cooling. Power up to 10 W was

condenser was 33 % and at the evaporator was 28
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measured using deionized water as
the working fluid.

%. The aim is to cool PEM as overheating can
damage the membrane.

PEM-TEG

Guo etal. Two-stage TEG and high- The highest power output, exergetic efficiency,
2020  temperature proton  exchange and electric efficiency are raised by 11.8 %, 17.7
[200] membrane fuel cell (HT-PEMFC) %, and 17.5 % respectively as compared to HT-

are proposed. Power output density,
electric, and energetic efficiency of
the system are analyzed.

PEMFC alone. The rate of exergy destruction
density decreases by 11.4 % more than that of the
HT-PEMFC alone.

Kwan et
al. 2019
[201]

Hybrid system of a fuel cell (FC)
and TEG for the combined heat and
power is proposed.

Adding TEG reduces startup times up to 4.45 and
1.77 times for each 1 kW. With the presence of
TEG in the system, the efficiency of primary

energy consumption is boosted in winter by 3.4 %
and in summer by 5.6 %.

Abderezz Numerical and experimental study
aketal. is done on PEM-FC and TEG
2019  systems to transform waste heat
[202] into electricity.

Results revealed a favourable output voltage
produced by the TEG. In the case of 15 A, TEG
voltage is 500 mV and 571 mV at 20 A and 30 A.

Table 1.2.2 shows that generated power by TEG is strongly governed by the heat transfer which can be
enhanced by employing HP. TEG-HP is an interesting system [203] because of the flexibility of its design,
passive solid-state, lightweight, quiet, pollution-free, and mainly maintenance-free, which eliminates
considerable burden costs [204]. Besides, HP helps in optimizing the performance of TEG and lowers its
cost [205]. Conclusions drawn from Table 1.2.2, are presented below:

1.

TEGs and HPs have limitations on operating temperature, yet, integrating them helps in overcoming
their limitations and increasing their efficiency. Thus, TEG-HP improves TEG performance.

. TEG and TEC are related to the figure of merit, which is related to efficiency. Fusing both systems

doesn’t significantly increase the efficiency, since both devices have common limitations so
integrating them won’t fill in the gap of their limitations unless an external system is added that may
compensate for the mutual drawbacks of both devices. However, TEG-TEC has remarkable
advantages, among which it can function at a small waste heat temperature. Besides, this system
constitutes a self-cooling instrument that maintains a longer life as compared to conventional
systems.

. PCM-TEG hybrid system is a promising technology, in terms of PCM offering the possibility of

power generation for a longer period even without a heat source. However, this period is short due
to the limited phase change period. To stretch the PCM’s phase change period or boost its thermal
storage, more effort should be invested in the material study, for example, condensed paraffin wax
has 70 % thermal storage more than that conventional paraffin wax [206].

. EAHE-HP system shows promising results for both cooling and heating, especially in very cold or

hot regions; however, the research was limited and needs further improvement. Table 1.2.2 also
shows a part of the hybrid fuel cell system combined with HRSs. PEM can produce power in the
form of an electrochemical reaction between the oxygen in air and hydrogen, heat and water are the
products of this reaction [207]. Results show that PEM with HR devices improves significantly
efficiency.
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5. PEM and TEG share mutual benefits since TEG absorbs the heat from PEM which overcomes the
overheating that may damage the membrane. On the other side, PEM provides heat that results in
increasing the gradient temperature and then the power output of TEG.

6. Adding HP to the hybrid PEM-TEG system is efficient as well since HP enhances heat transfer.
However, there should be done a comparison study of a system PEM-TEG with and without HP to
figure out the percentage of the improvement that HP provides.

7. PEM-TE has shown good results in terms of electrical efficiency, as waste heat from PEM creates a
new source of free energy. Also, results show that it is worth doing further studies on this system.

1.2.4. Applications of Hybrid Heat Recovery

From the investigated papers, it is noticed that the applications that employ HHR are wide as shown in
Figure 1.2.6. The applications are classified into three categories: (1) HVAC and electronics cooling
systems, (2) solar systems, (3) vehicles, and PEM devices.

HVAC-Cooling systems
PV
PEM-vehicles

6 — —

Investigated papers
N

| I3

PCM-HP PCM-HP-TEG PCM-TEG TEG-HP TEG-TEC

Figure 1.2.6: Investigated papers on hybrid heat recovery according to applications.

As noticed in Figure 1.2.6, PCM-HP shows significant results in various research papers when employed
in PV [208, 209] and concentrated solar collectors [210]. For example, Diallo et al. [211] mentioned in a
numerical study that the hybrid system has achieved an overall efficiency of 28 % and COP 2.2 times higher
than the conventional system. Besides, PCM-HP was used in electronic cooling devices, where it saves up
to 46 % of electrical usage compared to the traditional HP module [175]. PCM-HP is also used in
desalination applications with HPs in solar still tube collectors. The presence of PCM with HP leads to
continuing the process of desalination even after sunset, this yields reaching daily efficiency of 50 % and
escalating the water yield by 86 % when compared to the system without PCM [212].

Also, Figure 1.2.6 shows that the PCM-HP hybrid system was also used with TEG in PV applications
[213], where in addition to the advantages that PCM-HP offers to PV [214], involving TEG helps in
maintaining a steady functioning of the solar cells [215]. Besides, it was shown that TEG increases the
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efficiency when combined with PCM [216], and the efficiency of the total power generation was increased
by up to 30 % when employing the triplet PCM-HP-TEG [177]. PCM combined with another HR system
shows a wide range of usage mainly in PV and desalination, contributing to the reason that PCM has the
advantage of providing thermal energy even after sunset [217].

Besides, from Figure 1.2.6 it is noticed that the TEG-HP HHR system is widely used in HVAC or cooling
systems and PV [218]. An optimization study on combining TEG-HP was held to show that TEG efficiency
is improved by 19 % and enhancement in heat pipe heat sink (HP-HS) cost, decreased by 29 % as compared
to the conventional system [146]. Another experimental study was conducted, where the cost was reduced
by 17.9 %, and the efficiency of TEG efficiency was enhanced by 36.7 % as compared to the conventional
system [219]. TEG-HP was also used in PEM [197] and vehicles [187], where TEG efficiency increased to
reach a promising value of 3.85 % [220] with 132 % increased output power when employed in diesel
engines [221]. However, vehicles and PEM mainly employ TEG-HP or TEG-TEC as shown in Figure 1.2.6,
where cars and PEM have significant wasted heat and demand cooling to avoid problems in the long term.
TEG-TEC is related so much to the figure of merit to increase its efficiency, it is employed in the residential
sector as HVAC and for generating power systems. Results showed that inserting this system at the channel
walls improves the output power by up to 110 %. Improving TEG units has amplified the power output for
each module from 1 W in 2003 to 9 W in 2014 [222].

1.2.5. New Systems for Hybrid Heat Recovery

This section presents the new systems studied in HHR, a different new hybrid heat recovery in Liquid
Desiccant Dehumidification (LDD) is studied in two different research: Hang et al. [223] proposed a hybrid
flue gas HR system founded on vapour compression refrigeration (VCR) and LDD, and Shen et al. [224]
suggested an HHR model of HP in LDD, results showed that the proposed system is very accurate and easy
for engineering employments. Another hybrid energy recovery system for a cleaner environment combined
TEG with an auxiliary gas in hydroxyl (HHO) form [89]: a new design based on Waste Heat Recovery
(WHR) driving the HHO unit was established, and results showed that HHO reduces the emissions from
vehicles and TEG can deliver the demanded energy for HHO unit.

Thermal storage plays an essential role in recovering lost heat in various applications such as renewable
energy systems. A numerical and analytical study was conducted by modelling a hybrid tank storage of
PCM and water for a heat pump, where the water’s energy storage capacity is proportionate to the range of
temperature. However, PCMs can uphold high energy capacity within limited temperature settings. The
verification results revealed a good agreement with the proposed novel hybrid model [225]. Likewise,
Murat et al. [226] studied a multi-hybrid system for generating electricity, Hydrogen, and freshwater. The
suggested system consists of PCM, TEG, PEM, multi-stage flash distillation (MSF), and concentrated solar-
powered gas turbines, where TEG recovers the heat lost from PEM and PCM heated the water for MSF.
Results show that the advantage of employing PCMs was avoiding the instabilities in freshwater production,
and by recovering the waste heat TEG gives 6.8 % of the overall power generation. Furthermore, Zhang et
al. [227] studied a new hybrid biological and thermal waste-to-energy system, which carried a sustainable
organic solid waste management and recovery system resource with zero extra thermal source demand.
This combined waste-to-energy system provided an optimum energy efficiency of 71.3 %. Sulaiman et al.
[188] did a theoretical and experimental study on employing the TEG-HP HHR system in PEM fuel cell-
driven vehicles, results were positive, but more studies should be taken to boost the performance and
achieve higher sustainability of PEM.
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1.2.6. Hybrid Heat Recovery Systems

In this section, the properties of an ideal material needed to get an ideal recovery device are presented,
and the advantages that a combined system would offer are displayed in a chart, these advantages are
extracted from the already studied papers in previous sections.

1.2.6.1. Properties for Ideal Heat Recovery Devices

Each recovery device has some properties that make it ideal as presented in Table 1.2.3. Though there is
no ideal device because there is no material that has all the ideal properties together at the same time, there
will always be some missing characteristics. For example, TEG requires a material with high electrical
conductivity and low thermal conductivity, however, there is no ideal material that has these specifications
at the same time. For this reason, several studies were held to find the optimum material that provides
optimum results. This section aims to understand the requirements of each device and its limitations, so it
is easier to figure out the compensations from other systems.

Table 1.2.3: Characteristics of Ideal Heat Recovery Devices

Device Desirable Characteristics Reason Adequate for
PCM  High latent heat of fusion Provide high TES TEG,
[228, heating/cooling
229] High thermal conductivity A faster rate of absorption and release of
heat
Thermal stability Used for a longer period without TEG, heating
replacement
High specific heat and enthalpy Higher heat storage for the sensible part A significant
of the heat stored range of
temperature
Not losing properties Repeating cycles without affecting the Long life cycle
material’s properties
Nontoxicity, non-flammability Ecofriendly and safety reasons Environment
TEG High electrical conductivity A large amount of power at a low- All applications
temperature gradient with even low
heat loss
Low thermal conductivity Low heat transfer from the hot side to the
cold side
PEM  High proton conductivity High ion conductivity at low heat TEG, PCM
[230] Low electronic conductivity Proton transmission with low-energy
Low fuel and oxidant activation
permeability

1.2.6.2. Advantages of Combined Heat Recovery Systems

After discussing the methodology and results of the presented papers, the results of the advantages that
the hybrid system may offer are summarized in two charts: PEM-TEG-HP in Figure 1.2.7 and PCM-TEG-
HP in Figure 1.2.8. Usually, each device alone has its advantages, and it may offer better results when
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combined with other devices as indicated in Figure 1.2.7. For example, HP is very helpful when it is merged
with TEG, PEM, and PCM. Since all the mentioned systems are quite expensive, it is worth carrying out
further experiments that study the cost of each of the combined systems TEG-PCM, PCM-TEG-HP, and
PEM-TEG-HP under the same circumstances to find out which one is more efficient from a cost point of
view. Based on all the covered studies most of the hybrid systems show significant results that are worth
being employed, mainly in large systems that release a high amount of wasted heat.

Besides the advantages of each device, there are some limitations, as indicated in Figure 1.2.7, however,
after doing the research, it is noticed that when combining heat recovery devices, some of the gaps that are
caused by limitations are filled. For example, HPs have limitations on being overheated under high heat
flux and PCM does have limitations over thermal conductivity, however, when combining PCM and HP,
PCM overcomes the overheating in HP, on another hand, HP overcomes the thermal conductivity of PCM.
Similarly, other devices such as TEG-HP technology have the potential to form an entirely passive, solid-
state WHR system [231]. Thus, the study on the advantages, limitations and hybrid devices mentioned
previously are summarized in Figure 1.2.8 which presents the limitation of each device alone and the
advantages that the hybrid system may provide when the devices are combined. Figure 1.2.7 also shows the
advantages of each device alone and the added value that the hybrid system may offer when combined with
other devices.

Figure 1.2.7: Mutual benefits of combining PEM-TEG-HP.
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Figure 1.2.8: Mutual benefits of combining PCM-TEG-HP.

1.2.7. Commonly Used Systems

Among the research, it is noticed that TEG has a high share in heat recovery systems and is merged with
various devices and in different applications, where a considerable number of the discussed papers contain
TEG in the hybrid system, so it is worth going deeply in researching TEG. Besides, VGs are known for
their effectiveness in heat transfer [232] however, there is a lack of research about VGs in HHR. Thus, in
this section, two main systems are discussed, TEG and VGs.

1.2.7.1. Thermoelectric Generators

Throughout the research, it is noticed that TEG has a notable share in this field. So, a wider study is
done on TEG, the papers were sorted according to the type of device used as shown in Figure 1.2.9.
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Figure 1.2.9: Investigated papers according to the topic.

It is shown that TEG has the highest share in HHR since it intervenes in more than 60 % of the systems.
The discussed papers are classified, in Figure 1.2.10, into (i) TEG with applications such as ICE, HVAC,
and Desalination, (ii) TEG with other HR devices to form hybrid systems such as with PCM and PEM, HP
and others, and (iii) improvement of TEG, where some papers discuss the improvement of TEG on the
material level to increase its efficiency.

Heat Recovery l

Figure 1.2.10: Heat recovery through TEG.

A statistical study of over 100 published papers related to heat recovery through TEG is chosen
randomly and sorted according to the application and presented on a chronological basis in Figure 1.2.11.
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Figure 1.2.11: Classification of TEG over time

Figure 1.2.11 shows that TEG in HVAC / Hybrid Vehicles (HV) / Photovoltaic (PV) has been employed
frequently and significantly since 2008, with the highest number of publications in 2019. Besides, the
papers that discuss Material Development (MD) and review of TEG were few but persistent, and TEG-
review is low, but usually, review papers of a field are less than experimental and practical work. On the
other side, MD is recommended to be increased, where the more material improvements are done the more
efficient TEG will be. Among them all, it is noticed that TEG integrated into a hybrid system is growing
fast over the years with the highest publications among other fields in the years 2017, 2018, and 2019. This
high interest in TEG-hybrid systems encourages performing further studies in this field. Although this
statistic is not accurate as it goes over a sample, not all populations, however, it gives a glance over how
TEG has developed over the years.

1.2.7.2. Vortex Generators

Vortex generators (VGs) are passive devices that trigger the flow to improve the heat transfer coefficient,
they are broadly employed in various industries and applications [233]. Besides, VGs have grabbed wide
attention for their passive method of improving heat transfer [234], and for attaining high thermal
performance by energizing the flow which boosts the heat transfer coefficient [235]. VGs have been
excessively studied to enhance the convective heat transfer coefficient mainly in Heat Exchangers (HE)
such as finned tubes or plate fin HEs. Rathee et al. [236] performed an analytical study on HE with and
without fins, the results show that outlet temperature of hot water, coefficient of performance, and Nusselt
number were increased when fins were used by around 3°C, 0.1, and 10 respectively. Thus, results were
improved with fins arrangements that play the role of VGs. Various types of VGs have been studied
intensively, where many parameters affect the performance of VGs such as shape (winglet, triangular,
trapezoidal...), angle of attack, Reynolds number, and boundary conditions [237]. Substantially, all VG
shapes improve heat transfer and are intensively studied in enhancing heat transfer [238], however, there is
a lack of information concerning VGs in HHR, where so far it is hard to find research that uses such a
system. Thus, since VGs have high effectiveness in enhancing heat transfer, it is recommended to do further
studies that merge VGs in HHR.
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1.2.8. Conclusions and recommendation

This review has investigated the main methods of HHRSs. It presented an overview of the methods and
then discussed the methodology and results of previously published papers, and it ended with two sections
over (i) TEG as it was contributed to many papers and (ii) VGs as they show a significant effect in enhancing
heat transfer. This paper sheds light on methods that increase the source of free energy, as well it studies
the advantages that the combined system would offer. Results show that there is a remarkable number of
papers that discuss HHR, and it is worth combining more than HRS as follows:

1.2.8.1. Thermal energy storage - Heat recovery

After reviewing the papers related to TES, results show that combining TES with HRS helps in reducing
the cost and increasing the efficiency of the system by filling the gap caused by the limitations of the HR
device as represented in the following sub-conclusions.

Conclusions on PCM use:

e Employing PCM is a beneficial method to store thermal energy and captivate the thermal shock
during rapid growth in demand.

e PCM-TEG-HP system upholds the generation of power for a longer period even without a heat
source, which results in increasing the power output. On the other side, HP regulates the
temperature and transfers a higher amount of energy passively.

e Forced convection enhances heat transfer and increases efficiency, however, there is no study on
the financial part if it is worth adding power input.

e PCM-HP can overcome the low thermal conductivity of PCM and the overheating of HP. This
HHRS slows down the temperature growth and guarantees safe operation over a long period.

e PCM-EAHE is favourable for enhancing the cooling effect and saving volume storage, which
makes it worth applying for further studies and experiments in terms of cost analysis.

e In conclusion, using PCM in the HR system is worth the cost, and results show that integrating
PCM is acceptable in the market. PCM-HP revealed a promising cooling technology.

e Even though PCM delivers a major amount of storage and permits steady cooling for TEG, more
effort should be imposed on boosting thermal conductivity to optimize the heat absorption rate.

Conclusions on PEM use:

e PEM combined with any form of HR device improves efficiency significantly.

e PEM-TEG share mutual benefits where TEG absorbs heat from PEM which overcomes the
overheating that may damage the membrane. On the other side, PEM provides heat that results in
increasing the gradient temperature which raises the power output of TEG.

e HP with the PEM-TEG system is efficient as well, yet further comparison studies should be held
for a system with and without HP to find the percentage of the improvement that HP provides.

e PEM-TE is promising, where waste heat from PEM creates a new source of free energy.
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1.2.8.2. Electrical and Geothermal

As for electrical and geothermal, results show that merging Geothermal and devices that transform heat
into electrical energy with HRS has a positive effect on the overall system, as listed below:

Conclusions on TEG use:

TEG-HP is an effective system that improves TEG performance as TEGs and HPs have limitations
on operating temperature, however, integrating them helps overcome their limitations and increase
their efficiency.

Although TEG-TEC combined system can function at a small waste heat temperature, however, it
doesn’t show a remarkable increase in efficiency, where both devices have common limitations so
integrating them won’t fill in the gap of their limitations unless an external system is added that
may compensate for the mutual constraints of both devices.

TEG-PCM can maintain power generation for longer without a heat source, where experimental
results show the positive effect of the PCM and the embedded air layer on TEG.

Conclusions on Geothermal Use:

EAHE-HP system shows agreeable results for both cooling and heating, especially in very cold or
hot regions; however, the research was limited and needs further improvement. Besides, geothermal
was limited to specific integration systems such as HP or PCM, where being merged with TEG or
other heat recovery devices is rare in the literature.

1.2.8.3. Recommendations

Throughout the research it was noticed that the inquiry lacks some information to give a precise
conclusion, so, some studies are recommended to enrich the knowledge of HHR systems:

Further studies on improving the material of TEG are required as it has the highest share in HHR.
PCM-EAHE is an encouraging hybrid system that should undergo further investigations as it could
be designed to preserve drained heat from winter to summer.

TES integrated with HR is cost-effective, where combining TES with HRS saved costs as noticed
in the TES section. However, it is recommended to do further experiments that study the cost of
each of the combined systems PCM-TEG, PCM-TEG-HP, and PEM-TEG-HP under the same
operating conditions to find out which one is more efficient from a cost perspective.

It is recommended to do further studies on VGs employed in HHR as it is known that VGs enhance
heat transfer. So, it may improve the output results when combined with HHR.

As a conclusion, it is noticed that TEGs and VGs are two important topics, where TEG is presented in

almost all the other heat recovery systems and is used in various applications. Thus, the coming section will
present the theoretical background of the TEG, in addition to a comprehensive review of the TEG and its

implementation in various fields. Besides, it also sheds light on the new technologies of the TEG and their

related challenges.
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I.3. Thermoelectric Power Generators: State-of-the-Art, Heat Recovery
Method, and Challenges

Résumé (en francais)

L'électricité joue un rdle important dans la vie quotidienne et constitue le principal composant
d'innombrables applications. Il est donc nécessaire de poursuivre les recherches afin d'améliorer les
approches existantes ou d'en trouver de nouvelles pour améliorer la production d'électricité. Le générateur
thermoélectrique (TEG) fait partie des technologies notables et répandues utilisées pour produire de
I'électricité, et convertit 1'énergie thermique résiduelle en énergie électrique en utilisant I'effet Seebeck.
Grace a l'effet Seebeck, les variations de température peuvent &tre transformées en énergie électrique ; un
TEG peut donc étre utilisé chaque fois qu'il y a une différence de température.

Le présent document présente les fondements théoriques du TEG, ainsi qu'un examen complet du TEG
et de sa mise en ceuvre dans différents domaines. Il met également en lumiére les nouvelles technologies
du TEG et les défis qu'elles posent. Il a notamment été constaté que le TEG est efficace dans les systémes
hybrides de récupération de chaleur, tels que le matériau a changement de phase (MCP), le caloduc (HP) et
la membrane d'échange de protons (PEM), et que l'efficacité du TEG s'est accrue grace a une série
d'améliorations apportées aux matériaux du TEG.

En outre, les résultats montrent que la technologie TEG a été fréquemment appliquée ces dernicres
années, et tous les documents étudiés s'accordent a dire que le TEG est une technologie prometteuse pour
la production d'¢lectricité et les systémes de récupération de chaleur.
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1.3.1. Introduction

Electricity is one of the greatest discoveries that science has granted to mankind since it is perspicuously
one of the substantial integral parts of our daily life which we rely on today, and an essential milestone in
scientific progress, where research constantly endeavours to find new sources or improve the existing
methods of generating electricity [239]. The crucial role of electricity and the necessity to be
environmentally friendly encourage researchers to highly invest in converting green resources or wasted
energy for generating electricity [240], where the universe offers several sources of energy that could be
transformed into electrical energy as presented in Figure 1.3.1. For instance, wind, hydro energy, waves,
mechanical vibration and others are motions that could be converted into electrical energy using the
piezoelectric effect or turbines. As well, temperature gradient, chemical energy, electromagnetic radiation,
and light are green energy that could be useful for generating electricity through TEGs, reaction, induction,
and photoelectric effects respectively. Renewable energy sources constitute 25 % of the power generation
sector and are expected to increase to 85 % by 2050 [241].

Ambient Energy Source

Chemical
Energy

Figure 1.3.1: Ambient Energy Source converted into electricity.

With the increasing energy demand, energy recovery methods have become a vital matter that should
be taken into consideration in most of nowadays’ applications, where engineers and researchers are
escalating their efforts to find new sources of energy that are simple to use and productive. Wasted energy
such as heat energy is an alternative source for producing electricity, especially since the percentage of
wasted energy is significant as shown in Figure 1.3.2. For example, in vehicles and automotive around 36
% of the input energy is lost as heat from the internal combustion engine, about 38 % is lost in the exhaust,
and 6 % is lost as friction [242]. Similarly, for a grinding machine, 91 % of the input power is lost from
friction, heating, and others such as wires [243]. While energy lost for power plants is 60 % before applying
heat recovery [244]. The percentage of wasted energy differs from one use to another; however, it exists in
all applications, hence, recovering this energy either for using it again in the same application or for outside
use is crucial in every operation. So, as noticed energy is not the problem, but, sustainability is the problem,
which can be applied through Energy Recovering Units (ERU).
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Figure 1.3.2: Schematic of waste energy in most applications
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A thermoelectric generator (TEG) is one of the existing tools that is used to recover wasted heat. TEG
is solid-state equipment that uses the Seebeck effect principle, which converts the temperature difference
into electricity. The main advantage of TEG over other heat recovery devices is that it applies to small-
scale discrete energy sources. TEG contains no moving parts (thus it is not noisy), and it is known for its
simplicity, low cost and effectiveness when it is used for applications with low temperatures. However,
TEG has low efficiency, where its efficiency doesn’t exceed 7 % [245]. The TEG performance is related to
two main factors: The material’s thermoelectric properties, which affect the efficiency of TEG [246].
Temperature gradient which is related to the sink’s mass flow rate and heat source, properties of flowing
fluid, inlet temperature, and the heat exchangers design [247]. The scientific concern is not just to increase
the efficiency; however, the challenge of using TEG is to find a suitable gradient temperature which is
proportional to the electrical energy produced.

Scope of the paper

Among the recent review papers, it is noticed that TEGs are highly appreciated, where review papers
investigated TEGs from various aspects, Zoui et al. [248] reviewed the progress and applications of TEG.
Also, Kumar et al. [249] led a review of TEG design and its medical applications. All the mentioned papers
examine TEG through different aspects, but there was a lack of information about the exact starting time
of the applications of TEG and the challenges that it faces. Hence, the novelty of this study is:

1. Presenting the history of main milestones that TEG passed through since its first invention.

2. Displaying the applications of TE since 1985, and the expectations for the future till 2030.

3. Reviewing over 140 papers and classifying them into specific categories.

4. Demonstrating the challenges that the researchers have faced during the study, it is noticed that the
TEG development was by working on solving the challenges of the previous studies.

1.3.2. Theoretical Background

The thermoelectric effect was first discovered in 1822 by Thomas Johann Seebeck (1770-1831) [250],
who discovered that a thermal gradient formed between two dissimilar conductors produces a voltage. At
the heart of the thermoelectric effect is the fact that a temperature gradient AT in conducting material results
in heat flow; this results in the diffusion of charge carriers. The flow of charge carriers between the hot and
cold regions in turn creates a voltage. The output produced was initially of a small magnitude and was of
no value in electric power [251]. With the discovery of semiconductors, it was found that the output could
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be magnified drastically, and new concerns began around the middle of the 20" century. Conversion
between thermal and electrical energy occurs due to 3 main thermoelectric phenomena: The Seebeck effect
[252], the Peltier effect [253], and the Thomson effect [254]. The Seebeck effect is the conversion of AT to
electricity. The Peltier effect indicates that an electric current would be generated due to the AT at the joint
of two different materials. Thomson effect is an extension to Peltier-Seebeck model.

1.3.2.1. Seebeck effect

In 1821, the German physicist Thomas Johann Seebeck discovered that the needle of a compass would
be deflected by a loop made from two linked materials of different temperatures: cold temperature (Tc) and
hot temperature (Th) between the joints as shown in Figure 1.3.3— (a). This is due to the different responses
of the materials to the AT which creates a current and magnetic field through the loop. Figure 1.3.3— (b)
illustrates the Seebeck effect which refers to the presence of a potential electric through a thermoelectric
material when subjected to a temperature difference [255].

Metal
A
AA
T Metal $¢¢ — <
: B <« <
< o =
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Figure 1.3.3: (a) Seebeck needle-compass discovery and (b) potential voltage.

In this section, 3 main terms will be explained: (1) The link between two dissimilar metals is called a
thermocouple, (2) electromotive force (emf) produced in a thermocouple is called thermo emf, and (3) the
current that flows through the closed circuit is called thermoelectric current.

For a specific range of temperatures and different material combinations, thermo emf is different. The
direction and magnitude of thermo emf are related to the nature of the materials used in thermocouples AT
between hot and cold junctions. Thus, Seebeck organized a series of 35 metals between 0 °C and 100 °C
shown in Figure 1.3.4 in a way where the current flows over the cold junction from one that exists first in
the series to the one that exists later. The larger the distance between the two chosen metals the highest
thermo emf will be obtained.

83 28 78 29 25 89 82 50 79 47 30 48 26 51

Bi Ni | Pt Cu|Mn Hg (Pb|Sn | Au |Ag (Zn | Cd | Fe | Sb

208.98 58.69 195.08 63.55 54.93 200.59 207.2 118.71 196.97 107.87 65.38 11241 55.84 121.76

Figure 1.3.4: Thermoelectric series
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1.3.2.2. Peltier effect

The Peltier effect was revealed in 1834 by the French physicist Jean Charles Athanase Peltier (1785-
1865). He discovered that applying current at a junction between two different materials leads to the
release/absorption of heat as shown in Figure 1.3.5. On an atomic level, this is due to the energy of different
states of materials, which are P- and N-type materials. As electrons shift from P-type to N-type material,
they reach a higher level of energy which leads to absorbing heat from the surroundings. On the other side,
as electrons shift from N-type to P-type material, electrons break down into a lower level of energy which
leads to releasing heat to the surroundings [256]. So, the Peltier effect is related to heat absorption on one
end of a TE material and heat release from the other end due to the flow of current over the material as
shown in Figure 1.3.5. If the direction of the current is inverted in the thermocouple, the absorbed/evolved
heat is exchanged then the Peltier effect is reversed.

Metal A

Cold Hot
Junction Metal B Metal B Junction
Current i + - i

Figure 1.3.5: Peltier effect

1.3.2.3. Thomson effect

Thomson effect was developed by William Thomson (1824-1907), better known as Lord Kelvin, who
stated in 1851 that as a current pass along the length of the same metal from one cold end to the other hot
end or vice versa an absorption/evolution of heat will occur shown in Figure 1.3.6. The amount of heat
energy evolved/absorbed when a current of 1 A (one ampere) passes through a metal between two points
of temperature difference AT = 1 °C is called Thomson coefficient t.

heat release/adsorption

Do N - i

current

Figure 1.3.6: Thomson's effect

Table 1.3.1 shows there are three types of Thomson’s effect.
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Table 1.3.1: Definition and examples of Thomson's three different effects

When the current passes from the hot end to the cold end the heat is
developed so the conductor becomes hot

Thomson’s positive effect When the current passes from the cold end to the hot end the heat is
absorbed so the conductor becomes cold
Antimony, Silver, Zinc, Sadium
When the current passes from the hot end to the cold end the heat is
absorbed so the conductor becomes cold

Thomson’s negative effect ~ When the current passes from the cold end to the hot end the heat is

evolved so the conductor becomes hot

Platinum, Bismuth, Cobalt, Nickel, Mercury

Used for the standard metal in thermoelectricity

Lead

Thomson’s null effect

1.3.2.4. Thermoelectric Generators Working Process

TEG is a solid-state device that converts heat energy into electrical energy using the Seebeck effect.
TEG is obtained by a cascade connection of multiple thermocouples. TE materials’ performance is obtained
by three TE properties: Seebeck coefficient o, electrical resistivity p, and thermal conductivity K [257].
TEG's design is based on the Seebeck effect in which the AT between the current-carrying conductors P-
and N-types of semi-conductors produce a voltage AV [258]. The TE semiconductor has two main parts: P-
type which holds free holes, and N-type which holds electrons. In P-type, due to the AT, the holes move
from the hot to the cold side which causes a density charge difference. This density charge difference will
repel electrons to the hot side as shown in Figure 1.3.7. During a steady state, the charge density difference
will be adjusted by the AT. Emf generated across the material, which causes electrical current, which is
called Seebeck voltage. The formed voltage is proportional to AT by the Seebeck coefficient. N-type
semiconductors follow the same effect, but the heat and charge carriers are electrons rather than holes.
Electrons will move towards the cold side which becomes negatively charged. Now if the hot sides are
connected electrically and the cold sides are linked by a load, a current will be created and pass over the
load. The higher heat flow from the hot to the cold side will lead to an increase in the current flow [259].

+ HOT -

- CcoLD +

Figure 1.3.7: Charge carrier movement
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To obtain higher output voltage, more N-P type pairs should be connected in series as shown in Figure
1.3.87. A thermoelectric module illustrated in Figure 1.3.8 is formed when P and N legs are connected
electrically in series and thermally in parallel. Conductors that carry current are called thermoelectric
elements, which are two dissimilar conductors of N- and P-types, and the couple made out of the two
conductors is called a thermoelectric couple. In typical TEG, heat exchangers transmit heat from the heat
source and to the heat sink through the junctions of the thermocouple to generate electricity. The heat
exchangers and the thermoelectric couple unit are known as TEG.
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Figure 1.3.87: Thermoelectric cell composed of different thermocouples.

Accordingly, thermoelectric modules can be used in two different modes [260]:

1- The power generation mode to produce electricity is called thermoelectric generator (TEG) and
follows Seebeck effect, shown in Figure 1.3.9 (a),

2- Active refrigeration mode (temperature controller), which is called thermoelectric cooler (TEC) and
follows the Peltier effect, is shown in Figure 1.3.9 (b).
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Figure 1.3.9: (a) Power generation mode TEG and (b) Active refrigeration mode TEC setups
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1.3.2.5. Figure of Merit (ZT)

TE unit is counted as a solid-state Heat Engine (HE). This means that it has a maximum effective
efficiency the same as any other HE, this efficiency is known as the Carnot cycle shown in Figure 1.3.10.

AT
Hot Source |:> Q :> Cold Sink
Qh Qc

Figure 1.3.10: Carnot Cycle

However, the actual efficiency of a TEG is proportional to a dimensionless parameter called figure of
merit (ZT), which was developed in 1949 by the Russian scientist Abram Fedorovich loffe (1880-1960)
[261]. ZT indicates the total performance of TEG, which is optimized when ZT is maximized. An adequate
thermoelectric material should have a high Seebeck coefficient, high figure of merit, and low thermal
conductivity K and resistivity. Thus, to attain high efficiency, both high figure of merit of material, ZT, and
large temperature differences are preferred. Since the material’s thermoelectric properties which are
Seebeck coefficient «, electrical resistivity p, and thermal conductivity K fluctuate with temperature, it is
not effective to utilize identical material through a whole large temperature difference. To reach an
approximate ideal state, dissimilar highly efficient materials are used together in a way, where the first
material at a higher temperature is segmented with the second material at a lower temperature. Through this
approach, both materials are functioning in their utmost efficient range of temperature [262].

1.3.3. Historical Notes

As mentioned previously, TEG can generate electricity and providing a source of cooling and heating.
The high interest in research in improving TEG is dissipated through the past years: Figure 1.3.11 shows
the milestones of TEG and Table 1.3.2 shows the chronological history of TEG.

Figure 1.3.11: Milestone of TEG since it was discovered.
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Table 1.3.2: Development of TEG in chronological order

1821  The main concept of the Seebeck effect was discovered [23]

1833  Peltier developed the TEG phenomena

1854  Thomson added his observation [24]

1911  Altenkirch arises the concept of maximum efficiency of TEG and the performance of a cooler

1928  The semiconductor concept is introduced in thermoelectric energy

1930  The first thermoelectric-operated radio was stated

1947  Maria Telkes (1900-1995) built the first thermoelectric power generation with a 5 % efficiency

1954  H. Julian Goldsmid ice up to 0 °C a surface by a Peltier cooler using Bismuth telluride (Bi2Te3)

1977  NASA used MHW-RTG3 which is a Silicon Germanium (SiGe) TEG to launch two voyagers.

2004  TEG is integrated into automotive and the US Department of Energy [263]

2000" Nanotechnology in TEG is introduced [264]

2005" TEG for Industrial Waste Heat Recovery (WHR) was developed [265]

2006"  Flexible TEG technology [266]

* There was no specific year for introducing nanotechnology or flexible TEG; the years were obtained by going back
to all review papers related to nanotechnology and polymers for TEG and finding the first time they were mentioned.

As shown previously, TEG technologies exhibited a high share in the research work on the theoretical
and experimental scales as a power generation from temperature difference through TEG. Besides, in 1997,
Rowe et al. [267] directed the first profound research. They built a structure composed of 36 TEG units
inserted in the middle of two heat aluminium plate exchangers. They used hot water of a temperature of
about 98 °C as a heat source, cold water of a temperature of nearly 20 °C for the cooling side, and around
95 Watts as a maximum output power. After the system was activated the temperature of the hot side
became 97 °C and that of the cold side 14 °C. This result indicates that TEG can be utilized to transfer
temperature gradient into electrical energy, however, the efficiency is low but because the source is free
then efficiency is not that important [268].

In 2004, Crane et al. [269] conducted another experiment by investigating the heat transfer over TEG
and expecting the electric and contact resistance. A counterflow liquid-to-air system was applied for
thermoelectric heat recovery. The model entailed an aluminium tube for the hot water to flow with a three
TEG module that was contacted directly. This research concludes that the temperature of fluid and air
affects the output power of the TEGs system. Higher power output is obtained by increasing the temperature
gradient across TEG and decreasing the thermal resistance by applying a better HE for heat recovery. In
2010, Gou et al. [270] constructed a prototype of liquid-to-air for power generation. They applied the
fundamental irreversibility of heat transfer and thermoelectricity to expect the performance of TEG for
small-scale waste heat recovery. The model contained a flow passage with a baffle in the middle to rotate
the hot water. On the flow channel, ten TEGs were arranged in two rows and for the cold side, ten heat
sinks with axial fans of the unit. Natural and forced convection were conducted in this study. The results
displayed that increasing the capacity of heat transfer on the cold side would drive a noteworthy
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improvement in the output power whereas there is no considerable achievement when enhancing the heat
transfer on the hot side.

Nowadays, TEG is requested by many industrial sectors where it fills remarkable needs in the military,
sensors, or cars [147]. Besides, TEG has gained a significant standard, especially after being integrated into
nanotechnology [271], or the medical domain [272]. As well, TEG is used for running personal electronics
through body heat such as mobile phones, and wearable sensor systems [248]. It must be mentioned that
TEGs are also used as heat pumps and/or generators in domestic plants for air conditioning or heating [273].
Parallel to integrating TEG in useful applications, research on TEG is still in progress but it is directed
towards going further beyond performance level by either increasing the gradient temperature such as
changing fluid across TEG, finding any source of wasted heat, or increasing the efficiency which means
editing the material used.

TEG is expected to expand its use in industrial applications. In the USA, there is a strategy to apply
TEG in automobile industries. By working more on the molecular level of TEG and trying to increase the
figure of merit, TED will have huge potential in many more regions of applications.

1.3.4. TEG in Applications and Classifications

Despite being less efficient than mechanical heat engines on large output power, TEG takes the lead
when it comes to small output power somewhere less than 100 W. TEG’s simplicity, unmatched
dependability and durability make it the needful device in applications, where the aim is unattended
operations rather than efficiency. These applications include power supplies for spacecraft that operate too
far from the sun to take advantage of the photovoltaic effect, automotive uses that take advantage of the
heat that engine shed, or generators for oil-producing installations including ocean platforms. Besides,
being fully quiet is a virtue of the TEDs in many cases, where noise would be disturbing or intolerable as
aboard submarines.

Well, TEGs have been widely used at commercial and industrial levels. Starting from watches, and
automobiles and ending in spacecraft [274]. A great example of a low-power thermoelectric generator
application that ranges between 5 uW to 1 W would be the thermoelectric wristwatch, which uses thin bulk
TEDs. The watch works via body heat converted into electrical power by the TEG. At least two models
have been built, one by Seiko and another by Citizen. Internationally, there is a wide variety of commercial
and custom-made TEGs, through low power generation such as micro-TEGs that generate low-power
energy, such as wearable devices, and body-mounted devices.

Other examples of high-power generation that generates about 1 kW are involved in larger applications
such as the automotive field (BMW, Volkswagen, Volvo, Ford and others) where TEG can extract waste
heat from the exhaust that delivers DC electrical power to recharge the battery. By reducing or even
eliminating the need for the alternator, the load on the engine is reduced thereby improving fuel efficiency
by around 10 %. Besides, a TEG possessing a ZT of 1.25 and around 10 % efficiency might be utilized to
retrieve 35—40 % of the energy from the exhaust manifold at a normal temperature of 250 °C, where a
significant value of energy can be produced to contribute to up 16 % escalation in efficiency [275].
Researchers have shown high interest in TEG, and many researchers have investigated applications using
TEG [276] such as being integrated into cooling applications [277], computational modelling [278], and
parametric changes [279]. It was also used as a hybrid system with all-air HVAC systems [70], or solar
photovoltaic [280].
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According to the investigated papers, TEG was used in various applications. Thus, Figure 1.3.12
classifies the use of TEG according to three main categories:

1. TEG in applications: TEG has been publicized widely and so fast in various fields, electronics,
vehicles, industries, and renewable energy.

2. TEG in hybrid systems: TEG has a considerable share when involved with other energy recovery
systems such as storage, piezoelectric, and HEs.

3. Design / Material improvement: research as well as discuss the design and material development to
reach an optimum output of a TEG unit.

Figure 1.3.12: Classification of TEG usage

This work studied over 140 published papers starting from 2008 to 2021. The studied papers are
classified into four categories: TEG integrated with buildings and vehicles, TEG material development
(MD), TEG installed with other heat recovery methods (hybrid heat recovery), and TEG joined with
electronics or renewable energy. Figure 1.3.13 shows the number of investigated papers according to years
and the above-mentioned categories.
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Figure 1.3.13: Investigated papers according to categories and years.

As shown in Figure 1.3.13, TEG has been incorporated in many fields, mainly combined with renewable
energy/electronics and buildings/vehicles. Besides, TEG installed with other heat recovery methods such
as TEG-PCM [281], TEG-HP [282], and TEG-PEM [283] started to grow noticeably; which means that it
is worth investigating it even more and encourages going deep into studying TEG with other HRSs. Among
the investigated papers, it is noticed that TEG with HE is well employed in different applications, which
leads to the introduction of TEG with other HE technologies.

1.3.4.1. TEG in Heat Recovery Systems

As noticed from the results in the previous section, interest in TEG energy has grown rapidly due to its
capability to generate power even from small waste heat, which leads to the development of green
technologies and creates a new sustainable energy resource. This widespread of TEG in various fields
encourages going further in studies to investigate the impact that TEG has on the applications [284]. Table
1.3.3 shows the applications and studies of TEG.

Table 1.3.3: Summary of the investigated papers related to TEG integrated into different applications.

Authors  Methodology Results

Tabar et A nonconventional wasted energy recovery Results obtained assure the ability of the novel
al. 2021 system is proposed. This novel framework design to achieve an almost zero energy

[285] contains the transformation of excess power, configuration, where the environmental
capturing energy loss, and helping in reducing pollution and total cost are cut by 170.7 % and
pollution and operational costs. 83.5 % per day, respectively.
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Babu et
al. 2017
[286]

Performance of various solar panel thermal
hybrid systems was studied under different
configurations such as design, location, TEG
junction, additional parameters of design
(active or passive cooling), and integration
with phase change materials (PCM). Then the
best configurations and future expectations for
the PV-TEG design system were presented.

The performance of the PV-TEG system is
highly affected by the parameters of TEG
resulting in additional energy that varies from
10 to 20 % with overall efficiency that ranges
between 40 and 50 %. One of the optimum
configurations was the hybrid system PV-TEG-
PCM, which enhances the overall efficiency by
1 to 2 %. TEG-PV shows a hopeful technology
for the future, the progress in the TEG can
affect greatly any p grid network.

Bayenda
ng et al.
2020
[283]

A review of 18 diverse studies on TE and a
Polymer Electrolyte Membrane Fuel Cell
(PEMFC) of a hybrid Combined Cooling
Heating and Power (CCHP) system for
domestic/commercial use was held. Assorted
studies on thermoelectricity were conducted. A
comparison of TEG-solar energy analysis was
held. The comparison shows that TEG

Results of these studies show that the power
efficiency of TE is augmented by transforming
waste heat into power for TEGs and power into
the cold for TECs. Besides, in TEC and PEMFC
hybrid CCHP system, the prime mover was the
PEMFC and TEC cooler, which was able to
produce 2.79 kW of electricity, 26.8 W of cold,
and 3.04 kW of heat, resulting in 43.3 % of fuel

produces higher power in solar cells (SC) of saving and ~77 % of total efficiency.

equivalent sizes, although more expensive.

Darkwa
et al.
2019
[287]

Theoretical, numerical, and experimental

Simulation results proved the significance of

studies were held on a hybrid system model of high conductivity of PCM and thickness of

TEG that generates limited output power due
to small gradient temperature and PCM that

PCM layer has an impact on layers of TEG and
PV. The optimum heat performance for the

has an impact on the rise of the temperature of model PV/TEG/PCM was attained at a 50 mm

the PV through the process of heat storage. The
result of different PCM parameters’
conductivities, thicknesses, and phase change
temperatures was calculated.

PCM layer thickness with 5 W/mK thermal
conductivity and a phase change temperature
that ranges from 40 to 45 °C.

Russel et
al. 2010
[288]

A TEC incorporated with the HP model are
established for controlling the heat of the
electronic system. The execution of the system
under mild conditions has been investigated.

Results show that this hybrid system functioned
with high performance. It can also be
implemented to improve a TEC-based hybrid
controlling heat system and can be applied
under various design conditions (heat load from
chip and ambient temperature).

Ghude et
al. 2013
[289]

A study on alternative cooling methods is
done, due to the high demand for HVAC and
its hazardous effect, where the conventional
HVAC system utilizes a harmful cooling
system that drains the ozone layer. So, the
paper presents a comparative study between
conventional HVAC and the novel cooling
system concept HVAC TEC.

Results show that improving conventional
HVAC to be eco-friendly requires a long time.
Although refrigerant used is HFCs that have a
lower effect than CFCs over the ozone layer, it
also affects negatively on the ozone layer. On
the other hand, the HVAC (TEC) model proved
superior advantages and a better alternative.

Patyk
2013
[290]

A study on TEG for improving the efficiency
of power generation in ICE and motor
generators. Besides, a study of the
environmental and economic values of TEG
was held.

Results reveal that TEG saves energy costs and
has a negligible environmental burden, (eco-
efficient). However, it has low production
compared to other methods.

67



Chapter I. Literature Review
Thermoelectric Power Generators: State-of-the-Art, Heat Recovery Method, and Challenges

Hiang et This paper presents the history and the

Results showed that the generated power

al. 2018 achievement of TEG development in vehicles exceeded 700 W. The Department of Energy
[291] during 7 7-year program on waste heat (DOE) program was successful, which resulted
recovery incorporating TEG ina BMW X6 and in leading a DOE-sponsored TE WHR program
a Lincoln MKT. Throughout this program, for automotive that is concentrated on
numerous models of TEG were demonstrated declaiming technical and business-related
and examined. A comparative analysis of the issues. This process is destined to permit TEGs
performance of the vehicle with and without to be more involved in future automotive
TEG was then concluded. products and enhance this field.
Kishore Experimental and numerical studies were Results ensure that BCs affect substantially the
et al. established to prove the presence of a critical design of TE, where the performance of a TEG
2020 coefficient for heat transfer that drastically differs from the variation of the BCs. For low-
[292] impacts the performance of TEGs. Besides, grade WHR, the optimized TEG produced 28
exterior thermal resistances and Boundary % greater power and compared to saleable
Conditions (BCs) have a strong impact on the modules optimized TEG produced 162 %
behaviour of TE materials. greater power per unit mass of TE materials.
Martins A combined system of Heat Pipes (HP) and HP designs were verified with a noticeable
et al. TEG for recovering wasted heat from the development over the initial designs, in terms
2011 exhaust gases of an automotive IC engine is of pressure, temperature, and heat transfer rate,
[293] studied. The HP transferred the thermal energy where controlling the temperature and pressure
from the hot exhaust to the TEGs. of the HP was possible, whereas the rate of heat
transfer over the HP was enhanced
considerably to exceed 1.4 kW.
Lietal. A simulation study under the same operational Both HEs show an agreeable thermal
2016 conditions on tube and fin heat exchangers performance with TEG. The fin HE shows
[294] (HE) using ANSYS is held. Several factors better thermal performance due to its
were studied such as the variation of compactness. Besides, it displays the creation
the temperature and the Reynolds number. of a vortex from the inlet of the pipes to the
outlet. Consequently, this structure results in
various increases in the temperature even at a
low Reynolds number.
Min et A mathematical model is established to design Results show that the efficiency of the TEG
al. 2020 a TEG for recovering heat loss from the ranges between 1.41 % to 4.12 %, which is very
[295] exhaust of a diesel engine. low. Thus, further, improvement should be

held.

Table 1.3.3 shows several TEG applications, and the results of the most investigated cases agreed on the

effectiveness, and reliability of TEG, where the common conclusion was TE is a promising technology.
Besides, TEG has offered a remarkable effect when integrated into various fields. As well, Table 1.3.3
shows that TEC cooling systems have benefits over conventional cooling devices, this is due to multi-
criteria that TEG owns such as providing a new source of power from wasted thermal energy, small size,
lightweight, no mechanical moving parts, high reliability, no working fluid, direct current power-driven,
and swapping between heating and cooling modes easily. Furthermore, it is noticed from Table 1.3.3 that
some of the applications offer novel ideas in TEG with remarkable results. Other applications were not very
effective [296] but in both cases, researchers are investigating improving the designs and enhancing TEG
to augment the progress in the growth of TEDs for effective heat recovery and more eco-friendly. TEG is
considered a promising technology, especially with continuous efforts in developing its ZT. Moreover,
researchers recommend integrating TEG with some heat recovery methods such as heat exchangers, PCM,
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and HP, where the benefits that this hybrid heat recovery system may offer are worth further experimental
studies and developed commercially as noticed in various research [297], where the heat recovery methods
such as HEs transfer the heat to the TEG which helps in creating better circumstances to higher gradient
temperature consequently higher power output.

1.3.4.2. TEG in Hybrid Heat Recovery Systems

As noticed from Table 1.3.3 in the previous section, TEG integrated with other heat recovery methods
is a very promising technology, thus a deeper investigation of this section is held. The heat recovery
methods, discussed in the previous section, lead to an increase in the power output: this could be attributed
to the heat that the HEs recover, consequently increasing gradient temperature, which raises the power
output. TEG combined with other recovery methods was illustrated in various previous studies in Figure
1.3.14 [298], where throughout the research, it is noticed that TEG with specific heat recovery methods
shown in Figure 1.3.14 was investigated repeatedly.

| Enthalpy
- ‘lH,ea.t Exch_angeﬁ‘ | Fixed Plate Loop HP
Lﬁ : l PCM ! Heat Pipe Pulsating HP
PEM | Thermosiphone

y

Figure 1.3.14: TEG integrated with heat recovery devices.

TEG integrated into HE is a widespread technology, for instance, Seo et al. [299] proved the
effectiveness of TEG with HEs. Besides, Zaher et al. [300] showed that the power was increased by 1.2 in
axial conduction HE at even low flow rates of around 0.02 kg/s. Moreover, Wang et al. [301] performed an
experimental study on the TEG-HE hybrid system to result in an efficiency of around 84 %. Another study
was done by Bélanger et al. [302] to investigate the performance of TEG sandwiched in a crossflow HE.
Also, Catalan et al. [303] conducted a study on TEG integrated with thermosiphon HE to conclude that the
power generated per module was 3.29 W with AT of 180 °C and the design was 54 % better than with fin
dissipators. As well, Araiz et al. [282] concluded that the hybrid TEG thermosiphon and PCM system is
very effective and highly reliable in waste heat recovery applications. Furthermore, Catalan et al. [304] held
a study on TEG integrated with a PCM in a 5000 m? geothermal plant, TEG PCM system resulted in an
error of less than 8 % with an annual electric output of 681.5 MWh. Besides, various types of research
illustrated the effectiveness of TEG combined with HEs [305]. Thus, it is recommended to do further studies
on TEG in heat exchangers, as this system shows high reliability and agreement.

1.3.5. TEG New Technologies in Applications and Challenges

In this section, three main aspects will be studied: (1) Materials used in TEG have a high impact on the
effectiveness of the TEG [306]; hence, studying the material properties is a crucial matter to the
development of TEG. (2) TEG new technologies: with the increasing demand of global for alternative
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energy sources, TEG technologies have shown a high share in the research work and it has become a need
in the modern world (3) Challenges: with all the benefits that TEG offer, it holds many challenges such as
low efficiency, thus, the challenge is to find temperature difference that will produce energy, and the higher
the temperature difference, the more power generation is produced.

1.3.5.1. Materials Properties

While choosing TEG, several factors should be taken into consideration. Throughout the process,
ideally, the temperature grade across TEG is large, so the thermal expansion will create stress, consequently,
a fracture may occur inside the device. Thus, the mechanical properties of the materials should be studied,
and the thermal expansion coefficient of the P- and N-type materials should be reasonably harmonized
[307]. Thus, to obtain a reliable TEG, the characteristics of the materials used are likely to be reached,
where the closer the materials get to the desirable properties presented in Table 1.3.4, the higher the
efficiency of TEG will be attained [308]. For instance, semiconductors are much more efficient than metals,
where heat is conveyed completely by free electrons, whereas in semiconductors lattice vibration is a
surplus mechanism for transporting heat.

Table 1.3.4: Desirable properties of materials for an efficient TEG

Material’s Requirements Reason
High thermoelectric power To generate a maximum voltage in the circuit.
High ZT Power High Seebeck It is the ratio of electromotive force to the gradient
[309] factor  coefficient () temperature between the two sides of the TEG. The
a’c T material should be of low thermal conductivity to limit
K, + K, the gradient temperature, where the ideal case is when
AT is zero.
Low electrical To decrease losses due to temperature Joule heating.
resistivity (Q)

High electrical
conductivity (o)

Operating temperature The operating or mean temperature.

Low thermal conductivity =~ To minimize the transfer of heat from the hot side to the
(1e) cold side thus maintaining a large gradient temperature.
Lower scatter phonons (k1) Accumulating phonon scattering decreases thermal
Lattice component conductivity and consequently increases ZT.

As noticed from Table 1.3.4, efficient TEG requires materials with high electrical and low thermal
conductivity, which are two contradictory features, where no material perfectly has these two characteristics
at the same time. Semiconductors constitute a turning point in developing the TEDs [310], where the
employment of TE was constrained before semiconductor materials were established [311]. Three
semiconductors that are shown in Figure 1.3.15 are identified to have both low thermal conductivity and
high electrical conductivity (presented by the high-power factor) [312]:
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Figure 1.3.15: Presentation of the three semiconductors according to temperature endurance.

Although semiconductors are widely applied in commercial and practical applications, substantial
developments have been set in finding or fabricating novel material structures with improved thermoelectric
performance. Lately, there has been a lot of research on harvesting higher energy from the TEG by dropping
lattice thermal conductivity to improve ZT, which is done by working on the material. Research has gone
so far as to improve materials such as silicon nanowires of high-power TEG, Phonon-Glass Electron-Crystal
(PGEC), or nanotechnology [313]. So far, PGEC is considered the optimum to be used in TEG due to its
mechanical properties that are approximately close to the required materials for optimum TEG mentioned
in Table 1.3.4, which are high electrical conductivity (crystal), and small lattice thermal conductivity (glass)
[314]. Subsequently, TEG is considered a vital technique for waste energy mainly on a low scale. Though
the key profits of TEGs are their low maintenance and compactness, yet the cost of their available materials
is still too high.

Besides studying the selection of the material, it is concluded from the investigated papers, that the
optimum power generation of TEG is reached by studying different factors other than materials used shown
in Figure 1.3.16, such as achieving a high figure of merit (ZT), which is an important factor that the scientists
are working on increasing it [315], durability that lasts for the significant duration with low maintenance,
mass flow rate and gradient temperature, which are affected by the design and application used, reliability
that is affected by all the studied factors. All these factors are interrelated and affect each other. For
example, material properties are one of the factors that affect ZT, enhancing ZT has an impact on durability
and reliability and so on.
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Figure 1.3.16: Requirements for effective TEG

1.3.5.2. New Technologies and Applications

TEG has a great share in research through various aspects, which enhance the role of TEG and improve
its effectiveness. Over the years, TEG has proved that it is in progress continuously; far from the
conventional TEG, because of TEG’s main advantage which is generating electricity from small-grade
waste heat micro-TEG was introduced. u-TEG functions at low gradient temperatures have unlocked some
advanced applications in various areas such as consumer electronics, the Internet of Things (IoT), and
biomedical engineering. With the development of further low-power devices and the regular enhancement
of the figure of merit of the TEG material, there are high expectations the p-TEG that will be useful in
additional applications with remarkable effects [316]. Besides, TE modules are estimated to reach an
efficiency of 10 % to 20 % and hot side temperature limitation that exceeds 500 °C [317]. Accordingly, this
is considered to be a great solution in the future to decrease the cost of power generation. Theoretically,
research succeeded in conducting thermal conductivity of the lattice besides, scientists have effectively
configured materials at the nanoscale [318]. Consequently, TEG is considered a promising technology that
will have a positive widespread effect on various applications. Figure 1.3.17 shows the use of TEG in
applications for power generation and cooling starting 1980 till 2021, and the expectation of using TEG till
2030, where different researchers expected the fields where TEG and TEC will be used [319].

There was no specific year for the starting date of some of the applications, the starting year was set
based on revising the papers and the review papers related to applications of TEG and finding the first time
each application was mentioned.
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Figure 1.3.17: TEG and TEC in applications.

As noticed in Figure 1.3.17, thermoelectricity has captured attention in various fields. TEG and TEC for
power generation and cooling are widespread over different applications, where they take a significant share
in various fields. For instance, one of the foremost sources of energy consumption, space cooling, foretold
that the claim of TEC will amount to 80 % by 2030 [320]. Likewise, the evolving of TEG guides to more
challenges, such as bio-integrated systems [321], wearable electronics [322], micro thermoelectric
generators [316], military [323], robotics [324], cybernetics and others [325] drive to innovative
engineering methodologies, where researchers are working on replacing the battery, which is the supreme
dominant source of energy, in wearable devices by TEG, this is considered as a successful step due to
producing free energy and being more environmentally friendly by reducing hazardous chemicals in
batteries.

As well, Figure 1.3.17 shows that after the mid-1990s thermoelectricity has come with the flow of novel
ideas. Also, enhancing TEG is a nonstop process that continues for future expectations, where theoretical
expectations recommended that TEG efficiency could be strikingly improved due to the nanostructure
engineering [326]. The hope for designing a better TEG has always been a target that scientists work on
mainly after the innovation of the nanometer scale. This nonstop research on TEG leads to great
improvement in TEG and being more involved in various applications.
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1.3.5.3. Challenges

Throughout the research, several challenges have come across while studying TEG. In this section, the
challenges that the researchers have faced while researching are presented in Table 1.3.5. Challenges are
considered an important sign that the research should try to solve to develop the material. Over the years,
solving the challenges is one of the reasons that have led to growing TEGs even more and opening the
opportunity to be involved in various applications. For instance, one of the main challenges of TEG is
acquiring high ZT, which is due to the intrinsic relation between thermal conductivity and electrical
conductivity of most materials. An alternative approach to intensify ZT is by dropping the total thermal
conductivity, which can be achieved through structuring materials at the nanoscale level. Another one is
the high output resistance, which is considered a general problem besides the high cost and low efficiency
of TEG. So, to reach a large output voltage, a large Seebeck coefficient (high V/°C) is required. In some
commercial devices, this issue is resolved by setting fewer elements in series more of them in parallel [307].
Also, converting waste heat in manufacturing is a big challenge for TEGs, which even with their low
efficiency can take a part to attain a percentage in the overall efficiency and drop the environmental
footprints.

Table 1.3.5: Summary of the challenges during investigating TEG.

Authors Title Challenges

Nanostructured TE Reaching ZT values greater than 3 is hard to date. Dramatic

Chen et . improvements are required in the power factor, which is related to
materials: Current . .. .
al. 2012 a further drop in thermal conductivity and a rise in electron
research and future L
[327] challences conductivity.
£ Decrease the thermal conductivity.
For device-level development, challenges for metallization of
conventional TE such as Mg2Si, PbTe, Bi2Te3, CoSb3, and oxides
Current progress and ~ were studied.
Liu et future challenges in ~ Achieving a high figure of merit is not the only issue, where high
al. 2015 thermoelectric power ZT with low gradient temperature is not efficient.
[328] generation: From Reliable TEG contact is a challenge, as each application requires a
materials to devices  specific design.
At least three criteria for good TEG are required: effectiveness,
reliability, and efficiency.
Automotive exhaust thermoelectric generators (AETEGs)
. efficiency is enhanced through two criteria, (1) the figure of merit
Automotive exhaust . .
Shen et ) of the materials ZTy, and (2) the mean or operating temperature.
thermoelectric . . .
al. - Thus, TE requires continuous development, so the challenge is to
generators: Current . -
2019 status. challenees reach the optimum temperature and highest ZT.
[329] ’ & Other challenges for obtaining better TEG include evolving

and prospects

materials that tolerate high temperatures, improving the exhaust
HEs design, and increasing the study of HP and PCMs in AETEGs.
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Large AT for TE applications, in polymers, are not favourable and
thus low-AT and power system is required for polymer-based TE,

Goel et i?lle}:lllllf)relectric which is suitable for several low-cost uses such as sensors....
al. 2020 o These applications do not require high ZT yet they are sensitive to
Opportunities and o1 A L . .
[330] flexibility, cost, and simplicity in fabrication besides, they require
Challenges . . )
a large voltage output. Consequently, this quest requires a higher
Seebeck coefficient.
. A study on TEG Equalize among the heat flow and maximise the gradient
Davis .
2018 materials, temperature.
307] applications, and High cost with low efficiency, are two main issues in TEGs.
challenges High output resistance and reverse heat characteristics.
This review consists of research that discusses the evolution of
efficient TEGs. The challenges in the discussed research are
classified into:
Making higher ZT of TE operates at various temperatures.
. . Researchers have studied the materials affecting ZT, which is done
Key issues in the . . . . .
by either (i) enhancing the power factor or (ii) decreasing the
development of L
thermoelectric power thermal conductivity.
X Building ohmic relation of P- and N-type metallic connection that
generators: High 2. . . .
Aswa . has minimal resistance contact. These studies are materials
figure of merit . . .
2016 . . specific, and, in some cases, low contact resistances have been
materials and their . .
[331] . . found using appropriate buffer layers. Further analyses are
highly conducting . . . .
. . required for the future, especially for eco-friendly materials,
interfaces with Y . .
metallic providing high ZT, low cost, and stability.
. Making TEGs with less thermal transmission among hot and cold
Interconnects sides
It is counted on the industries that are sharing a part in the
manufacturing of TEGs with the augmentation of scientific and
engineering research in TE. The TEG in commercial applications
is foreseen to be indispensable very shortly.
Shuai Recent progress and
et al. future challenges on  Practically, there are several challenges in fabricating any module.
2017 thermoelectric Zintl ~ Extra thermal and electrical resistance at the contact between TE
[332] materials materials and brazing materials is considered a major challenge.
Scientific and Seeking comparable P-type is a challenge, where the N-type
O’ Dwve Technical Mg3Sb2-based materials have shown better results than the
r et ;y Challenges in optimum available P-type materials. But P-type Mg3Sb2 TE
2(;31 - ) Thermal Transport performance is relatively low. Hence, another P-type Zintl could
[333] and Thermoelectric be implemented, but this may lead to more challenges due to the

Materials and
Devices

complicated design of the device.

As noticed from Table 1.3.5, in addition to enhancing ZT, there is an accumulative effort to improve
new materials by mounting the electrical power output, declining cost and evolving an environmentally
friendly system. Hence, research on improving or developing new thermoelectric materials has no end.
Besides, it is noticed that displaying challenges is a very helpful procedure for the development of TEGs,
where continuous research resolves the previous challenges and develops TEG to become more reliable
and efficient. Consequently, this development in TEG is opening novel ideas for employing TE materials
efficiently.
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1.3.5.4. Proposed solution to some of the challenges

Designing a system that has minimal thermal losses is a solution for balancing between maximum
temperature difference and heat flow across the modules, this design could be illustrated by emerging
another heat recovery device that captures the heat loss, such as reliable heat exchangers (heat pipes), or
storage materials (PCMs), and that’s why the efficiency of TEG integrated with HP or PCMs is higher than
TEG alone, as concluded in the previous section. As well, this hybrid design is a solution for the materials’
interface heat losses and protecting the TEG from damage at high temperatures. There are solutions for
some challenges that create other new challenges, such as forced convection [334] or vortex generators,
which are solutions for low heat transfer; however, forced convection requires a new source of power, and
vortex generators increase the pressure drop.

Other challenges are avoiding high-pressure drops between the cooling and heating sources, almost
perfect thermal isolation, appropriate low-resistance metal contacts of the cold side and hot side, improving
the design of modules, etc [262]. Besides, the challenges of experimental complication systems in
microfabricated, optical systems, which blocked various groups from being interested in such fields,
consequently, restrict the development of experimental work. Another major challenge is the lack of
theoretical and simulation data on the multiscale phonon modelling of nanocomposites. Furthermore,
manufacturing of the device is still slow due to heat transfer concerns [335]. Thus, a more advanced scheme
based on heat transfer to increase efficiency is required to be studied. The growth of TE materials requires
continuous efforts by materials scientists, physicists, chemists, and theory scientists. As a result, the
advantages and disadvantages of TEG are summarized in Table 1.3.6. Some of the disadvantages can be
reduced such as the efficiency, which varies according to the materials used. Furthermore, even though the
initial cost of the TEG is high, however, it is repaid after a long time, where the maintenance cost factor is
null in these devices.

Table 1.3.6: Advantages and disadvantages of TEG.

Advantages Disadvantages
Design e High reliability e Low efficiency
[336] ¢ Durability e No standard scheme: every project is new.
e Scalability ¢ High initial cost
¢ No moving parts o Difficulty of modeling TEG for simulation
¢ Maintenance-free [337]
e Small in size and weight
Operations e Acoustically and electrically quiet ¢ High output resistance
e Mountable in all orientations
Materials e Direct energy conversion, no o Call for materials of both high thermal
intermediate form of energy resistance and low thermal conductivity.
conversion e Power generation efficiency of TEGs is
¢ No working fluids affected by the material [339]
e Nontoxic materials [338] ¢ Expensive material
e Abundant raw materials [17] e P and N possess diverse mechanical
properties
Applications e Vast range of power production o High output resistance
(KW-uW) o Requires relatively constant heat
e Extreme climate conditions source
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1.3.6. Conclusion

This study has investigated the theoretical background of TEG, besides a comprehensive review of TEG
and its implementation in various fields. As well, it sheds light on new technologies of TEG and the
manifested challenges. The following concluded outcomes are obtained:

The distinctive nature of using TEG, which provides electricity with a AT even on a low scale and
over a wide temperature range, has made TEGs a primary solution to specific energy problems
concerning power generation and recovering heat in a stationary and environmentally friendly
approach.

The small efficiency of TEG has limited its growth in some applications. The use of TE in several
regions has conquered major accomplishments in some products and disappointment in others.
TEG combined with HEs is a very promising technology, where HEs transfer the heat to the TEG,
which helps in creating better circumstances to higher gradient temperature and consequently higher
power output and this result was illustrated in various studies.

For WHR applications, TEGs are very promising as the heat is free and lost unless it is captured.
However, the payback period may be longer or shorter according to the AT and the efficiency of
TEG, thus, the research is converged on enhancing the efficiency of TE materials and studying new
strategies of TEGs that provide a superior fusion of energy conversion systems.

To increase the power output, it is not enough to increase ZT, where high ZT and low gradient
temperature are not efficient, hence increasing power output requires both, as shown in Figure 1.3.18.
Forced convection enhances heat transfer, consequently increasing gradient temperature, however, it
requires additional power, thus VGs are recommended to enhance heat transfer.

Applications % Design

Boundary Conditions

Main goal

Material Improve power factor l
development '
M Reduce thermal |

(TPower output)

Application

Resmad |

Figure 1.3.18: Schematic of how power output may be increased.

Forced convection

Throughout the research, there is an accumulative effort to develop new materials, diminish cost and
build eco-friendly systems.

Even though TEGs have high initial costs, however, on the long-term TEGs may repay the initial
cost and even more become a profit-free source of energy.

TEGs are favourable due to several advantages, such as scalability, being used on a wide range of
applications, quietness, eco-friendliness, reliability, absence of moving parts, and maintenance-free.
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o Intensive research on micro-TEG opened the opportunity to improve TEG in wearable devices,
sensors, and powering electronics. Micro TEG is a promising technology, and there are accumulative
efforts to make it a substitute for traditional batteries.

e The efficiency of TEG has developed over the years due to design and materials improvement.
However, with all the improvements in TEG materials, most of the papers recommended further
research to solve the foremost challenge in TE technology, which is enhancing and designing
innovative TE materials with proper values of the figure of merit and power factor. Hence, research
on improving or developing new thermoelectric materials has no end.

e Results show that combining TEG with other heat recovery methods such as heat pipes, PCM, and
PEM has augmented the desirable output, where the combined system not only increases the power
output however, but also protects the TEG from overheating. Hence it is recommended to do further
studies on TEG combined with other heat recovery methods.

e FErecting a TEG that may have theoretical efficiency is an enormous progress that the research is
working on, especially with the various concrete challenges. Thus, the growth of TE materials
requires continuous efforts by material scientists, physicists, chemists, and theory scientists.

e For the future, TEG is a promising technology, especially with the continuous efforts to develop its
ZT. TEGs are expected to be involved more in many sectors due to the continuous efforts that the
scientists exert on developing TEG and the promising results that TEG offers.

General Conclusion of the three previous literature reviews

A general conclusion of the three previous literature reviews that studied heat recovery systems, hybrid
heat recovery systems, and Thermoelectric Generators is summarized as the following.

The first study shows that heat recovery systems are a must in most applications to enhance the
performance of the application and reduce energy consumption. The second study shows that integrating
more than one heat recovery system is a promising technique for recovering a higher amount of thermal
energy. Then, the third study shows that Thermoelectric Generators are worth to be studied especially in a
hybrid heat recovery system. Thus, the conclusion obtained encouraged us to do a numerical study that
employs TEG in an HHRS. But before integrating the TEGs with the system we intended to study the
performance of heat transfer enhancement (HTE) using a trapezoidal vortex generator in a Concentric Tube
Heat Exchanger (CTHE) through Computational Fluid Dynamics (CFD) code ANSYSS Fluent. Heat transfer
and fluid flow analysis will be conducted for various Reynolds numbers inside the tube and annular. The
effects of VGs will be studied as well, and the turbulence flow will be simulated using the k- model. The
analysis will be done on four designs, where the VGs are placed in three different locations as follows:
(case 0) no VGs, (case 1) VGs inside the tube, (case 2) VGs on the interface between annular and tube, and
(case 3) VGs on the outer wall of the annular part. Accordingly, the overall heat transfer, heat transfer ratio,
and heat transfer/power of each of the three cases with VGs will be normalized to case 0 to study the effect
of VGs on the flow and HTE. The best case obtained will be integrated into a practical study to find the
heat recovery that this system could carry out in application. Two types of heating sources will be used
renewable and non-renewable sources to find how much energy this system could save.
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Chapter II. Numerical and Parametrical Studies: CFD analysis on the spatial
effect of Vortex Generators in Concentric Tube Heat Exchangers — A
comparative study

Résumé (en francais)

Le présent article traite de I'amélioration du transfert de chaleur (HTE) a I'aide d'un générateur de vortex
trapézoidal dans un échangeur de chaleur a tube concentrique (CTHE) via le code de dynamique des fluides
computationnelle (CFD) ANSYS Fluent. Le transfert de chaleur et I'analyse de 1'écoulement des fluides
sont effectués pour différents nombres de Reynolds a l'intérieur du tube et de I'annulaire. Les effets des
générateurs de vortex (VG) sont également étudiés et I’écoulement turbulent est simulé a I'aide du modéle
k-w. L'analyse a été effectuée sur quatre configurations, ot les VG sont placés a trois endroits différents
comme suit : (cas 0) pas de VG, (cas 1) VG a l'intérieur du tube, (cas 2) VG a l'interface entre 1'anneau et
le tube, et (cas 3) VG sur la paroi externe de la piéce annulaire.

En conséquence, le transfert de chaleur global, le rapport de transfert de chaleur et le transfert de
chaleur/puissance de chacun des trois cas avec VG sont normalisés au cas 0 pour étudier I'effet des VG sur
I'amélioration du transfert de chaleur. Les résultats montrent que les VG sont efficaces dans tous les
emplacements, cependant, I'amélioration la plus élevée a été observée pour le cas 1, au nombre de Reynolds
de 8000 pour le fluide froid et au nombre de Reynolds de 2000 pour I'eau chaude. L’amélioration du rapport
de transfert de chaleur est de 97 % pour le cas 1, 92 % pour le cas 2 et 56 % pour le cas 3, alors que le
facteur d'amélioration thermique est de 210 % pour le cas 1, 180 % pour le cas 2 et 142 % pour le cas 3.
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II.1. Introduction

Heat exchangers (HEs) are widely used in almost every process and manufacturing sector around the
world, where two fluids are usually separated by a wall and heat is transferred from a hot fluid to a cold
fluid at the same time using HE equipment. Usually, most HEs involve two-fluid, but three-fluid heat
exchangers are becoming more common such as being employed in solar flat plate collector systems. HEs
are fabricated in a variety of flow configurations and designs, several types of HEs are categorized
according to different applications such as finned, shell and tube, fixed HEs and many others. However, the
CTHE or double pipe HE is the simplest in terms of design and cost, in which a pipe is inserted into another
pipe and the two fluids each have their inlet and exit ducts. Then the heat is transferred from the hot fluid
to the cold fluid through the inner tube wall, which is the interface between the annular and the tube. Both
laminar and turbulent flow regimes can be used in HEs. Different applications, such as small
multifunctional HE and tabular exchanger reactors, operate in a laminar flow regime. Yet, some other
applications require turbulent flow [340]. According to the flow arrangement, there are two types: parallel
flow and counterflow. In this study, counterflow is employed since it is more effective in terms of heat
transfer. So, warm fluid enters from one side and the cold fluid flows from the other side as in Figure I1.1.
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Figure I1.1: Counter-flow heat exchanger with its temperature diagram.

CTHE is used in various applications in thermal and fluid domains such as heat recovery from oil
cooling, desuperheating in refrigeration and air conditioning, engine cooling circuits, the pharmaceutical
industry, dairy, and chemical industry, refinery, etc [341]. Thus, improving the overall performance of the
HEs is fundamental for many industries. Enhancing heat transfer is a technique used for increasing the
overall performance of HEs, where an increase or decrease in heat transfer holds a major role in energy
manufacturers [342]. For instance, in several applications increasing the coefficient of convection heat
transfer is essential due to cost limitations and space such as plasma reactors, cooling of electronic devices,
gas turbine combustors, and turbine blades. The convective heat transfer can be improved by enhancing the
fluid flow velocity, enlarging the heat transfer area, and stimulating disturbance inflow using vortex
generators, roughness, spiral springs, baffles, or tangential fluid injection [343].

There are three modes of HTE methods: passive, active, and dynamic [344]. Active HTE techniques
include vibration, electromagnetic field, and jet impingent, and are categorized as active since they involve
an external source of power. The passive techniques are the most practical and efficient, they can be
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performed with treated surfaces, rough surfaces, and VGs [345], which will be the focus of this research.
The last type is the dynamic technique, it is efficient as well because flexible VGs are used.

Thus, inducing turbulence inflow is considered an effective method for heat transfer development, which
is classified into active and passive systems. Active systems are techniques that use external power to
enhance heat transfer, whereas passive systems are techniques that do not require external power [346],
however, they benefit from the geometry to enhance heat transfer [347]. VG is one of the widely employed
passive methods that increase the rate of heat transfer and thermal performance of HEs, without adding the
cost of external power for inducing turbulence [348].

In this framework, the numerical simulations offer a prevailing design and optimization tool giving
vision to the optimal parameters and design proposed as a settlement between best heat transfer
improvement and energy spending. In this study, a numerical analysis is held by comparing the
enhancement of heat transfer in a CTHE by employing VGs in three different ways, then analyzing the
results and building up a conclusion accordingly. Ansys Fluent is employed to visualize the behaviour of
fluid flow at different locations of VGs and different mass flows of both the hot and cold fluids.

I1.2. Problem description

I1.2.1. Mathematical formulation

In the following study, the flow is applied to three-dimensional (3D) steady-state-Reynolds-averaged-
Navier-Stokes (RANS) equations. The continuity and momentum equations for an incompressible
Newtonian fluid are as follows:

oui _ Eq.IL1
ox, q. 1L
ou; dp 0%u;  duu
i =—+ - Eq. I1.2
u] axi axi v axjaxi ax] q

where the term u;u; is the Reynolds stress due to the change of velocity.

Besides, the turbulent flow is considered wherever the shear-stress transport (SST) k — w model; as
formulated by Menter [349], which are stated below:

d a dk
d d dw
pa_xi (o) = a_xj(rw) E Gy — Yy + Dy Eq. 114

where G denotes the generation of turbulent kinetic energy owed to gradients of mean velocity. G,
signifies the generation of w. Y, and Y,, signify the dissipation of k and w owed to turbulence and D,
denotes the cross-diffusion term. For the k — w model, the effective diffusivities r, and r, models are
known as follows:

81



Chapter II. Numerical and Parametrical Studies
CFD analysis on the spatial effect of Vortex Generators in Concentric Tube Heat Exchangers — A comparative study

u

M= p+— Eq. IL5
Ok
U

o= H+— Eq. IL6
O—(IJ

where gy, and o, represent the Prandtl numbers for k and w respectively, and u; represents the turbulent
viscosity. Heat transfer is represented in the equation below:

a[(E+)]—a(/1 ar> Eq. 117
axi ui p p - axi eff axi q ’

where £ is the total energy and A.sf the effective thermal conductivity.

In this study, the numerical simulations are held through the CFD code ANSYS Fluent. The combination
of pressure-velocity is created using the coupled algorithm, which determines the momentum and pressure-
based continuity equations together. The flow equations are determined with twice accuracy and a second-
order upwind design for spatial discretization of the convective forms. The diffusion terms are central
different and accurate to the second order. A convergence standard is established to 107 for the results of
the flow equations in Equations (I1.1-4). However, a 10" is placed for the result of the energy equation (Eq.
IL7).

I1.2.2. Computational domain

The computational domain for the simulations involves a Concentric Tube Heat Exchanger (CTHE)
with three different arrangements of vortex generators (VG) to the inner and outer walls. The tube has a
length of L = 300 mm, an inner diameter of D; = 20 mm and an outer diameter of D, = 40 mm. The
dimensions taken in this study are not very important, since they can be changed according to the
application, but, our concern is to understand the behaviour of the flow under different conditions.

To enhance heat transfer, VGs of trapezoidal shape (big base = 6 mm, small base = 3 mm, height = 8
mm, and thickness = 1 mm) are employed with an inclined angle of 30° with the surface and directed
opposite to flow direction. Six rows of four diametrically opposed VGs are inserted on the inner and outer
walls which yield a total of 24 VGs in each case as shown in Figure 11.3. The spacing between two
consecutive rows of VGs is 30 mm. Four cases are considered, where in each case the Reynolds number of
the flow in annular and tube varies as a result of changes in the mass flow rate m of the fluid, which also
affects the velocity as presented in the following equations [350]:

R 4n Eq. I1.8
e = —-— . .
(D, + Du d

V= m Eq. I1.9

where u, p, V, and A are the dynamic viscosity, density of water, velocity, and area normal to flow direction,
respectively. Hot water passes through the tube at a temperature of 30 °C (303 K), and cold-water flows
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through the annular at a temperature of 20 °C (293 K), in a counter-flow arrangement. The outer wall of the
tube is adjusted to adiabatic with zero heat flux boundary conditions.

I1.2.3. System description and methodology

Numerical analysis is held by comparing the enhancement of heat transfer in a CTHE through employing
Vortex Generators (VGs) in three different ways. Therefore, the simulation is done on four different cases,
case 0: no VGs are employed and is considered the empty CTHE case, case 1: VGs are inserted into the
inner wall of the tube, case 2: VGs are on the inner wall of the annular region, and case 3: VGs on the outer
wall of the annular region as shown in Figure I1.3. Case 0 is studied to compare each case of VG to that of
the empty case.

In each case, the design is drawn on Ansys with a fixed temperature for both hot and cold water for all
four cases 30 °C and 20 °C respectively. Re number of the hot and cold flow is varied through six values
in laminar (500, 1000, and 2000) and turbulent (4000, 6000, and 8000) regimes, which affects the other
input variables, such as mass flow rate, heat capacity, and heat transfer. The working fluid is water which
determines the values of the fluid properties input such as thermal conductivity, specific heat, and density.
Thus, this variation will result in different output performance parameters (Nusselt number, overall heat
transfer ratio, required power...) for each value of the Re number. These parameters are normalized to case
0 to study the improvement of each case to no VG case and to perform a comparison among the three cases.

11.2.4. Numerical Validation

To validate the results obtained from the CFD, a validation test is done to study the accuracy and identify
the deviation of the numerical simulations concerning the correlations. Thus, the heat transfer (q) was
calculated through different correlation methods [351, 352] and then compared to the result of ¢ obtained
in CFD. Figure 1.2 shows the results of heat transfer using different correlations and through a CFD
simulation. The graph shows that the deviation of the CFD results differs from one correlation to another
in a range between +15 % and -6 %, with two deviations lower than 3 %. These results are acceptable and
confirm the validation of the carried out numerical simulations.

&3



Chapter II. Numerical and Parametrical Studies
CFD analysis on the spatial effect of Vortex Generators in Concentric Tube Heat Exchangers — A comparative study

220
200 15% m  Corrrelations results
- CFD result

= 8%
E 180 -° 3%
= 1% -
@ -
S 160
= =
© 6%
[
T 140

120

100

& e & S &
\6\\& 0& @Q} 00\& .\a
e & F N
= N S

Figure I1.2: Deviation of the result obtained in CFD to various correlations [351, 352].

IL.2.5. Mesh sensitivity study

A mesh with polyhedral cells is applied for all the simulations. An independent study for the mesh is
studied at Re = 8000 for both hot and cold flow since 8000 is the highest Reynolds number. For the cases
where VGs are presented, the mesh is refined at the VGs, at the inner wall separating the two fluids and at
the outer wall of the annular region. Table II.1 shows mesh sensitivity analysis, where three configurations
of mesh were employed. The mesh is refined by decreasing the size of the element cells until the variation
of heat transfer reaches 1 %. The heat transfer rate between hot and cold-water streams ¢ is calculated
through Eq II.12. Three different mesh sizes were conducted, presented in the fourth column. Near wall
regions, fifteen mesh layers are chosen, and the height of the first grid point is minutely picked so that the
resulting y+ value does not exceed 1 in all the used meshes. The chosen mesh for all the simulations is the
mesh in case 2 with a total of 3,651,456 elements, a maximum element size of 0.7 mm and a first inflation
layer height of 0.01 mm.

Table I1.1: Mesh sensitivity details.

Mesh Max1mul(nme;;e)ment size Number of elements Hea‘tl t(l;;l)lsfer q de(\;)a)tlon
1 1.5 2,089,201 239.811 -
2 0.7 3,651,456 255.586 6.58
3 0.5 7,020,216 258.143 1.00
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Figure 11.3: Computational domain for all the four cases investigated displaying the boundary conditions,
the VGs position and the dimensions of the trapezoidal shape VG (in mm).

11.3. Results and discussions

IL.3.1. Performance parameters

The performance of different configurations is evaluated based on several parameters. In this section,
the important parameters for global analysis are presented.
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The global friction factors for the tube and the annular regions are given by [350]:

D; APy,
fo, = b —hw
MW T 05 . (Viwn)? Eq. IL10
D, — D; AP,
f., =
- I 05.p. (Vewp)? Eq. IL11

where [ is the length of the tube = 0.3 m, p is the density of the water, AP is the pressure drop between the
inlet and outlet flow where: APy, = Pinjet hw — Pouttet hw 18 the pressure drop across the tube region with
circulating hot water hence the subscript Aw. Similarly, the pressure drop in the annular region is AP,,, =
Pintet cw — Poutlet cw»> With circulating cold water hence the subscript cw. V., ; and Vp,,, ; are the velocities
at inlet cold water (cw) and hot water (hw) respectively.

To calculate the heat transfer rates between the hot and cold water, the following parameters are
presented [350]:

Qew = Mew -CP (Teo — Tey) Eq.1L.12

Grw = Mpy -Cp . (T — Thyo) Eq.1L.13
where q.,, is the heat transfer of the cold water, qp,, is the heat transfer of the hot water, 1 is the mass flow
rate, Cp is the specific heat capacity of the water, 7,;is the temp of cold water at the inlet, 7., is the temp
of cold water at the outlet, 73 is the temp of hot water at the inlet and 7}, is the temperature of hot water at
the outlet. Here the heat transferred from the hot water is totally gained by the cold water and as a result
Aew = qnw-

The heat transfer convection coefficients for the common wall interface between the hot water and the
cold water are given by [350]:

By = qnw Eq. 11.14
w _ _

. D.l. (T — T
hy, = Qew Eq. 1115

7. D; 1. (Ty — Tow)

where T, is the average temperature of the wall interface between the hot tube and cold annular, Ty, is the

arithmetic mean temperature of the hot water between the inlet and the outlet of the tube and is given by

(Thw,i+ ThW,O),

5 T.,, is also the arithmetic mean temperature between the inlet and outlet of the annular side

Tcw,i + Tcw,o

and is ( ) and finally D; is the inner diameter of the tube.

To assess the enhancement in heat transfer, the global Nusselt numbers are calculated based on the tube
side Nugpe and the annular side Nuannular and are given by [350]:
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hew . (D, — Dy) Eq. II.16
huyw - D;
Nuhw — hwk i Eq. .17

By neglecting the wall thermal resistance due to conduction, the overall heat transfer coefficient is
calculated:

U= 471 Eq. 1118

In all four cases, Reynolds numbers of the hot and cold flow are changed through six values: in the
laminar regime (500, 1000, 2000) and turbulent regime (4000, 6000, 8000) which will yield a total of 36
simulations performed to study all different possibilities.

To assess the thermal performance of vortex generators compared to the empty case, case 0 refereed
hereafter with index 0, additional parameters are defined and are explained as follows [350]:

- Opverall heat transfer ratio: defines the ratio of U value for the VG cases to the U value of the empty
case Uy and is equal to U/ Uj.

- Heat transfer ratio: quantifies the enhancement in heat transfer rate ¢ when adding VGs compared to
the empty case go, equal to g / go.

- Pumping power ratio: is the ratio of the pumping power for the VG case relative to the empty case,

P _ _ (AP . Mg +APey . Titew)

Py (APhW,O . mhw,o +APCW,0 . mcw,o)

Reynolds number in each of the cases 1, 2, or 3, and Py is the pumping power input in case 0 which

means the empty case with no VGs in both regions The power input is calculated through the

and is equal to where P is the pumping power input to get a specific

delta pressurep,, . mpy+ delta pressureg,, . Mcy,
5 :
- Thermal enhancement factor (TEF): quantifies the relative enhancement in heat transfer to the
increase in pumping power, which is the input power that is employed to run the flow when adding
q/QO
P .
/py

following equation P =

VGs. TEF is the ratio of heat transfer ratio and pumping power ratio: TEF =

I1.3.2. Global analysis

After obtaining the main parameters, a comparison between the three cases was held to study the effect
of the trapezoidal VGs on the performance of the heat transfer, input power, and thermal enhancement
factor. Figure 11.4 shows the variation of each of the above main parameters versus the Reynolds number
of the hot and cold flow for the three cases studied.

As observed, the normalized overall heat transfer is greater than one through the range of Reynolds
numbers for hot and cold water, this indicates that the heat is always enhanced as compared to the empty
VGs case. Besides, it is noticed from Figure I1.4 that case 1 has the highest improvement value in all three
parameters, where the ratio in each parameter was highest at case 1. For instance, U/U, displays a maximum

87



Chapter II. Numerical and Parametrical Studies
CFD analysis on the spatial effect of Vortex Generators in Concentric Tube Heat Exchangers — A comparative study

improvement at low Re of hot water (Resy) and high Re of cold water (Re..), however for cases 2 and 3,
U/Uy displays a maximum improvement at high Res, and low Re.,, where the maximum improvements
compared to the empty case are 167 % for case 1, 97 % for case 2 and 58 % for case 3.

Whereas the enhancement of U/U for case 1 is lowest at high Rej, and Re.,~4000, however for cases
2 and 3, U/Uj is lowest at water low Rey, and high Re.,. The minimum improvements compared to the
empty case are 19.7 % for case 1, 14.3 % for case 2 and 9.4 % for case 3. The difference in the optimum
and minimum positions between cases 1, 2 and 3 are attributed to two criteria: (1) the geometry
corresponding to the tube, annular, and VGs, (2) the Reynolds number in each of the tube and the annular.
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Figure 11.4: Comparison between the main parameters for the three cases: case 1, case 2, and case 3.
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Similarly, the normalized heat transfer ratio is greater than one for all the range of Reynolds numbers,
which indicates the heat is enhanced as compared to the empty VGs case. For case 1, g/go displays a
maximum improvement at low Rep, and high Re.., however for cases 2 and 3, ¢/go displays a maximum
improvement at high Re;, and low Re.,,. The maximum improvements compared to the empty case are 97
% for case 1, 92 % for case 2 and 56 % for case 3.

Whereas the enhancement of heat transfer ratio for case 1 is lowest at high Re, (=8000) and low Re,
(=2000), however for cases 2 and 3, g/qo is lowest at low Res, and high Re.., where the improvements
compared to the empty case are 7.4 % for case 1, 13 % for case 2 and 5.4 % for case 3.

However, a third main parameter should be also studied which is the thermal enhancement factor. Figure
I1.4 shows the variation of the thermal enhancement factor versus the Reynolds number. It is noticed that
there are some places where this parameter is less than one which means that it is not efficient for all values
of Re.

For case 1, the thermal enhancement factor displays a maximum improvement at low Res, (=2000) and
high Re., (=8000), however for cases 2 and 3, the thermal enhancement factor displays a maximum
improvement at high Re;, (=8000) and low Re., (=2000). The maximum thermal enhancement factor
reaches around 210 % for case 1, 180 % for case 2 and 142 % for case 3.

Whereas the values of the thermal enhancement factor for case 1 are lowest at high Rey (=8000) and
low Re., (=2000), however for cases 2 and 3, the thermal enhancement factor is lowest at low Rey, and
high Re. The minimum thermal enhancement factor decreases compared to the empty case to 23 % for
case 1, 52.3 % for case 2 and 45.9 % for case 3.

In conclusion from the above graphs, the following points were noticed:

- Case 1 has the highest improvement of heat transfer among all cases to heat enhancement, and overall
heat transfer.

- The highest improvement in case 1 was at low Rep, (=2000) and high Re., (=8000). However, the
lowest improvement was at high Rey,, (<6000 and 8000) and low Re. (=500, 2000, and 1000).

- On contrary, case 2 and case 3 exhibit the highest improvement at high Rey,» (=8000) and low Re,
(=2000), which is opposite to case 1 that is because in cases 2 and 3, VGs are placed in the annular,
however, in case 1 VGs are placed in the tube, then this could be attributed to the reason that creating
turbulence in both regions increase the heat transfer more than having turbulence in one region, where
in cases 2 and 3 both regions were turbulent, the hot region due to the high Reynolds number and the
cold region due to the presence of VGs, which makes heat transfer optimum. Similarly, for case 1,
optimum heat transfer was in the presence of turbulence in both regions.

- Case 2 shows higher improvement than case 3 although in both cases VGs are presented in the
annular, this is due to the location of VGs on the outer side of the annular: in fact, the outer wall is
under adiabatic conditions so heat cannot be transferred, however at the interface between hot region
and cold region the heat may be transferred much more efficiently.

I1.3.3. Flow structure and temperature contours

In this section, a comparison is held at the locations where the highest improvement and lowest
improvement occurred to find the reason behind the enhancements of each case. The comparison is done
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by analyzing the temperature, and vortices profile contour of each case on seven different planes located at
35, 65, 95, 125, 155, 185, and 250 mm (after each row of VGs) as shown in Figure IL.5.

1 2 3 4 5 6 7
7 7 4 Z 7 Z n
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| M Ve M Ms s By 1250 mm z
. s |7 N S = S S

Figure I1.5: The location of the seven planes in the CTHE

In this section, a closer analysis of the highest and lowest improvement of cases 1 and 2 is held to find
the reason behind this difference within the same case. Case 3 does not show interesting results as in cases
1 and 2 so the observation and analysis are done just on the highest improvement Reynolds number
condition.

11.3.3.1. Temperature profiles for case 1

Figure 11.6 and Figure I1.7 show the temperature distribution along the CTHE of case 1 after each row
of VGs at Reynolds numbers (Ren,=2000 - Re.,,~8000) and (Rex~=8000 - Re.,=2000) respectively.
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Figure I1.6: Temperature profiles of case 1 for Re;,,=2000 - Re.,,~8000.
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Figure I1.7: Temperature profiles of case 1 for Re;—=8000 - Re.,,=2000.

As noticed in Figure I1.6, the temperature of the flow seems to be affected by the cooling process, where
the outlet hot temperature decreases around 3 this was noticed in the change of contour, where after each
row of VGs the temp was changing not just at the wall and around the VGs, however at the center of the
tube as well.

On contrary, in Figure I1.7 the temperature decreases slightly, even with the presence of the VGs in the
tube. Thus, the reason for this contradiction is due to the high Reynolds number in the tube and the low
Reynolds number in the annular. The high Reynolds number in the annular creates a flow structure that
reduces the thermal boundary layer as shown in Figure I1.6. However, throughout all the contours in Figure
I1.7, a considerable thermal boundary layer is noticed around the wall in the annular, which is presented
due to the low turbulence of the flow in the annular, this layer negatively affects the heat transfer. In other
words, the heat is transferred to just the layer close to the boundary.

This explains that the Reynolds numbers condition (Re;=2000 - Re.,=8000) has higher heat transfer,
which could be attributed to the flow structure. In the next section, vortical structures are presented to
explain the association between flow and heat transfer performances.

I1.3.3.2. Vortices profiles for case 1

Lambda2 method is a vortex core line identification algorithm [353] that can effectively detect vortices
from a 3D fluid velocity field as shown in Figure I1.8 and Figure I1.9, where the vortices profiles of case 1
were detected after each row of VGs at the operating conditions (Re,~=2000 - Re,~=8000) and (Rex—=8000
- Re~=2000) respectively.
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Figure I1.8: Vortices profiles for case 1 for Re;,~2000 - Re,~=8000.
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Figure 11.9: Vortices profiles for case 1 for Re;,~=8000 - Re,~2000.
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Figure I1.8 shows that vortices are located around the VGs where each VG generated two vortices, the
vorticity decreases gradually towards the center. Besides, it is noticed that the intensity of vorticity slightly
increased after contour 1, as a result of the increase in the velocity vectors. After contour 2, the behaviour
of the flow was approximately the same, however, at row 7, the behaviour was obviously different, where
the intensity of the vortices was less than the previous contours and velocity vectors of the flow were low.

Similarly, for Figure I1.9, the vortices are detected around the VGs and the behaviour of the flow is
almost the same from contour 2 till 6, however, the intensity of the VGs was extremely high then it sharply
decreased. This could be attributed to the high velocity and the presence of VGs at the same time, where
high turbulence due to the high Reynolds number with the presence of VGs may cause the vortices to swirl
extremely around the VGs. At contour 7, the velocity vectors decreased with lower turbulence of the flow.
This difference between contour 7 and the previous ones in Figures 11.8 and I1.9 confirms the effect of the
VGs row along the tube.

11.3.3.3. Temperature profiles for case 2

Figure I1.10 and Figure 1.11 show the temperature profiles of case 2 after each row of VGs at the
operating conditions (Re=8000 - Re.,,~2000) and (Re,~2000 - Re.,~8000) respectively.
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Figure 11.10: Temperature profiles of case 2 for Re;=8000 - Re,,~=2000.

94



Chapter II. Numerical and Parametrical Studies
CFD analysis on the spatial effect of Vortex Generators in Concentric Tube Heat Exchangers — A comparative study

293.6 Contour 1 Contour 2 Contour 3

Temperature

Contour 4 Contour 5 Contour 6 Contour 7

Figure II.11: Temperature profiles of case 2 for Re;=2000 - Re,~=8000.

As noticed in Figure I1.10, the increase in temperature in the annular is noticeable, where the temperature
of'the cold fluid is increased by around 2.5, due to the turbulence in the tube from the high Reynolds number
and the vorticity in the annular created by the VGs. The presence of turbulence in the heated water and the
occurrence of vortices in the cold water increases the temperature difference at the thermal boundary layer,
consequently enhancing heat transfer. On the other side, heat transfer in Figure IL.11 is low, this is
represented by the thermal boundary layer in the tube which is a result of the laminar flow in the heated
water. So, to enhance the heat transfer, the flow must be turbulent which helps in mixing the fluid and
getting a homogeneous temperature. This explains that the condition (Re—=8000 - Re.,~2000) has higher
heat transfer.

11.3.3.4 Vortices profiles for case 2

Figure 11.12 and Figure I1.13 show the vortices profiles of case 2 after each row of VGs at Reynolds
numbers (Re;—=8000 - Re.,~2000) and (Rex~=2000 - Re.,~8000) respectively.
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Figure I1.12: Vortices profiles of case 2 for Re;,~=8000 - Re.,~2000.
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Figure I1.13: Vortices profiles of case 2 for Re;,~=2000 - Re.,~8000.
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Figure 11.12 and Figure 11.13 show that by provoking the cold flow with VGs, vortices are generated in
the annular with each VG generating two vortices. Besides, it is noticed that the intensity of vortices was
increasing after each row of VG along the tube until the last row (row 7), where the vortices decreased
significantly, which approves the effect that VGs have on the flow. Furthermore, in Figure I1.12 the vortices
in the annular are relatively low, however, in Figure I1.13 the intensity of vorticity was extremely high as a
result of high velocity and high Reynolds number. In row 7, the vortices were decreased gradually so that
the flow leaves the tube with lower turbulence.

I1.3.3.5 Temperature and Vortices profiles for case 3

Figure 11.14 and Figure I1.15 show the temperature profiles and vorticity profiles of case 3 after each
row of VGs at the operating condition (Re;~=8000 - Re.,~2000). As mentioned previously, case 3 did not
show interesting results as in cases 1 and 2, so the observation was done just on the more favourable
conditions of Reynolds numbers.
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Figure 1I.14: Temperature profiles of case 3 for Re;=8000 - Re,,~=2000.
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Figure I1.15: Vortices profiles of case 3 for Re;—=8000 - Re.,~2000.
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For case 3, although the turbulence occurs in both regions, in the annular due to the presence of VGs
and in the tube due to the high Reynolds number, however, the temperature did not change as much as in
case 1 or case 2, since the temperature change did not exceed 0.5 as shown in Figure II.14. So, employing
VGs on the outer side of the annular appears not efficient. Figure 11.15 shows that vortices are around the
VGs, which are closer to the outer wall (adiabatic part) and not to the interface wall between the annular
and the tube where the heat is transferred, this makes the presence of VGs in case 3 not very effective as
compared to case 1 and case 2.

I1.4. Evolution of vortices

In this section, the evolution of the vorticity is studied in each of the three cases (case 1, case 2, and case
3) at the highest and lowest improvement conditions. Thirteen planes were created along the CTHE as
shown in Figure I1.16, where the z-axis shows the location of each plane along the tube and annular, and
the y-axis shows the height which is the diameter of the tube and the annular.

= — = Interface annular tube wall

— — = Quter wall

B B e

Figure I1.16: Schematic of the design with the created planes

As noticed in Figure I1.16, the planes are created before and after the VGs to investigate the effect of
each row of VG on the evolution of the vortices. The study of vorticity is done on the three configurations
of VGs: case 1, case 2, and case 3. Figure I1.17 shows the evolution of the vortices along the tube, where
the location of the center of vorticity was spotted at each plane and drawn to the y-axis. As observed from
the graph in Figure I1.17, the evolution of vorticity at case 1 was close to the interface_annular_tube wall
at each row of VG, however, the vortices are directed to the center of the tube when it goes away from the
VG row. For instance, at the first row of VG (35 mm), the vortices were directed towards the wall of the
tube 8 mm and 7.7 mm away from the center for Re;—=2000 - Re.,~—8000 and Re;,—8000 - Re.,=2000
respectively. Whereas, after the first row of VGs, the vorticities were directed to the center with lower
values 5.9 mm and 5.51 mm away from the center for Re;,~=2000 - Re.,=8000 and Re;,,~=8000 - Re.,~=2000
respectively. At 250 mm in the z-direction, which is 80 mm away from the last row of VG, the vorticity
reaches 5.4 mm away from the central axis of the tube for the Re,=8000 - Re.,=2000, and 6.1 mm away
from the central axis of the tube for the Re;,~2000 - Re.,~8000.

Now for case 2, the evolution of vorticity was close to the interface annular tube wall at each row of
VG, yet, the vortices are directed towards the outer wall when it goes away from the VG row. For instance,
at the first row of VG (35 mm), the vortices were close to the interface annular tube wall 0.011 mm away
from the center for both Re;,~2000 - Re.,—=8000 and Re;,,=8000 - Re.,~2000. Whereas, after the first row
of VGs, the vorticities go up towards the outer wall with values 0.012 mm and 0.013 mm away from the
center for Rex=2000 - Re.,=8000 and Re;,—=8000 - Re.,~2000 respectively. At 250 mm in the z-direction,
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the vorticity reaches 0.014 mm away from the central axis of the tube for both Re,=2000 - Re.,=8000 and
Ren=8000 - Re~=2000.

As for case 3, the evolution of vorticity was close to the outer wall at each row of VG, however, the
vortices are directed downwards when it goes away from the VG row. For instance, at the first row of VG
(35 mm), the vortices were directed towards the outer wall of the tube 0.0178 mm and 0.0182 mm away
from the center for Re;,=2000 - Re,~=8000 and Rex=8000 - Re~,~2000 respectively. Whereas, after the
first row of VGs, the vorticities were directed downwards with lower values 0.0157 mm away from the
center for both Re;,,=2000 - Re.,~8000 and Re;,,=8000 - Re.,=2000. At 250 mm in the z-direction, the
vorticity reaches 0.0131 mm away from the central axis of the tube for the Re;=2000 - Re.,~8000, and
0.0129 mm away from the central axis of the tube for the Re;=8000 - Re.,,=2000.

As noticed, in cases 1 and 2 the vorticity goes up at each row of VG and down away from VG rows. On
contrary, case 2 witnessed a low value at each row of VG and a higher value away from VG rows. This
could be due to the presence of VGs in case 2 that generate vortices upwards, while the cases 1 and 3 the
VGs generate vortices that go downwards.
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Figure I1.17: Evolution of the vortices along the tube

Figure 11.18 shows the local overall heat transfer normalized to the case with no VG along the tube. In
all cases, it is noticed that the values after each row of VG are higher than one, i.e. there exists an
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enhancement of the heat transfer compared to the case with no VG. For case 1, the improvement is the
highest among all the cases, and for case 3, the improvement is the lowest.

Besides, it is noticed that for each case at the entrance of the tube (10 mm), the enhancement of heat
transfer is null because there is no VG, so it is the same as the CTHE without VG. As soon as the fluid
reaches the first row of VG, improvement is noticed in all cases. After 185 mm of the tube for each case,
the enhancement is noticeably decreased, due to the absence of VGs.
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Figure I1.18: Normalized overall heat transfer

Besides, it is noticed that the values of the local U/UO graph in Figure I1.18 match the values of overall
U/Uy in Figure 11.4 where case 1 exhibits the highest value at the operating conditions (Re;=2000 -
Re,=8000) of around 1.99. Whereas case 2 and case 3 have their highest values at the same conditions
(Renm=2000 - Re~=8000) of around 1.96 and 1.57 respectively. So, all three cases have remarkable
improvement however, case 1 witnessed the best improvement, where the maximum value of case 1 is the
highest among the maximum values of case 2 and case 3, and the minimum value of case 1 is the highest
over the minimum values of case 2 and case 3. This proves that the case 1 design is the best design to obtain
a good heat transfer enhancement. On the other side, case 2 shows acceptable results, where the ratio U/Uy
reaches an average value of 1.55 for Re;,,~8000 - Re.,~2000 and 1.08 for Re;,—2000 - Re,—8000, however,
the improvement is still less than case 1, which exhibits an average value of 1.73 for Re;,=2000 - Re.,~8000
and 1.09 for Re;~8000 - Re.,=2000. For case 3, there was a modest improvement compared to the two
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previous cases, where the average ratio of U/Uj displays 1.24 for Re;—=8000 - Re.,~2000 and 1.04 for
Re,=2000 - Re~8000, thus even with this slight improvement VGs enhance the heat transfer.

From Figure II.18, it can be observed that the installation of VGs on the inner tube is more advantageous
to enhance heat transfer than others with a lower flow rate of hot fluid than cold fluid. this could be attributed
to the geometrical shape of the tube that helps the vortices to reenergize, where the concave surface of the
tube allows the vortices to grow thus having a larger heat transfer effect as shown in Figure 11.19, where
the red points indicate the location of the center of vortices along the tube as it flows for high improvement
of case 1 Re;—=2000 - Re.,,=8000. On the other side, the convex shape of the annular made the vortices
dissipate leaving a small effect on heat transfer as noticed in Figure 11.19, where the blue points indicate
the location of the center of vortices along the annular as it flows for high improvement of case 2 Re,,=8000
- Re~=2000. That explains why the vortices inside the tube will yield higher ¢ than vortices located in the
annular region.
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Figure I1.19: Center of the vortices along the tube and the annular for the optimum values of cases 1 and 2.

II.5. Conclusions

In this study, the impact of using vortex generators on the heat transfer in a Concentric Tube Heat
Exchanger is numerically investigated. The simulation analysis is held on three different cases of VGs in
different locations to study the spatial impact of the VGs on the enhancement of heat transfer. Thus, the
heat transfer in each case is affected by two criteria: (1) geometry, which is the location of the VGs, and
(2) the Reynolds number in the annular and the tube. In general, results show that VGs enhance heat transfer
in all cases as shown by the evolution of vorticity and the local U/Uj ratio.
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In case 1, VGs have the highest improvement, where the U/Uj, g/qo, and TEF reach 195 %, 202 %, and
97 % respectively. Besides, results show that the turbulence flow occurred in both parts tube and annular
with higher turbulence in the hot region, which is effective in enhancing heat transfer more than in the cold
region. This is approved by achieving the highest improvement at the operating conditions (Re;,~2000 -
Re,~=8000) when VGs are inside the tube and at (Re;»—=8000 - Re.,,~2000) when VGs are in the annular; in
both cases, turbulence occurs in both parts to achieve desirable results. Case 1 and case 2 are found to be
efficient as they achieved higher improvements compared to case 3. In more detail, the following points
were concluded.

e The input pumping power that provides a high Reynolds number should be invested in the region
where there are no VGs. Thus, the flow at the part with VGs will be turbulent due to the presence of
the turbulators represented by VGs, whereas the flow in the region that has no VGs will fluctuate due
to the high Reynolds number that causes the flow to oscillate.

e VGs should be on the interface wall tube and annular (where heat transfer occurs) to achieve higher
results. At the outer wall, the advantage that VGs provide is much lower since the wall condition is
adiabatic.

e The presence of multiple rows of VGs regenerates vorticity and, consequently, enhances heat
transfer, where the behaviour of the changes after each row of VG.

In case I:

e Heat transfer was efficient at the condition (Re;w—=2000 - Re.,=8000) because a high Reynolds
number causes higher velocity, consequently increasing the turbulent kinetic energy in the annular,
with the presence of VGs in the tube, turbulence occurs as well even at a low Reynolds number.
However, heat transfer is not very efficient at the operating condition (Re=8000 - Re.,=2000)
because the turbulence created from the high Reynolds number in the tube is useless as vortices are
already created due to the presence of VGs. Besides, the flow in the annular part is kept laminar.

In case 2:

e Similarly, heat transfer was efficient when the turbulence occurred in both regions, which means at
condition (Ren—=8000 - Re.,~2000). However, heat transfer is not very efficient at (Re;~=2000 -
Re.,~=8000), because the turbulence created from a high Reynolds number in the annular is useless
as vortices are already created due to the presence of VGs. Besides the flow in the tube part was kept
laminar.

In case 3:

e Concerning case 3, it is studied just at the highest point for which turbulence occurred in both parts
tube and annular (Rex~=8000 - Re.~2000). However, the turbulence is on the outer side (adiabatic
part) which makes the presence of VGs not very efficient as compared to case 1 and case 2.

Consequently, high vorticity in the annular or the tube alone is not enough to deliver better performance
as shown in case 1 (Re=8000 - Re.,~2000) or case 2 (Rexn=2000 - Re.,~8000). Besides, extremely high
vorticity in one region with turbulence created from the Reynolds number in the other one is not enough as
well as illustrated in case 1 (Ren=8000 - Re.,~8000) or case 2 (Ren—8000 - Re.,—=8000). Hence, the best
performance occurred at the relative presence of vorticity and turbulence in both regions in case 1
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(Ren=2000 - Re.~8000) or case 2 (Ren=2000 - Re.~8000), where turbulence evenly moves the flow,
consequently, maintaining a homogeneous mixture which is favourable for the heat transfer enhancement.

Now, among case 1 (Ren=2000 - Re.,~8000) and case 2 (Re=2000 - Re.,~8000), case 1 is slightly
more efficient due to the structure of the turbulence in the hot flow that completely mixes the hot flow,
where the presence of VGs generates specific nature of vortices that mingle the flow.

So, in conclusion, turbulence in the annular due to the high Re number which is 8000 and turbulence in
the tube due to the presence of VGs with a specific Re number in the laminar phase which is 2000 shows
the best performance for our case study.

After investigating the effect of VGs on heat transfer in different locations, we intend to perform another
study on the proposed heat recovery system in an application. Thus, according to research and literature
review, drain heat recovery is considered a good application to capture thermal energy, where a
considerable amount of heat is being lost. Consequently, the heat recovery system will be employed in a
multi-drain water application for 48 accommodations, however, case 2 will be taken instead of case 1 as it
is easier to use it in such applications as the presence of VGs inside the tube in case 1 may cause some
problems for the flow due to the debris coming from the leaving water may be stuck on the VGs and this
will block the flow after some while. Thus, a numerical study on Ansys will be done by varying the flow
rate and investigating the effect on the heat transfer, overall heat transfer, and thermal enhancement factor.
Besides, the economic, environmental, and social impacts of the system will be studied to investigate its
sustainability. Two types of input energy will be studied: (i) conventional heating sources represented by
coal, diesel, gas, and electricity and (ii) renewable sources of energy represented by solar, wind,
hydropower, and biomass. The results will then be compared to find the amount of energy that is saved by
the heat recovery system on the economy, society, and the environment.
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Chapter III. Drain water heat recovery application

I11.1. Thermo-economic and environmental analysis of vortex generator-
equipped multi-drain heat recovery systems

Résumé (en francgais)

En raison des préoccupations environnementales liées a l'utilisation abusive des combustibles fossiles
et a l'augmentation de la consommation d'énergie, les systemes de récupération de chaleur sont devenus
une option essentielle dans 1’utilisation de 1'énergie.

Cette étude propose une conception innovante qui combine un échangeur de chaleur trés efficace basé
sur des générateurs de vortex avec une nouvelle application de récupération d’énergie sur les eaux usées
pour 48 logements. Une étude numérique est réalisée en faisant varier le débit et en examinant 1'effet sur le
transfert de chaleur, le transfert de chaleur global et le facteur d'amélioration thermique. En outre, les
impacts économiques et environnementaux du systéme sont étudiés afin de déterminer sa durabilité.

Quatre types d'énergie d'entrée sont étudiés : le charbon, le fioul, le gaz et I'¢lectricité. Les résultats
montrent que la conception permet d'augmenter la température de l'eau froide de 3,5 a 7,5 °C. Par
conséquent, les économies environnementales quotidiennes sont de 0,87 € (pour le gaz), 1,74 € (pour le
fioul), 4,63 € (pour le charbon), 17,63 € (pour I'électricité aux USA) et 2,26 € (pour 1'¢lectricité en France).
En outre, les économies financiéres quotidiennes sont respectivement de 7,54, 8,63, 4,63 et 15,07 dollars,
avec un temps de retour sur investissement d'environ 0,61, 1,20, 1,42 et 2,89 ans pour le gaz, le fioul, le
charbon et 1'électricité respectivement.
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II1.1.1. Introduction

The growing energy consumption across various sectors has led to a significant interest in developing
efficient energy harvesting systems. Intending to achieve simplicity and effectiveness, engineers and
academics are stepping up their efforts to develop novel energy sources. Among these sources, waste heat
is considered a potential avenue for power production given the substantial amount of wasted energy
generated in many applications.

In vehicle and automotive power usage, for example, a considerable amount of energy is dissipated as
heat from the internal combustion engine, with nearly 65 % being lost, and nearly 38 % wasted in the
exhaust. In addition, 6 % is lost as friction. Similarly, power plants lose approximately 60 % of their energy
before utilizing heat recovery systems, while in Heating, Ventilation, and Air-Conditioning (HVAC)
systems, a significant amount of energy is lost through the condenser. The amount of wasted energy varies
depending on the application, as reported in [172].

Moreover, with the rising cost of energy, the scarcity of natural assets, and the environmental
implications of conventional energy sources, there is an increasing need for heat recovery systems that can
save more than 90 % of lost energy. Hybrid heat recovery systems, which combine more than one heat
recovery system into a single unit, have shown significant potential in many applications. According to
recent research [354], these systems can recover more than 28 % of lost energy, with performance
coefficients reaching up to 2.2 times those of traditional processes.

Consequently, efficient and low-cost energy recovery systems are crucial for sustainable energy
management, in addition to establishing new sources of energy. Thermal energy is a significant component
of many architectural operations and must be generated, conserved, and utilized effectively to achieve both
environmental and economic benefits. The proposed Drain Water Heat Recovery (DWHR) system provides
an intriguing approach to recovering thermal energy by capturing the remaining heat from hot drain water
and using it to warm the incoming cold water. This low-cost and effective technique has widespread
applications in construction operations, such as space heating and sanitary hot water supply [355].

In the United States, the residential sector accounts for 26 % of overall energy consumption, of which
37 % is utilized for illumination, cooling, and appliances. The remaining energy is mainly attributed to
heating, with 45 % for space heating and 18 % for water heating. Residential water heating, therefore,
accounts for 4 % of total federal energy needs. Similarly, in the United Kingdom, the residential sector
contributes to 29 % of overall energy expenditure, of which 65 % is used for space heating and 16 % for
heating water [356]. Thus, the energy required for water heating represents a significant portion of overall
household energy use.

Various systems, such as Solar Water Heating (SWH), heat pumps, immersion heaters, gas boilers, and
drain water heat recovery have been examined in several studies for saving energy used to heat residential
water, including those cited in Boait et al. [357] and Leidl and Lubitz [358]. For instance, the standard
temperature of drain water from homes ranged from 20 to 40 °C [359]. As a result, household wastewater
is more appropriate for heat recuperation than other heat resources such as lake water or groundwater, where
the temperature of drain water from baths or laundry machines is significantly greater. Allowing this much
energy to exit the structure with warm water without capturing it is a substantial loss in energy. Thus,
recovering heat from drain water constitutes a good opportunity to reduce energy consumption. Drain water
heat recovery systems have been studied in different aspects to enhance their performance such as the type
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of heat recovery system (tube coil heat exchanger, shell and helically coil tube, concentric tube heat
exchanger etc...) [360], heat recovery unit [361], different applications (commercial, residential) [356],
multi drain heat recovery systems [362] and others [363].

Thus, the significant thermal loss from drain application and the high consumption of energy on heating
household water make heat recovery in drain water worth the research and investment. However, after
defining the potential of a system to be thermally recovered, there is an important step that the research
must carry out, which is enhancing the heat transfer to capture as much thermal energy as possible. There
are different methods to enhance heat transfer, integrating VGs is one of the simplest methods as Vortex
Generators (VGs) are passive devices with high efficiency of improving heat transfer as shown in a study
carried out by Aridi et al. [364], where a numerical study on different locations of VGs in a Concentric
Tube Heat Exchanger (CTHE) to find the optimal design of having highest heat transfer, overall heat
transfer, and thermal enhancement factor was conducted. In this context, the objective of this study is to
employ the CTHE with VGs in a multi-drain water heat recovery. This application study may result in
enhancing the heat recovery systems in such applications by recovering a high percentage of thermal
energy.

This study investigates an innovative design by numerically simulating its effect on heat transfer, overall
heat transfer, and thermal enhancement factor in a multi-drain heat recovery application. The economic and
environmental aspects of the system are also evaluated to investigate its sustainability. Four types of input
energy are studied, including gas, diesel, coal, and electricity.

The novelty of this study includes the following aspects:

e Coupling two concepts that result in higher thermal energy recovery, which are multi-drain
applications that result in the higher potential of heat recovery and integrating VGs in the CTHE that
enhance heat transfer.

¢ Integration of a numerically studied design into a multi-drain heat recovery application.

e Performance of a Life Cycle Assessment (LCA) study, encompassing the economic, and
environmental aspects of a heat recovery system.

e Conducting economic and environmental comparisons of different heating sources based on two
functional units: quantity in mass or volume (except for electricity) and energy in Joule.

e Investigation of the impact of various sources of electricity in different countries, such as electricity
production in the US and France.

II1.1.2. Materials and Methods
II1.1.2.1. Methodology

The research methodology, delineated in Figure III.1.1, comprises four principal components: Data
collection, Numerical study, Economic analysis, and Environmental evaluation.

In the Data collection phase, a thorough review of extant literature and previous studies was conducted
to accrue pertinent information and insights from established sources. The Numerical study component
adopted a design from a previously published article, with the investigation primarily focused on assessing
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the impact of varying mass flow rates and temperatures. By modulating these variables, we achieved an
extensive analysis of the system's behaviour. In this study, Ansys Fluent 2020 R2 is used to obtain the
temperature outlet of the heated cold water.

The Economic analysis involved applying complex equations to calculate costs and ascertain the
payback period. This investigation furnished valuable insights into the financial ramifications associated
with the studied system. Finally, the Environmental evaluation was facilitated using the openLCA software
in conjunction with the Ecoinvent database. This integration enabled a comprehensive assessment of the
environmental consequences and impacts associated with the system under scrutiny.

In summation, the methodology employed a systematic, multifaceted approach, merging data collection,
numerical analysis, economic appraisal, and environmental assessment. The implementation of these
distinct elements resulted in a well-rounded understanding of the research topic.

It is crucial to acknowledge certain limitations of this study. Firstly, while the Ansys software assumes
perfect insulation, realizing such insulation in practical applications may not be attainable. Furthermore,
the fabrication process of the design could introduce human error, particularly in aspects related to Vortex
Generators (VGs). It is also pertinent to consider that data collection regarding prices can be subject to
regional variations and fluctuations influenced by supply and demand dynamics. Consequently, the final
cost estimation cannot be deemed entirely accurate.

_..l Emissions }_> Enwronm‘ental open LCA
evaluation ’ Ecoinvent

Different sources
of energy

Data Economic analysis }—| Equations
collection ‘

—-l Prices

l Mass flow rates }

\ Simulations on
—I-l Temperatures |

different
—-| criteria (mass
flow rates,
—I‘-[ Mesh study J temperatures)
Design
from. Aridi »|  Multi-drain »| Numerical study |-
etal. application
[365]
— Validation
S —————

Figure I11.1.1: Methodology of the work
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1I1.1.2.2. System Description

Aridi et al. [364] conducted a numerical study on a heat recovery system with Vortex Generators (VGs)
to enhance heat transfer and provide an economical study of this system. Three designs were studied, where
the effect of VGs locations was evaluated for each case: case 1 with VGs inside the tube, case 2 with VGs
inside the annular (on the interface wall annular tube), and case 3 with VGs inside the annular (on the outer
wall).

The study found that case 1 had the highest thermal enhancement factor (TEF) of 2.10, which means the
ratio of heat transfer over input power with VGs is more than two times the ratio without VGs, followed by
case 2 with a TEF of 1.80, and case 3 with a TEF of 1.42. High heat transfer was achieved for all three
cases, indicating promising results that warrant further investigation.

The present study aims to integrate a case from Aridi et al. [364] into a practical study of DWHR.
However, case 2 was selected instead of design 1 due to the possibility of debris coming from the leaving
water getting stuck on the VGs inside the tube in case 1 and blocking the flow over time. Case 2 prevents
fouling since the VG is located from the cold-water side and not from the wastewater side, which is a
smooth tube.

The previous study placed Vortex Generators (VGs) in the first half of the tube, leaving the remaining
portion without VGs in a Concentric Tube Heat Exchanger (CTHE). In this study, we compared the
performance of two VG designs under the same conditions in a CTHE with a fixed mass flow rate of cold
water having the same number of VGs. The tube length and inner and outer tube diameter are 2 m, 0.04 and
0.08 m respectively. The first design includes 10 rows of VGs positioned closer to the entrance of the tube
with a spacing between the VG rows of 80 mm, while the second design features 10 rows of VGs distributed
along the tube length with a spacing between the VG rows of 180 mm, as illustrated in Figure II1.1.2. The
flow rates were taken based on the literature reviews from previous studies with a range of hot water flow
rates: 0.1, 0.2, 0.25, 0.3, 0.4, and 0.5 kg/s with a fixed mass flow rate of the cold water of 0.2 kg/s. The
temperatures taken were 293 K (20 °C) and 323 K (50 °C) for the inlet water in the annular and the tube
respectively. The comparison aimed to identify the optimal VG design in terms of heat transfer. Both
designs utilize the same number of VGs and tube sizes, thereby making the cost the same for both designs.
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Figure I11.1.2: VGs distributed in two designs in the tube.
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Simulations were conducted for various flow rates during both summer and winter to explore how flow
rate variation impacts heat transfer under different climatic conditions. The inlet cold water temperature is
lower in winter than in summer, and the hot water temperature required by users is higher in winter than in
summer, resulting in outcomes influenced by the weather. Consequently, the cold and hot water inlets were
set at 283 K (10 °C) and 333 K (60 °C) in winter, and 293 K (20 °C) and 313 K (40 °C) in summer,
respectively. The flow rates investigated ranged from 0.1 to 0.5 kg/s.

In this study, the focus is on a building consisting of 48 accommodations, and the water used for washing
machines, dishwashers, and showers in each house per week is analyzed. Figure I1I.1.3 illustrates the water
quantity used for each piece of equipment in the 48 accommodations.

The volume of water used is calculated, and the duration of each process is determined to understand
the daily water usage for each piece of equipment. The mass flow rates and consumption values for the
machines are obtained from previous studies and statistical reports conducted for various numbers of
accommodations [365, 366, 367].

Usage / week for one accommodation

Shower:16 Dishwasher: 3 Washing machine: 3
C
Usage / day for 48 accommodations
Shower: 110 Dishwasher: 21 Washing machine: 21
I I
Duration (s)
Shower: 600 Dishwasher: 300 Washing machine: 300

z

Volume (L)

Shower: 6665

Dishwasher: 833

Washing machine: 1111

N

Total duration (hours/day)

Shower: 0.0675
Dishwasher: 0.09
Washing Machine: 0.135

Shower: 0.135
Dishwasher: 0.18
Washing Machine: 0.225

Shower: 18.3 Dishwasher: 1.7 Washing machine: 1.7
21.7 hours/day
Mass flow rates (kg/s)
Low High Average

Shower: 0.101
Dishwasher: 0.135
Washing Machine: 0.18

Figure II1.1.3: Mass flow rates and average usage of shower, dishwasher, and washing machine.
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The calculations indicate that water consumption amounts to 21.7 hours per day, indicating nearly
continuous flow due to the presence of the storage tank and the high water consumption per day. However,
to ensure a continuous flow of heated water, the investigated innovative design is connected to a building
with 48 accommodations, enabling a consistent flow of grey hot water, also known as wastewater. An
insulated tank is used to store the grey hot water during periods of high flow rates, ensuring a steady flow
rate over time. Based on the literature review, the average flow rate for a building comprising 48
accommodations throughout the day is determined to be 0.25 kg/s [368, 365]. However, the range of flow
rates will be studied as the flow rate can be changed according to the application and water consumption
(0.5,0.4, 0.3, 0.25, 0.2, and 0.1 kg/s). Consequently, this study will simulate the average flow rate during
the summer and winter seasons to evaluate the heat transfer capabilities of this design.

Thus, to examine the impact of varying flow rates on heat transfer under different climatic conditions,
the simulation will be conducted during both winter and summer seasons. The temperature of the inlet cold
water during winter is lower compared to that in summer, while the required temperature of the hot water
by the users is higher in winter. This weather dependency necessitates considering different temperature
settings for accurate results. For the winter simulations, the inlet cold water temperature is set to 283 K
(9.85 °C), while the inlet hot water temperature is set to 333 K (59.85 °C). In contrast, during the summer
months of July and August, the inlet cold water temperature is set to 293 K (19.85 °C), and the inlet hot
water temperature is set to 313 K (39.85 °C). A detailed overview of the flow rates that will be simulated
throughout the study.

II1.1.2.3. Mesh sensitivity study

This study employs a polyhedral mesh, as depicted in Figure I11.1.4, which visualizes the simulation
process. Initially, the design is delineated, and a refined mesh is incorporated. The index "i" signifies the
study number; for instance, in Study 1, the initial mesh comprises 2,089,201 elements at a specified element
size. Thus, "i" denotes the first study. If the conditions are not met, the index "i" increments to 2, indicating
the transition to the second study and continues similarly.

After meshing and simulation, the y+ value is evaluated, and the error percentage is compared with the
preceding study. This comparison is initiated post the second study. If the pre-established conditions are
fulfilled, suggesting the reliability of the applied sizes, they are utilized for further analysis. Conversely, if
the conditions are unfulfilled, the mesh study requires repetition. In this investigation, the conditions were
satisfied with 7,020,216 elements, an error of 1%, and a y+ value of less than 1.
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Figure I11.1.4: Algorithmic chart of the mesh study and y+ value

Figure I11.1.5 shows the overall heat transfer (U), and the outlet cold water which means the preheated
cold water for the two designs. Results show that the second placement of VGs provides better
performances than the first design, where the overall heat transfer for design two was much higher than that
of design one as illustrated in Figure I11.1.5. Consequently, the temperature of the outlet cold water in design
two was higher than that of design 1, where it reaches 289.3 K in design one however for design 2 the
temperature of the outlet cold water reaches 290.6 K. Thus, in this study, we are going to use design two to
study the effect of 10 rows of VGs along the tube.
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Figure I11.1.5: Temperature of cold-water outlet and overall heat transfer of the two designs vs mass

flow rate

I11.1.3. Multi-drain heat recovery on CFD

In this paper, a numerical study is held on the DWHR system to capture the thermal energy that is lost
from the grey water coming from the dishwasher, washing machine, and shower to reheat the cold water
entering the building as shown in Figure III.1.6. This design can be done for different numbers of
accommodations; however, the flow rate will differ according to the number of people and accommodations
in the building.
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Figure II1.1.6: Schematic drawing of the building with the heat recovery system

In our study, this design is done on a building of 48 accommodations. The quantity of water used for
each of the washing machines, dishwashers, and showers in each house per week, then per 48
accommodations as shown in Table I1I.1.1.

The volume of water is calculated as well, and the duration of each process is stated to know the duration
of water usage per day for each piece of equipment.

Table III1.1.1: Water usage in the shower, dishwasher, and washing machine in a building of 48

accommodations.
used/week for 1  used/day for 48 Duration  Volume Total duration
accommodation accommodations (s) (L) (hours/day)
Shower 16 110 600 6665 18.3
Dishwasher 3 21 300 833 1.7
Washing 3 21 300 1111 1.7
machine
Total 8609 21.7
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To maintain a continuous flow of heating water, the innovative design under investigation is connected
to a building containing 48 accommodations, ensuring a consistent flow of grey hot water, called
wastewater. An insulated tank of grey hot water is utilized to store wastewater during periods of high flow
rates, guaranteeing a steady flow rate over time [368, 365]. Table III.1.2 shows the mass flow rate for each
piece of equipment during the day.

Table II1.1.2: Average mass flow rates of shower, dishwasher, and washing machine.

Low mass flow High mass flow

Equipment rate rate A(Vke r/z;)ge
(kg/s) (kg/s) &
Shower 0.0675 0.135 0.101
Dishwasher 0.09 0.18 0.135
Washing Machine 0.135 0.225 0.18

Figure III.1.7 illustrates the flow rate throughout the day for a building comprising 48 accommodations,
indicating an average flow rate of 0.25 kg/s each day. Accordingly, this study will simulate the average
flow rate during the summer and winter seasons to determine the heat transfer that this design can offer, the
values in Table III.1.3 and Figure III.1.7 were taken from previous studies and statistical reports for a
different number of accommodations, [365, 366, 367].

0,7

1 = — Average mass flowrate
0,6 4 |— Mass flowrate
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Mass Flowrate (kg/s)
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Figure II1.1.7: Average mass flow rate in a building during the day
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The simulation will be conducted at different flow rates during the winter and summer seasons to
investigate how flow rate variations affect heat transfer under different climatic conditions. During winter,
the temperature of the inlet cold water is lower than that in summer, and the temperature of the hot water
required by the user is higher than that in summer, making the results weather-dependent. Accordingly, in
winter, the inlet cold and hot water temperatures were set to 283 K (9.85 °C) and 333 K (59.85 °C),
respectively. In contrast, during summer (July and August), the inlet cold and hot water temperatures were
set to 293 K (19.85 °C) and 313 K (39.85 °C), respectively. Table III.1.3 lists the flow rates that will be
simulated in the study.

Table I11.1.3: Mass flow rate of the hot water that is studied.

my m, mj3 my mg mg
Mass flow rate (kg/s) 0.1 0.2 0.25 0.3 0.4 0.5

After applying the simulations on the range of mass flow rates mentioned in Table I1I.1.3 on Ansys,
different parameters were calculated to study the heat transfer of each case. Figure III1.1.8 shows the
temperature distribution along the Concentric Tube Heat Exchanger (CTHE) in winter and summer, where
the mass flow rate of the cold water is fixed at 0.25 kg/s, which is the average mass flowrate III.1.5, the
mass flow rate of the hot water vary from 0.1 to 0.5 kg/s.
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Figure I11.1.8: The temperature of the cold-water outlet in winter and summer vs the inlet cold-water
temperature
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As noticed, at the highest flow rate of hot water the temperature of the cold water reached 290.53 K,
which means that it increased by 7.53 K, which is a considerable increase. As for the cases where the mass
flow rates of the hot water are 0.4, 0.3, 0.2, and 0.1 kg/s the temperature increase is found to be 6.82, 5.97,
5.49, 4.97, and 3.60 K respectively. In the summer season, there was an increase in the temperature but less
than that in winter, where the difference in temperatures reached up to 4.6 and the temperature of the cold-
water inlet at 0.5, 0.4, 0.3, 0.2, and 0.1 kg/s are 295.2, 296.0, 296.4, 296.6, 297.1, 297.6 K respectively.

To study the behaviour of the flow and find the heat transfer and the effectiveness of this system, some
parameters should be calculated through equations (19) to (27).

Overall heat transfer coefficient:

In the CTHE, by neglecting the wall thermal resistance due to conduction, the overall heat transfer
coefficient is calculated by considering only the convection resistance [23]:
1
1 N 1 Eq. II1.19

hannular htube

U=

where hgnnuar 18 the heat convection coefficient of the flow in the annular and h;,p, is the heat convection
coefficient of the flow in the tube.

Nusselt number:

To assess the enhancement in heat transfer, the global Nusselt numbers are calculated based on the tube
side Nusus. and the annular side Nuasmuiar, given by [350]:

hc . (Do - Di)
NUgnnuiar = — - Eq. I11.20
hpw - D;
NUgype = —— Eq.111.21

where h,,, is the heat convection coefficient of the cold-water flow and hy, is the heat convection
coefficient of the hot-water flow. D; is the diameter of the inner tube and D, is the diameter of the outer
tube in (m), and & is the heat conductivity.

Heat Transfer:

To calculate the heat transfer rates between the hot and cold water, the following parameters are
presented [23]:

Qew = Tew -Cp . (Tep — Toi) Eq. I11.22

Grw = Mpy -CP . (T — Thyo) Eq. I11.23
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where q.,, is the heat transfer of the cold water, qp,, is the heat transfer of the hot water, m is the mass flow
rate, Cp is the specific heat capacity of the water, 7, is the temperature of cold water at the inlet, 7., is the
temperature of cold water at the outlet, 7j;is the temperature of hot water at the inlet and 7%, is the
temperature of hot water at the outlet. Here the heat transferred from the hot water is gained by the cold
water and as a result q.,, = qpp-

The heat transfer convection coefficients for the common wall interface between the hot water and the
cold water are given by [23]:

q
R = o Eq. [I1.24
7.D;.L.(Thw — T)

qCW
7.0, .L.(Ty — To)

hew = Eq.111.25

where T, is the average temperature of the wall interface between the hot tube and cold annular, T}, is the

arithmetic mean temperature of the hot water between the inlet and the outlet of the tube and is given by
Thw,i+ T -
( hw,i . hW,O), Tc

and is (TCW'L'J;J), L is the length of the tube, and finally D; is the inner diameter of the tube.

w 1s also the arithmetic mean temperature between the inlet and outlet of the annular side

Thermal Enhancement Factor (TEF):

TEF quantifies the relative enhancement in heat transfer to the increase in pumping power, which is the
input power that is employed to run the flow when adding VGs. TEF is the ratio of heat transfer ratio and
pumping power ratio:

Vi Eq.111.26

P/PO

TEF =

where ¢ is the heat transfer with the presence of VGs and g, is the heat transfer with the absence of VGs,

so / q, ldentifies the enhancement of heat transfer in the case with VGs concerning empty cases.

The pumping power ratio [23] is the ratio of the pumping power for the VG case relative to the empty
case and is equal to

P (APpy . Mpy + ARy, . M) Eq. 111.27

PO (APhW,O . mhw,o + APCW,O . mcw,o)

where P is the pumping power input to get a specific Reynolds number in each case, and Py is the pumping
power input in case 0, which means the empty case with no VGs in both regions.
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Figure I11.1.9: Overall heat transfer, heat transfer, TEF, and delta temperature in winter and summer vs
mass flow rate

Figure II1.1.9 shows the values of the main parameters that indicate the behaviour of the flow. Results
show that as the flow rate increases q, Nu, U, AT, and TEF increase. All the factors are promising in both
seasons, the results in winter are better than that in summer due to the higher difference in hot and cold-
water inlets. Even though the temperature difference in summer was smaller, however, the results are
acceptable, where the inlet cold water is preheated by up to 4.6 °C. As for the TEF, it shows a considerable
effect, where in both cases the enhancement exceeds one, which means that the enhancement of heat transfer
is higher than the input power.

In the next section, the quantity and prices of the input energy that is consumed to heat the water by a
range of temperatures are determined. This heat energy is saved by the heat recovery system that preheats
the cold water from 3.5 to 7.5 °C according to the flow rate. The winter condition weather is chosen for the
coming studies.

I11.1.4. Economic Study

To find if the system is economically profitable, we need to find how much it costs and how much the
system offers, and then evaluate the payback period to investigate its feasibility. Table III.1.4 shows the
initial and periodic costs of the system for 48 accommodations. All the prices are an average of the amount
obtained from various suppliers for the construction of the system in France.
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Table I11.1.4: Prices of the materials for constructing the heat recovery system.

Input data Material Dimensions Quantity Cost (€)
Initial cost
Tube Copper D; =80 mm 1 45
L =2000 mm
Annular PVC D, =160 mm 1 10
L=2000mm
Insulating annular Aluminium foil 2 m? 1 5
heat insulation
40 VGs Copperplate Small base = 4.5 mm 1 10
15%x150x I mm Bigbase =9 mm
Height = 12 mm
Thickness = 1 mm
Welding materials Bottle of Argon 8L 1 110
gas
Valves 2 ways valve 3 40
3 ways valve 1 20
Water Storage tank Plastic 1 m? 1 700
Insulating the tank Aluminium foil 5 m? 1 10
heat insulation
Labour 3 persons 2 days 6 1200
Total initial cost 2150
Monthly cost
O&M (2 times/month) 1 person 2 hours 4 160
Maintenance 480 € per year 40
Total monthly cost 200

Table III.1.4 demonstrates that the fixed initial cost is 2150 €, besides, the monthly cost that holds
maintenance and cleaning is 200 €. The cost is not very high compared to the overall central water heating
system, which makes the system feasible and applicable even for a smaller number of accommodations.

Now, after obtaining the total cost of integrating a heat recovery system from the drain, let’s find out
how much this system saves. From the simulation, it was noticed that the system preheated the inlet cold
water by a range of 3.5 to 7.5 °C according to the flow rate. Thus, we will calculate the thermal energy
saved to heat the water by this range of temperatures using equations 28 and 29.

The equations used to do the calculations are presented below:

m=p-V Eq. I11.28

where m is the mass of the water used by the 48 accommodations per day, p is the density of the water, and
V is the volume of the water used per day.
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Q=m-Cp-AT Eq. II1.29

where Q is the heat transfer, Cp is the specific heat capacity of water, and AT is the temperature difference
between the cold inlet water and the preheated cold water.

The input energy to heating the temperature in this study varies between four types: gas [369, 370],
diesel [371, 372], coal [373], and electricity [374]. Thus, to carry on with the economic study the prices of
each type around the world with average prices are determined by Statista for the years 2021 and 2022,
1.34,1.4,0.41, and 0.2 $ for gas, diesel, coal, and electricity respectively.

Table I11.1.5 shows the heating quantity in MJ corresponding to the temperature rise, the quantity [375,
376], and the price of each energy source [377]. The energy quantity indicates the amount of energy being
saved by the CTHE system, which provides heating of the inlet cold water by a range of temperature of 3.5
to 7.5 °C. As noticed, heating via coal requires a higher mass quantity due to its lower heating value which
is 30 MJ/kg. On the other hand, unlike coal, gas has a higher heating value, which reaches 49 MJ/kg [378].
If using gas, the CTHE system saves money in a range of 3.52 $ to 7.54 $ per day, however, if diesel is
used, then a range of 4.03 to 8.63 $ per day is saved, which is a considerable amount per year. As for coal
and electricity, the range of saving money is from 2.16 to 4.63 $ and 7.03 to 15.07 $ respectively. Now,
although the heating value of diesel is higher than that of coal, which means a higher mass of coal is
required, however, one kg of diesel is more expensive than coal, which makes the total amount of saved
diesel more expensive.

Table III1.1.5: Daily saved energy and saved costs by the heat recovery system.

Temperature 0 Gas Diesel Coal Electricity

difference 5 Cost Volume Cost Mass Cost Energy Cost
co WD Volumetm) g Ty 9 ke ® awn ©)
3.5 126.6 345 3.52 342 4.03 5.27 2.16 35.15 7.03
4.5 162.7 4.44 4.52 4.40 5.18 6.78 2.78 45.20 9.04
5.5 198.9 543 5.53 5.38 6.33 8.29 3.40 55.24 11.05
6.5 235.0 6.42 6.53 6.36 7.48 9.79 4.02 65.29 13.06
7.5 271.2 7.40 7.54 7.34 8.63 11.30 4.63 75.33 15.07

Table II1.1.5 shows the prices of each type of energy input required to heat the water by a specific
temperature each day. The prices are indicated for gas, diesel, coal, and electricity. As noticed, electricity
has the highest cost this is due to the losses of converting heat into electricity and then electricity into
heating water, however, for the other heating sources they are directly being used to heat the water.
Followed by diesel, which has the second highest cost, this is due to the high price of diesel per liter,
followed by gas which is almost the same price as diesel but much more expensive than the price of coal.
Although the calorific value of coal is the lowest, it requires more amount of mass, however, it has a low
cost due to the low price of coal per kg, consequently, coal has the lowest economic value.

Now, after obtaining the cost of the saved energy for each temperature difference, we will calculate the
payback period for the employed system, which is calculated as the following formula [379] and the values
are obtained in Table III.1.6.
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Payback period:

A Eq. [11.30
B— (C + D)

where A is the initial investment costs, B is the revenue or the amount saved by the system, C is the
maintenance cost, and D is the energy cost. However, we will not consider the energy cost since this system
does not consume energy to work, we just need the payback period at which the system saves energy.

Table I11.1.6: Payback period of the system in terms of each heating source

Temperature difference Payb(ayc el;ll[?)erlod
0 Gas Diesel Coal Electricity
3.5 2.73 2.22 7.21 1.05
4.5 1.87 1.55 4.13 0.77
5.5 1.42 1.20 2.89 0.61
6.5 1.15 0.97 2.23 0.51
7.5 0.96 0.82 1.81 0.43

As observed, the payback period for the innovative heat recovery system varies according to the heating
source and the quantity of energy, with a greater amount of saved energy leading to increased cost savings
and a shorter payback period. Notably, expensive energy sources have a shorter payback period due to their
substantial energy savings, with electricity having the shortest payback period. Furthermore, a higher
temperature difference yields more significant energy savings, leading to greater income and, consequently,
a shorter payback period. In terms of specific energy sources, diesel has the second-shortest payback period,
followed by gas, with coal having the longest payback period. Despite this, the payback period at the highest
temperature difference for all energy sources is acceptable, i.e., 0.96, 0.82, 1.18, and 0.43 years for gas,
diesel, coal, and electricity respectively. Moreover, even for the longest payback period of 7.21 years for
coal at the lowest flow rate (i.e., the most unfavourable case), the system's lifespan with maintenance is
estimated at around 15 years, making it feasible and desirable for use.

The economic aspect of the system is not enough to claim that this solution is sustainable, the
environmental impact should be investigated as well. In the next section, the environmental impact of each
type of input energy source is investigated to estimate the environmental effect of heating the water.

II1.1.5. Environmental Study

Environmental Life Cycle Assessment (ELCA) has been frequently usedto assess products'
environmental effects and sustainability. This technique is used to quantify the environmental impact of
each product from cradle to grave, where some emissions may be harmful to the environment at each step,
and each type of emission has a corresponding cost that reflects its potential damage. Certain harmful
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emissions are released during the mining process of extracting the gas, diesel, or coal as with many other
processes. The emission rate varies according to the type of natural resource utilized.

Thus, in this study, we used OpenLCA and the ecoinvent database to estimate the ELCA of the four
researched goods and to evaluate the environmental implications associated with all of the phases that the
product goes through from cradle to the grave [206]. Figure II1.1.10 shows the processes and emissions of

producing and using different types of energy inputs (gas, diesel, and coal).
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Figure II1.1.10: Life cycle of using the heating source from cradle to grave.

In this section, we intend to study the life cycle assessment of each of the heating sources, where
emissions occur at each stage of a process as gases are released, these gases could be harmful to the
environment. Now, these emissions change from one activity to the next, and each kind has a different
dangerous consequence. Consequently, the influence of each kind is studied and measured in carbon
dioxide equivalents (CO2 eq), and the Eco-cost based on the Environmental Cost Indicator (ECI) is
generated to compare all varieties. The analyzed impact categories are separated into two sectors in this
LCA: (1) Abiotic Environment Influence, which is concerned with the impact on the ecosystem in general,
and (2) Potential Human Health and EcoToxicity Impacts, which is concerned with the impact on human
and natural resources.

After defining the processes and emissions of each type of input energy, the amount of emitted gases at
the mining and usage processes to produce an amount of 1 m3 gas, 1 L diesel, 1 kg of coal, and 1 kWh of
electricity are determined through different sources and inserted into the openLCA [380]. The mining
process is used from the Ecoinvent and Green Delta databases. For coal, in our study “hard mines coal —
ZA” is used, which is the coal extracted in South Africa, we already did a simulation for the hard mines
coal — DZ, and AU which are done in Algeria and Australia, but the results show that the emissions in AU
were higher by around 50 %, this could be attributed to the process of extracting the coal and the type of
the ground, where according to the results, the percentage of Barium, Vanadium, Selenium in AU ground
was higher than that in ZA. For diesel, “diesel at the refinery — RER” is used, which is extracted in Europe.
For gas, “natural gas at production — NG” is used, which is natural gas extracted in Nigeria and it has
approximately the same emissions of natural gas at production — DZ, NO, and RU which are the natural
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gases extracted in Algeria, Norway, and Russia. As for electricity, we used two types “electricity mix —
US” and “electricity mix — FR” just to show the difference in results upon choosing a different provider,
where electricity production in the US is different than that in France. Besides, in the database, there are
different sources of electricity production such as nuclear, wind, photovoltaic, wood energy, etc... As for
the emissions from the usage process, the research refers to several previous studies that indicate the
emissions of using gas [381], diesel [382], and coal [383].

Table II1.1.7 shows the values of impact analysis of the heating system through different sources: Gas,
Diesel, Coal, and Electricity to calculate the Environmental Cost Indicator (ECI). ECI determines the
overall environmental cost, which constitutes the sum cost of all the categories, thus a comparison can be
held to study how costly the process is on the environment. Furthermore, eco-cost ECI is calculated for
each heating source, with each impact category having a unique coefficient that combines all suitable
environmental impacts into a single outcome of environmental expenses, reflecting the product's
environmental cost.

Table I11.1.7: Impact analysis of 1 m? gas, 1 L diesel, 1 kg coal, and 1 kWh electricity

Electricity Electricity

Impact categories Unit Gas Diesel Coal US FR
GWP100 kgcoz-eq 29 3.7 2.6 0.8 0.09
0.05 €/kgco2 € 0.15 0.18 0.13 0.038 0.005
Ozone layer Kecrenes  15%10°  460x10°  1.6x10°  21x10°  4.7x10°
depletion

30 €/kgcrc-11-eq € 4.5x107® 1380x10®%  4.7x10 63.2x107® 14x10°®
Human toxicity Kg14 DB-cq 0.0094 0.28 0.46 0.32 0.12
0.09 €/Kg1,4 DB-eq € 0.00085 0.025 0.041 0.029 0.01

Depletion of abiotic
resources fossil fuel - kgspeq  2.14x10%  13.6x10°  2.7x10® 6.5x10% 6.4x10®
elements ultimate

reserves € 3.43x10°  21.8x10° 437x10° 10.5x10°  10.3x10?

0.16 €/kgsb eq

Terrestrial kgiappeg S5.7%10%  25.8x10*  4.7x10*  11.4x10* 7.1x10*

Ecotoxicity 5 s 5 5 5

0.06 E/kers e € 3.4 x10°  155x10°  2.8x10 6.8x10 4.2x10

Photochemical Kgethylenecq  14%10 3.6x10%  0.43x10*  2.2x10* 0.2x10*

?’“dam“ € 28.2x10%  7.2x10%  0.85x10*  4.4x10* 0.4x10
€/ kgethylene eq

Eutrophication kgroseq  6.95x10°  82x10°  519x10°  137x10° 16x10°

9 €/kgpos eq € 6.3x10%  74x10%  467x10*  123x10*  14.4x10*

Acidification kgsoreg  2.10x10%  0.00615  0.00092  0.00547 0.00051

f“e“t“’“ € .4x104  0.025 0.004 0.022 0.002
€/kgs02 eq

Marine aquatic kgiappeg  20.1 385 1837.8 1251.8 136.9

ecotoxicity

10 s ope € 0.002 0.035 0.18 0.13 0.014

Freshwater aquatic Kg1.4 DB-cq 0.0084 0.065 0.8 0.251 0.038

ecotoxicity

0,03 ker one € 0.00025 0.002 0.025 0.008 0.001

Total € 0.154 0.283 0.427 0.234 0.033
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The impact of input energy from various resources on different environmental categories varies
according to the emissions released by each process. For example, coal has a higher Global Warming
Potential (GWP) impact than electricity, whereas electricity has a higher impact on the ozone layer than
coal due to the type of gases released from each process. The higher percentage of carbon dioxide in coal
has a direct effect on global warming, whereas the percentage of other gases in electricity (such as methane
and ethane) has a significant effect on the ozone layer. The Environmental Cost Indicator (ECI) of
electricity generated in France was found to be very low due to the low emissions and the different types
of resources used for electricity generation, such as nuclear, hydro, and wind power plants. Nuclear power
plants have almost zero Green House Gas (GHG) emissions during operations and emit almost the same
quantity of COxeq over the lifecycle as wind, and only about one-third as many emissions per unit of
electricity as solar [384, 385]. Of course, these considerations only concern GHG and do not take into
account the problem of radioactive waste management and nuclear risks.

On the other hand, power sources in the electricity US mainly rely on fossil fuels, such as petroleum,
natural gas, and coal, which together account for around 79 % of resources for power generation [386, 387]
and contribute to very high negative environmental impacts. Similarly, the environmental impact of diesel
is high on GWP but lower on ECI than coal due to the high impacts of coal on other categories that raise
its ECL.

Gas, however, shows the lowest ECI due to the lowest requirement of mining or extraction compared to
diesel and coal. On the other hand, the emissions of CO, in gas during combustion are lower than other
parties. However, we cannot compare it with the others because it depends on the heating value. Results
highlight that the environmental impact of energy sources differs according to the source of energy used to
produce electricity. Furthermore, the comparison between gas, diesel, and coal is not entirely fair as the
heating calorific value of each type differs from the others. Thus, the coming part will provide the
environmental cost of each heating source to provide the same amount of energy. Results show that gas has
the lowest ECI. However, the type of natural gas used could affect the ECI.

Table I11.1.8 shows the Environmental Price (EP) that is saved by the Heat Recovery System (HRS), the
environmental prices are determined from the environmental study on openL.CA, where the ECI is
multiplied by the quantity needed to provide specific energy corresponding to the temperature. In this part,
the comparison can be done on all the parties as the functional unit is the amount of energy and the
comparison is on the EP (expressed in €) for all the heating sources.

Table I11.1.8: Daily environmental savings by the heat recovery systems for the four heating sources

Electricit

Temperature Gas Diesel Coal eerierly
. Q UsS FR

difference MJ

©C) MJ) Qty EP Qty EP Qty EP  kWh EP EP
m) © O © (kg (© (O) (O)
3.5 126.6 345 040 342 081 527 216 3515 8.23 1.07
4.5 162.7 444 052 440 1.05 519 278 4520 10.58 1.36
5.5 198.9 543 064 538 128 635 340 5524 1293 1.66
6.5 235.0 642 075 636 151 750 4.02 6529 1528 196
7.5 271.2 740 087 734 174 8.66 4.63 7533 17.63 226
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Although coal has the highest environmental impact, however, the environmental impact of using
electricity US to generate the same amount of energy is higher than that of coal. This is due to the type of
electricity production including transportation and the emissions along the processes. It is worth mentioning
that in different places clean sources of energy are used to generate electricity so of course, in this case,
ECI will be lower than that of coal.

Figure III.1.11 shows the environmental cost of each of the sources concerning delta temperature that
the heat recovery system provides. This price is being saved, since the CTHE system enhanced the
temperature of cold water by a range of 3.5 to 7.5 °C.
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Figure II1.1.11: Environmental savings in terms of each heating source

Figure I11.1.11 shows that capturing the thermal energy through CTHE provides a daily saving of 0.40
to 0.87 € for gas, 0.81 to 1.74 € for diesel, 2.16 to 4.63 € for coal, 8.23 to 17.63 € for electricity US, and
1.05 to 2.26 € for electricity FR. Now, electricity US has the highest negative impact due to the production
process besides throughout the power generation process high losses occur due to the transforming energy
losses. Coal has a high negative impact due to the high ECI, which results in a high overall environmental
impact, followed by diesel and then natural gas, which has the lowest environmental impact. Now, the
amount of environmental cost saving is considerable for all the sources except for gas, however, if we
calculate this value over the year, it will be worth it, where monthly the ECI of gas is 12 to 26.5 €.

Although, the electricity FR source has low GHG emissions, which means it could have the lowest
environmental price, however, there are losses throughout the process of transforming energy. For instance,
in electricity, specific energy is transformed into electrical energy, and then the electrical energy is
transformed into thermal energy, so there occur high losses in both transformation forms of energy. On the
contrary, gas, diesel, and coal are used directly to provide the required amount of thermal energy, used in a
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boiler to directly heat the water, there is no process of transforming these heating sources into electricity
and then providing energy. This could be the reason behind having this low EP of the other fossil sources
as compared to electricity FR. It is worth mentioning that electricity FR appears to be slightly more
impactful than gas or diesel and twice less than coal, while electricity US is four times more impactful than
coal.

II1.1.6. Conclusions

In the present study, a numerical analysis is conducted on an innovative heat recovery design. The study
explored the heat transfer and overall heat transfer efficiency of the design using Ansys Fluent and evaluated
its feasibility in terms of initial and monthly costs. We also conducted economic and environmental studies
of the design using four types of input energy (gas, diesel, coal and electricity) to assess the payback period
and environmental impact of the system for each type.

The results of the study show that the heat recovery system provides a significant increase in temperature
in both winter and summer conditions. The study's conclusions can be grouped into three main categories:
economic, and environmental.

In terms of economic feasibility, the initial investment for the system is around 2150 €, with a
maintenance cost of 200 € per month. The payback period of the system varied depending on the type of
heating source used and flow rate variation. The payback period is approximately 0.61, 1.2, 1.42, and 2.89
years for electricity, diesel, gas, and coal, respectively. Additionally, the heat recovery system provided
economic savings of around 3.52 $ to 15.07 $ per day, depending on the type of input energy used.

The environmental impact of the four different types of input energy is also studied. The study shows
that gas had the lowest environmental impact, while electricity-based fossil fuels, which are mainly
generated in the US, had the highest environmental impact. The heat recovery system provided an
environmental savings cost for each type of input energy, ranging from 0.87 to 17.63 € per day fora 7.5 K
temperature difference.

Overall, this study demonstrates the feasibility and potential benefits of incorporating heat recovery
systems in buildings. Additionally, it emphasizes the importance of using sustainable, green energy sources
to minimize negative environmental impacts.

Based on the findings of this study, it is noticed that it is worth it to integrate HRS in a multi-drain
application as the system saves a considerable amount of environmental impact and economic cost. In the
coming section, the same application with the same conditions will be studied, however, with electrical
heating-based renewable sources of energy. So that to find if this system is worth being integrated into
clean energy sources as it is well known that renewable energy sources have low environmental impact.
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II1.2. Thermoeconomic impact of vortex generator-equipped multi-drain heat
recovery systems: various renewable sources

Résumé (en francais)

En raison de la forte demande en énergie et des préoccupations liées au changement climatique et
environnemental, les sources d'énergie renouvelables sont utilisées maintenant dans divers domaines et
régions. D'autre part, l'avantage des systemes de récupération de chaleur sur la réduction de la
consommation d'énergie encourage les chercheurs et les ingénieurs a l'appliquer a d'autres études et
applications.

Dans cette ¢tude, une conception innovante d'un échangeur de chaleur a tubes concentriques est utilisée
pour récupérer la chaleur d'une application d'eau usée pour 48 logements avec différentes sources d'énergie
renouvelable. Les impacts économiques, environnementaux et sociaux du systéme sont étudiés pour évaluer
sa durabilité.

Quatre types d'énergie d'entrée sont étudiés : solaire, éolien, biomasse, hydroélectricité plus un stockage
par pompage. Les résultats montrent que la conception permet une augmentation de 3,5 a 7,5 °C de l'eau
froide. Par conséquent, les économies environnementales du solaire, de I'éolien, de la biomasse, de
I'hydroélectricité et du stockage par pompage sont jusqu’a 0,783 €, 0,339, 0,141, 0,027, 1,356 € par jour
respectivement, cependant que les économies financiéres sont au maximum 3,62, 2,49, 5,05, 3,62, 6,70 $
par jour respectivement. L'impact social dépend du type de source d'énergie et de I'application.
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II1.2.1. Introduction

The development of effective energy harvesting systems is receiving a lot of attention as a result of the
rising energy demand across many industries. Energy and related services are increasingly needed to
support human social and economic growth, welfare, and health. All civilizations require energy services
to provide fundamental human requirements such as health, lighting, cooking, space comfort, movement,
and communication, as well as to function as creative processes [172]. Most of the energy sources are based
on fossil fuels, and according to statistical studies of Our World in Data that was held in 2022, 84.3% of
the energy sources are based on fossil fuels [388]. However, carbon dioxide emissions caused by fossil
fuels harm our ecosystem and contribute to global climate change. During the past 150 years, fossil fuels
have increased atmospheric CO, levels by quantities that are contentious, problematic, and, at best
estimations, the use of fossil fuels as major energy sources has resulted in environmental deterioration and
ozone layer depletion [206]. As a result, the economic and environmental implications of fossil fuels on the
functioning of a power system demand new sources of energy that are widely available, non-depleting,
sustainable, and ecologically benign, and may increase power system efficiency [389]. To halt global
warming, a shift to cleaner, more sustainable energy is required. Renewable energy is rapidly expanding,
but it is still a long way from replacing carbon-intensive sources of energy. Even if oil output decreases
shortly, fossil fuels will continue to dominate the global energy mix for many years [390]. On the other
side, waste heat recovery is considered as finding a new clean source of energy, where the quantity of waste
energy in many applications is significant. In automobile and automotive power utilization, for example,
around 64% of the energy input is wasted as thermal energy, almost 38% is squandered in the exhaust, and
6% is lost due to friction. Additionally, power plants waste 60% of their energy before adopting heat
recovery. So, when waste heat can be recovered, it is seen as a potential source of power generation [391].
Moreover, with rising energy costs, scarcity of natural resources, and the environmental consequences of
traditional energy sources, there is a growing demand for heat recovery that preserves more than 90% of
wasted energy. According to previous studies, it has been noticed that when employing hybrid heat recovery
systems which means integrating more than one system, the thermal recovery level exceeds 28% with a
performance coefficient of up to 2.2 times traditional processes [354].

As a result, developing effective and low-cost energy recovery technologies is equally as important as
developing new energy sources. Thermal energy is necessary for many architectural applications, thus it
must be supplied, maintained, and used effectively to serve both the environment and the economy. The
Drain Water Heat Recovery (DWHR) system is designed to recover the leftover energy from hot drain
water and use it to warm the incoming cold water [356]. The household sector accounts for 26% of total
energy expenditure in the United States, 37% of which is for lighting, cooling, and appliances. The
remaining energy is assigned to heating, with space heating accounting for 45% and water heating
accounting for 18%. Thus, residential water heating accounts for 4% of overall government energy use.
The household sector contributes 29% of total energy consumption in some countries, such as the United
Kingdom. This is broken down as follows: 65% for room heating and 16% for water heating [356].
Consequently, the energy required to warm water contributes to a considerable amount of the total energy
consumed in a typical household. Many studies, including those by Boait et al. [357] and Leidl and Lubitz
[392], have investigated possible approaches for conserving energy used to heat domestic water, such as
heat pumps, Solar Water Heating (SWH), gas boilers, immersion heaters, and drain water heat recovery.
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Drainage water constitutes a considerable amount of energy to recover, where the normal temperature
of household drain water varies from 20 to 40 °C [356]. As a consequence, domestic effluent is more
suitable for heat recovery than other heat sources, where the ambient temperature of drainage water from
bathtubs or washing machines is considerably high. Allowing this much energy to escape the building with
warm water without collecting it is a significant energy waste. As a result, recovering heat from drain water
represents an excellent chance to decrease energy usage. Drainage water heat recuperation systems have
been investigated in various areas to improve their performance.

As a result, the substantial thermal loss from drainage water and the high energy usage on heating
domestic water, make heat recovery in drain water a field of interest. However, after identifying a system's
capacity for thermal recovery, there is an essential stage that the study must take which is improving heat
transfer to recover the highest amount of thermal energy. Incorporating Vortex Generators (VGs) is one of
the simplest methods to improve heat transfer because VGs are passive devices with high efficiency in
improving heat transfer, as demonstrated by Aridi et al. [364], which carried out a numerical study on
various positions of VGs in a Concentric Tube Heat Exchanger to determine the best design in terms of
heat transfer, total heat transfer, and thermal enhancement factor. Based on the aforementioned facts, the
goal of this research is to use CTHE with VGs in a multi-drain water heat recovery system. This applied
research could lead to improved heat recovery devices in such applications by capturing a high proportion
of thermal energy. It examines a novel design in a multi-drain heat recovery implementation by simulating
numerically its impact on heat transfer, overall heat transfer, and thermal enhancement factor. This
application is examined in conjunction with diverse renewable energy sources where the system's economic
and environmental aspects are assessed to determine its long-term viability. Solar, wind, biomass,
hydropower, and pumped storage are the five kinds of input energy investigated.

This research examines a novel design in a multi-drain heat recovery implementation. Its novelty resides
in the following:

- Coupling two new potential concepts into one application. These new potential concepts are the
use of vortex generators in heat recovery and the multi-drain heat recovery concept.

- Performing an LCA study, incorporating economic, environmental, and social studies of the new
heat recovery system.

- Comparing the economic, environmental, and social impacts of a HRS in various renewable heating
sources.

- Integrating multi-drain heat water into different renewable energy heating sources.

- Providing the renewable energy and energy management community with useful recommendations
on many fronts related to advanced drain water heat recovery systems.

There are various types of energy sources that the universe provides, they are classified into finite
sources which mean sources of limited quantity, and infinite sources which mean abundant and unlimited
sources. Figure I11.2.1 shows the different types of energy around the world and the amount of consumption
by the year 2009, which is measured by Terra Watt year (TWy), knowing that 1 TWy = 8760 TWh [393].
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Figure I11.2.1: Energy consumption sources around the world.

As noticed in Figure, there are different types of infinite sources, and they are more eco-friendly than
finite sources. For instance, the sun provides the Earth 23,000 TWy each year, however, 16 TWy are just
used, which means less than 0.07%. On the other side, the quantity of solar energy received by the oceans
every year has been estimated to be at least 4000 times more than what people nowadays utilize. For 3% of
Ocean thermal energy conversion (OCTE) energy, less than 1% of this renewable energy would be required
to fulfil all of our energy needs in transforming ocean thermal energy to power [394]. Although there exist
various types of renewable energy, however, the consumption of finite sources is much more than the
infinite ones, where the consumption of finite sources in 2009 exceeds 92.5% of the total energy
consumption, which leaves less than 7.5 % of energy consumption to the infinite sources. Nowadays, the
percentage of renewable energy consumption is increased due to the shift that most countries are performing
to have a healthier environment and due to the improvement of the tools to capture infinite energy sources.

I11.2.2. Application Study

In this study, the environmental impact of a system that combines heat recovery was examined,
represented by domestic waste heat recovery (DWHR), and renewable energy. The same application study
that was presented in chapter III.1 is used in this chapter however with renewable energy sources instead
of fossil fuels.

Previously, a DWHR system for a building with 48 accommodations coupled with four types of input
energy—coal, diesel, gas, and electricity—was studied and the results were so promising that this system
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saved a lot of environmental and economic energy [395]. The objective of this study is to find if this system
shows the same interest as renewable energy systems as it is well known that renewable energy sources
have a low impact on the environment. Thus, a life cycle assessment of the DWHR system will be
investigated using renewable energy sources: solar, wind, biomass, hydropower, and pumped storage.

The results of this study are compared with previously published research that examined the
effectiveness of heat exchangers in various applications. The comparison is presented in Table II1.2.1,
which illustrates the impact of heat exchangers in different studies, including this study. The effectiveness
of heat exchange varies from 0.15 to 0.26 across all cases, with variations primarily arising from differences
in the application, heat exchanger dimensions, and boundary conditions (mass flow rates, temperatures of
cold and hot water, and working fluid ...).

Another factor contributing to the variations in effectiveness is the method employed to enhance heat
transfer within the heat exchanger. For instance, in the study first study, a coil tube heat exchanger was
utilized, where the heat transfer enhancement Method (HTEM) was achieved through the introduction of
coil tubes that generated Dean vortices, thus improving heat transfer efficiency. In the second study, a
corrugated tube was used with varying mass flow rates at the same temperature. In the third study, the
effectiveness of the heat exchanger was relatively low, this can be attributed to the working fluid used
(ethanol). However, in the fourth study, heat transfer enhancement is achieved using trapezoidal-shaped
vortex VGs, which also contribute to enhancing heat transfer. As noticed from Table II1.2.1, there exists a
slight difference in the effectiveness of the HE, this is due to several factors such as the presence of different
enhancement heat transfer methods, different geometry, and boundary conditions. However, it is
noteworthy that the design under investigation in this study demonstrates promising potential, achieving
equivalent effectiveness to coil tube heat exchangers, which are renowned for their high efficiency [396].
Additionally, this design exhibits lower pumping power requirements compared to other systems, boasting
a thermal enhancement ratio of 1.8. This ratio signifies the heat transfer ratio over the required pumping
power [364]. Consequently, these findings suggest a favourable outlook for this design in the future.

Table II1.2.1: Comparison between the effectiveness obtained in this study with other published work.

Study HE types HTEM Conditions Effectiveness
At a hot temperature of 65°C 0.26
Murr et al.  Counter flow

1 [362],2020 coil tube HE Coil tube At a hot temperature of 45°C 0.23
At a hot temperature of 25°C 0.19

Ty=47 °C, 1, = 3/60 kgJs,

Kumar et Counter flow  Corrugated/ and m,, = 2/60 kg/s. 0.15
2 Al g d tubin
2020 CUIVEQIUDINE 1 =47 °C, 1, = 2/60 kg/s, 021
and my, = 1/60 kg/s. )
Ramkumar Concentric
3 et al. [398], tqbe - heat Heat pipe At a hot temperature Qf 65 °C 021
pipe - heat methanol working fluid
2021
exchanger
Present Counterflow o
4 study CTHE VGs At a hot temperature of 50°C 0.25
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I11.2.3. Economic Study

To study the effectiveness of the system three main studies should be considered economic,
environmental, and social. To consider that the system is sustainable, it should have a low impact on the
three categories. In this part, the economic study will be held for the five sources of heating energy: solar,
wind, biomass, hydropower, and pumped storage. Table 1I11.2.2 shows the levelized cost of electricity
(LCOE), which is the amount at which generated energy should be distributed for the system to break even
after its lifetime. The economic cost saved by the DHRS, and the prices for solar, wind, biomass, and
hydropower are taken from [399], for the pumped storage the price is taken from [400].

Table I11.2.2: Daily saved energy and prices for the heat recovery system.

Temperature Price (3)
difference Q

(°C) (kWh) Solar Wind Biomass Hydropower Pumped
storage

3.5 35.17 1.69 1.16 2.36 1.69 3.13

4.5 45.19 2.17 1.49 3.03 2.17 4.02

5.5 55.25 2.65 1.82 3.70 2.65 4.92

6.5 62.27 3.13 2.15 4.37 3.13 5.81

7.5 75.33 3.62 2.49 5.05 3.62 6.70

It is noticed that the prices saved by the DWHRS are significant, where the saved money reached up to
6.70 $/day for pumped storage, and the savings for other systems are 3.62, 2.49, 5.05, and 3.62 $/day for
solar, wind, biomass, and hydropower respectively for a temperature difference of 7.5 °C. Now, although
the price of wind is the lowest, however, this cost is per day, so it makes a difference over time. Moreover,
the cost of the energy saved from expensive energy sources is more than the cheap energy source, in other
words, the higher the cost of the energy sources the more savings the system will provide.

I11.2.4. Environmental Study

Environmental Life Cycle Assessment (ELCA) has been widely used to evaluate the environmental
impact and viability of products. This method is used to quantify each product's environmental effect from
the start to the finish line, where some releases may be damaging to the ecosystem at each stage and each
form of emission has a related cost that represents its possible damage. In this section, we will study the
environmental impact of solar, wind, biomass, hydropower, and pumped storage. The rate of emission
changes depending on the sort of natural resource used. Thus, the ELCA of the five researched energy
sources is performed using OpenL.CA and the ecoinvent database to assess the environmental consequences
connected with all of the processes from cradle to grave [206]. Figure II1.2.2 shows the processes and
emissions of producing and using various sources of energy (solar, wind, biomass, hydropower, and
pumped storage).
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Figure I11.2.2: Life cycle of using the heating source from cradle to grave.

The environmental analysis begins with the preparation system, encompassing the materials and labor
required to construct the power infrastructure. Throughout this process, emissions are released alongside
power generation. Subsequently, electricity is either distributed through wires or stored in batteries, both of
which also emit greenhouse gases. Ultimately, the materials used in the system reach the end of their useful
life and are disposed of in landfills.

In this section, we examine the life cycle assessment (LCA) of each energy source, taking into account
the emissions produced at each stage of the process. These emissions vary across activities, and each type
has distinct environmental consequences. Consequently, the impact of each energy source is assessed and
quantified in carbon dioxide equivalents (CO2 eq), while the Environmental Cost Indicator (ECI) is
employed to calculate the Eco-cost for each type. This LCA categorizes the studied impact groups into two
sectors: (1) Abiotic Environment Influence, which concerns the general environmental impact, and (2)
Potential Human Health and EcoToxicity Impacts, which relate to the impact on both human and natural
resources.

After identifying the processes and emissions for each type of electricity source, the processes are
obtained from the ecoinvent database for Switzerland (CH) as follows: electricity, at wind power plant —
CH; electricity, production mix photovoltaic, at the plant — CH; electricity, hydropower, at pumped storage
power plant — CH; electricity, hydropower, at power plant — CH; and electricity, wood, at distillery — CH.

Table II1.2.3 presents the results of an impact assessment of the heating system using various electricity
sources, such as solar, wind, biomass, hydropower, and pumped power storage, to calculate the
Environmental Cost Indicator (ECI). The ECI computes the total environmental cost by summing all
categories, allowing for comparison to assess the ecological cost of each process. Moreover, the Eco-cost
ECI is calculated for each energy source, with each impact category featuring a unique coefficient that
combines all relevant environmental effects into a single environmental cost metric, representing the
product's environmental burden.

It is observed that pumped storage exhibits the highest Global Warming Potential (GWP) and ECI, at
0.018 €/kWh, while hydropower displays the lowest ECI, at 0.00036 €/kWh, due to its straightforward
process that harnesses potential energy to drive the pump. Conversely, solar, wind, and biomass have higher
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environmental impacts with ECIs of 0.0104, 0.0045, and 0.00187 €, respectively. These impacts vary by
country or region based on the materials used and the processes involved in electricity generation.

Table I11.2.3: Impact analysis of 1 kWh of solar, wind, biomass, and pumped storage.

Impact . Unit Solar Wind Biomass  Hydropower Pumped
categories storage
GWP100 kgcoo-eq 0.021 0.00483 0.011 0.00126 0.0524
0.05 €/kgcoz € 0.0011 0.000242 0.00054 0.000063 0.00262
Ozone.layer kgcrciieq  4x10°7  0.29 x107° 1.1x10° 0.0076x10 7.06x107°
depletlon € 12x10°8 0.02x1073 3.4x108 0.23%x108 21.2x108
30 €/kgCFC-ll-eq ’ : : i
Human kgiapeeq  0.0338 0.03 0.0045 0.00197 0.0045
toxicity

0.09 €/Kg 14 Dbocq € 0.003 0.0027 0.00041 0.00018 0.04
Depletion of kgsveq  279%10%  8.38x10°8 2.3x10°8 0.465x10°8 2.83x10°8
abiotic

resources fossil

fuel - elements 446x10°  13.4x10°  3.6x10°  0.744x10° 4.53x10°
ultimate : : ' ’
reserves

0.16 €/kgSh eq

Terrest&ri.al kgiapBeq 5.7x10%  25.8x10* 4.7x10* 11.4x10* 7.1x10*
Ecotoxicity € 25 x10° 91x10° 14x10° 6.65%10°5 32x107
0.06 €/Kg1,4 DB-cq :

Ph(.)toc!lemical Kgethyleneeq 6.44x10°  1.55x10°¢ 3.2x10¢ 0.234x10°° 10.1x10®
?é‘/‘l:'gaf::l’“ . € 129x10°  3.1x10°  64x10°  0.468x10° 20.2x10°
Eutrophication kgroseq 6.4 10°  1.21x10° 21x107° 0.13x10? 15x107
9 €/kgroseq € 5.76x10*  1.09x10* 1.9x10* 0.2x10* 13.5x10*
Acidifi.cation kgsozeq  10x10°  2.27x107 8.1x107° 0.38x10 24x107
f‘éﬁﬁ'g‘:l?lq € 4x10°  9.07x10°  32x10° 1.5x10° 96107
Marine aquatic kg 5.,  48.67 10.48 3.565 0.74 81.54
ecotoxicity € 4.87x10°  1.05x1073 0.4x103 0.07x107 8.15x1073
10" €/Kg1,4 DB-eq : : : : i
Freshwater kgiappe  0.015 0.0069 0.00137 0.00049 0.02798
aquatic

ecotoxicity € 45x10%  2.07x10*  0.4x10* 0.147x10* 8.39x10*
0.03 €/kg1,4 DB-eq

Total € 0.0104 0.0045 0.00187 0.00036 0.0180

To ascertain the precise environmental savings achieved by the DWHR system, we must calculate the
Environmental Price (EP) per unit of energy saved. Table II1.2.4 presents the EP saved by the heat recovery
system, determined from the environmental study conducted in openLCA, as detailed in Table II1.2.3. The
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ECI of 1 kWh is multiplied by the amount needed to provide specific energy corresponding to the
temperature difference.

The highest environmental savings achieved by the DWHR system were for pumped storage (1.356 €),
as it has the highest ECI, followed by solar, wind, biomass, and hydropower, with EPs of 0.783, 0.339,
0.141, and 0.027 €, respectively, for a temperature difference of 7.5 °C. This ranking is consistent with the
ECI associated with each source. Although these savings may appear small, they accumulate over time, as
the saved costs are calculated daily.

Table I11.2.4: Environmental savings by the heat recovery systems for the four electrical sources of
heating and one energy storage system.

Temperature (0] EP (€)
difference
(°C) MJ)  (kWh) Solar Wind Biomass Hydropower Pumped storage
3.5 126.6 35.154 0,366 0,158 0,066 0,013 0,633
4.5 162.7 45.198 0,470 0,203 0,085 0,016 0,814
5.5 198.9 55.242 0,575 0,249 0,103 0,020 0,994
6.5 235.0 65.286 0,679 0,294 0,122 0,024 1,175
7.5 271.2  75.33 0,783 0,339 0,141 0,027 1,356

II1.2.5. Social Impact

Renewable resources primarily offer various social benefits, such as improved health, technological
advancements, job opportunities, local employment, and consumer choice. Renewable energy initiatives
also contribute to enhanced environmental outcomes, including reduced carbon dioxide emissions and
increased community awareness of climate change, ultimately fostering a cleaner and healthier environment
for citizens. However, renewable energy systems can be challenging to implement, as they are sensitive to
local environmental and weather conditions. This sensitivity necessitates extensive knowledge and
awareness, which expands the research scope for researchers. Furthermore, renewable energy promotes an
increased awareness of environmentally friendly topics, encouraging environmental protection.
Nevertheless, several renewable energy sources have unique social impacts, as presented below and
summarized in Figure I11.2.3:

Tidal energy plants have minimal impact on people, mainly contributing to municipal and government
employment. Wind energy initiatives create numerous job opportunities, particularly for engineers.
However, wind farms produce significant noise pollution, originating from both aerodynamic noises
generated by turbine blades and mechanical noise produced by the turbine's gearbox, generator, and
associated components. This noise can be loud, irritating, and disruptive, causing health issues such as
headaches, hearing loss, and sleep disturbances for those living nearby. A study conducted in New Zealand
[401] on the impact of wind turbine noise on residents' well-being found that wind turbines negatively
affected their quality of life, leading to strong anti-wind turbine sentiment. Additionally, wind energy is
uniquely associated with the shadow flicker effect, which occurs when sunlight or another bright light
source strikes the turbine blades three times per revolution, as typical wind turbines have three blades. The
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rotating blades create a flicker effect, resulting in discomfort or even pain for those exposed. The intensity
of the shadow flicker effect depends on the time of day and wind speed, with the effect being strongest
during sunrise and sunset, when shadows are longest, and at high wind speeds. Anecdotal evidence suggests
that shadow flicker can cause health issues such as headaches and stress and may even deter livestock.
These effects contribute to negative perceptions of wind turbines. Furthermore, wind farms, directly and
indirectly, impact bird populations, with the most immediate consequence being bird mortality due to
collisions with turbine blades or related infrastructure, such as power lines.

Biomass is a renewable energy source with numerous advantages, including waste reduction,
abundance, and reliability. However, it is not always environmentally friendly or clean, as its impact
depends on the type of conversion process used. There are four primary methods for converting biomass
into energy: burning organic materials to generate heat, thermochemical conversion to produce gaseous,
liquid, and solid fuels, chemical conversion to yield liquid fuels, and biological conversion to create gaseous
and liquid fuels [402]. The first three types primarily involve heating materials at high temperatures to
generate fuel, which is not environmentally friendly and produces significant greenhouse gas emissions. In
contrast, biogas conversion transforms waste into fuel through fermentation, offering fewer disadvantages
as it neither burns nor heats materials to extremely high temperatures, reducing heating source
requirements. Once the process is complete, the remaining sludge can be used as a biofertilizer in
agriculture. Biomass energy initiatives contribute significantly to local employment growth and rural
development, offering numerous job opportunities in plant construction, management, maintenance, and
biomass production and preparation.

Solar panels are often installed on building roofs, promoting local development and job opportunities in
photovoltaic (PV) system manufacturing and assembly while reducing energy consumption from
nonrenewable sources. Solar energy is particularly beneficial in areas without access to power. However,
the main issue with solar systems is their high initial investment and ongoing maintenance costs.
Additionally, sunlight reflection from solar panels can cause discomfort for nearby residents, as solar
radiation, particularly UV radiation, has been linked to various corneal, lens, and retinal abnormalities. The
health risks depend on the volume and wavelength of radiation that reaches the eye's internal structure, with
irradiation from such plants typically being high, especially in concentrated solar power plants [403].
Furthermore, solar panels can contribute to increased ambient temperatures, which may pose issues for
neighbouring communities during the summer months.

Hydropower and pumped storage share some concerns, such as endangering aquatic life, particularly if
the pumped storage uses a natural lake. These plants provide substantial employment opportunities and
contribute significantly to a community's economic growth. However, they can also detract from the natural
beauty of the area, resulting in negative public perceptions of these energy sources. In some countries,
negative social consequences coexist, such as in the Zambezi, Zaire, Senegal, and Niger rivers, where
traditional agriculture relies on unpredictable and insufficient yearly floods. Damming these limited
floodwaters negatively impacts agriculture. The primary sociopolitical issue with hydropower plants is the
relocation of people from areas designated for plant construction. Additionally, there are several social
concerns associated with traditional pumped heat storage (PHS), including the degradation of terrestrial
animal habitats before dam flooding and the disruption of aquatic ecosystems. The installation of PHS
systems inevitably damages land vegetation and trees, particularly during dam construction [404].

140



Chapter III. Drain water heat recovery application study
Thermoeconomic impact of vortex generator-equipped multi-drain heat recovery systems: various renewable sources

Geothermal energy projects provide various societal benefits, such as increased education for local
communities, improved living conditions, and enhanced healthcare. However, geothermal energy has a
high initial cost and is dependent on a location's geology, making it unsuitable for all regions [405].

Constructing a nuclear power facility in any area raises concerns and objections from a wide range of
individuals. People living in such areas worry about exposure to abnormally high levels of radiation. Natural
water resources in these areas are also questioned for their ability to manage plant emissions, especially if
the plant uses the water body as a thermal sink [406].

In conclusion, renewable energy sources offer a range of social and environmental benefits but are not
without their unique challenges and impacts. Each source requires careful consideration of its specific
environmental and social effects to ensure sustainable development and community well-being.
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Figure I11.2.3: Social negative impacts of some renewable sources.

II1.2.6. Conclusions

This research paper presented a numerical-analytical approach study of a novel heat recovery design
proposed in a previously published article by the co-authors [364]. The design features a CTHE with 10
rows of VGs running along the length of the tube. Using Ansys Fluent, heat transfer, total heat transfer, and
thermal heat transfer factor were calculated to determine the amount of heat the system recovers from
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wastewater. The initial and monthly costs were assessed to evaluate the system's feasibility. Subsequently,
economic and environmental analyses were conducted on the design, considering five types of energy
sources to heat the system: solar, wind, biomass, hydropower, and pumped storage. This approach aimed
to determine the environmental impact associated with each type of input energy. According to the results,
the design provides a temperature increase of 3.5 to 7.5 °C in cold conditions and 2.2 to 4.6 °C in summer,
affecting various aspects of the economy, environment, and society. The conclusions are as follows:

1. Economic

* While the initial investment in renewable systems is high, the price per kWh is acceptable over a
system's lifetime, given the free energy source.

* The economic savings for solar, wind, biomass, hydropower, and pumped storage are up to 3.62 $,
249 $,5.058,3.62 3, and 6.70 $ per day, respectively.

2. Environmental

* The environmental impact of the five distinct renewable energy types was examined, revealing that
hydropower has the lowest impact, while pumped storage has the highest.

* The HRS offers environmental savings costs for solar, wind, biomass, hydropower, and pumped
storage of up to 0.783 €, 0.339 €, 0.141 €, 0.027 €, and 1.356 € per day, respectively.

* Although renewable energy sources have relatively low environmental impacts, it is essential to
incorporate thermal recovery systems, as the long-term savings are worthwhile.

3. Social

Renewable energy sources have lower environmental effects compared to conventional sources,
promoting a healthy environment and clean society. However, some disadvantages exist depending on the
energy source used, such as noise pollution, bird strikes, and high temperatures. This highlights the
importance of integrating heat recovery systems into every energy system, even those considered clean and
renewable. While the environmental impact may appear minimal, it makes a significant difference in the
long run. Saving energy translates to economic, environmental, and social benefits in both the short and
long term. Furthermore, it promotes system sustainability, ultimately leading to a healthier society.

In the coming chapter, a fundamental study on integrating TEGs and VGs in two rectangular channels
is held to study the power generation that the TEGs can provide on different configurations by varying the
Reynolds number. Finally, according to this study, the power generated that a heat recovery system can
provide through different configurations. Five configurations will be examined, the first configuration is
with no TEGs and no VGs as a reference case, the other cases will be as the following two cases with
different displacements of TEGs without integrating VGs, and the other two cases are the same but with
the presence of pattern of VGs (Delta Winglet pair). The power generated in the flow and TEG of each case
will be studied as well and compared to the other configurations.
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Chapter IV: Pioneering Hybrid Heat Recovery Systems: Thermoelectric
Generators as Insulators and channels boosted by vortex generators

Résumé (en francais)

Les générateurs de vortex sont des outils trés efficaces pour accroitre le transfert de chaleur d'une région
a une autre, en particulier par convection, et semblent &tre un concept trés prometteur a coupler avec des
systémes de récupération de chaleur. D'autre part, les générateurs thermoélectriques (TEG) sont des
dispositifs capables de convertir les différences de température en énergie électrique en utilisant 1'effet
Seebeck, leur principal avantage étant de fonctionner avec des différences de température élevées, voire
faibles. Ces modules TEG pourraient étre des outils trés efficaces dans I'hybridation de systémes de
récupération de chaleur. Dans ce contexte, le présent article suggére un systéme innovant qui combine trois
axes énergétiques importants tels que la récupération de chaleur, les TEG et les générateurs de vortex.
L'étude actuelle utilise un TEG dans un canal rectangulaire pour analyser l'influence du TEG sur
'écoulement et l'effet de 1'écoulement turbulé sur la production d'énergie électrique afin d'évaluer la
viabilité de ce concept récemment proposé. L'enquéte est menée en faisant varier le nombre de Reynolds
dans une plage de cinq valeurs : 1000, 2000, 4000, 7000 et 10000, en appliquant six configurations
différentes. Par conséquent, les résultats montrent que plusieurs facteurs affectent la puissance électrique
générée par le TEG, tels que I'emplacement, 1'angle d'attaque et la présence ou I'absence de générateurs de
vortex. D'autre part, la chaleur récupérée par 1'écoulement est influencée par le TEG et le nombre de
Reynolds, ou la récupération de chaleur la plus élevée est atteinte & Re = 10000 pour la configuration 4
avec une puissance ¢électrique de 7,4 W, et pour la configuration 5, la chaleur récupérée par I'écoulement
estde 1913 W. En outre, il a été conclu que les TEG réduisaient les pertes des deux cotés chaud et froid de
1,42 fois.
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IV.1. Introduction

Enhancing heat transfer from a surface to the surrounding atmosphere is an ongoing area of research
aimed at optimizing energy utilization. Within the realm of heat transfer, turbulent flow systems hold
significant importance. Among the strategies employed to improve heat transfer efficiency and reduce
pressure drop, Vortex Generators (VGs) play a crucial role. VGs can be defined as protrusions on the heat
transfer surface that induce swirling motion around an axis, generating vortices. They are categorized based
on their various types, forms, and geometries [354].

VGs, also referred to as interrupted surfaces, significantly enhance convective heat transfer processes in
compact heat exchangers. While VGs are effective and passive devices that enhance heat transfer, it is
important to note that they do cause a pressure drop, as depicted in Figure IV.1 [407]. Therefore, the
implementation of VGs requires careful analysis to identify the critical design that maximizes heat transfer
enhancement while minimizing the impact on pressure drop.

‘i&&&&&ﬁ@@hwr\
( thickness. )

Mix the flow along the |
~ boundary region “’“MMM”*;”“\
| | | Cause pressure drop |
Induce secondary ﬂowr B ( Cause pressure P
-

Figure IV.1: Pros and cons of Vortex Generators (VGs)

Thermoelectric Generators (TEGs) are devices that can generate electricity by utilizing temperature
differences. Through the phenomenon known as the Seebeck effect, the heat flux is converted into electrical
energy. TEGs offer numerous advantages, such as their ability to operate even with very low-temperature
differences, their simple design, easy integration, and the absence of moving parts, resulting in quiet
operation. However, TEGs are known to have a drawback, which is their relatively low efficiency [342].
To address this limitation, researchers are actively exploring methods to increase TEG efficiency and
exploring innovative structures such as flexible, wearable, or micro-TEGs. These advancements expand the
potential applications of TEGs across various domains.

In current times, heat recovery has become an indispensable element in nearly all designs [172]. These
systems find utility in various domains such as industrial and small-scale applications, ventilation and air
conditioning systems, refrigeration systems, sewage systems, swimming pool systems, and numerous
technological processes [354]. The significance of heat recovery systems stems from their two primary
advantages. Firstly, they curtail energy consumption, thereby lowering the associated costs, with heat
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recovery systems achieving efficiencies as high as 90% in certain applications [60]. Secondly, they lessen
the emission of CO,, a critical concern in today's world [206].

Furthermore, with the rising costs of energy and the depletion of natural resources, there is a growing
demand for heat recovery systems that can efficiently capture, and harness wasted energy, aiming to
conserve over 90% of this energy to address environmental issues [408]. Previous research has shown that
by incorporating hybrid heat recovery systems, which involve the integration of multiple systems, the
thermal recovery efficiency can surpass 28%. This results in a performance coefficient that is up to 2.2
times higher than that of traditional processes [354]. Consequently, further investigations have been
conducted in the field of heat recovery to enhance its overall performance. The optimization of heat
recovery systems has been demonstrated through two approaches: (1) enhancing energy transfer by
employing techniques like turbulators and vortex generators (VGs) to augment the flow [409], and (2)
employing hybridization, which involves the integration of multiple heat recovery systems to capture
additional energy. However, no previous studies have explored the simultaneous combination of these two
approaches. Therefore, the novelty of this study lies in the integration of both techniques to further enhance
the system's performance. The originality of the present study is demonstrated through the following
contributions:

1. Integration of hybridization and thermoelectric generators (TEGs) to optimize the heat recovery
process. By incorporating TEGs into the heat recovery system, dual benefits are harnessed electricity
generation and improved heat transfer.

2. Conducting various configurations and comparing them under different flow conditions.

Development of an approach and methodology that can aid future studies and systems in this domain.

4. Introduction of a novel numerical approach that incorporates the consideration of the Thermoelectric
Generator (TEG) as a variable source term or a heat sink that absorbs thermal energy. In this method,
the TEG source term is dynamically updated at each iteration of the solution procedure.

(98]

1V.2. Materials and methods

IV.2.1. System description and methodology

In this study, six configurations are examined, with configuration 0 (noted CO0) serving as a
reference case, while the other five cases involve different designs that are compared to the
reference case. All six configurations feature the combination of two rectangular channels joined
together, with air serving as the working fluids. In a counter-flow arrangement, hot air enters
channel 1 at a temperature of 773 K, while cold air enters channel 2 at a temperature of 293 K. Each
rectangular channel has dimensions of H =40 mm, W =200 mm, and L = 1000 mm as depicted in
Figure IV.2 (a). The inlet temperature of the hot and cold air is 500 and 20 °C, the channel is
exposed to outside heat convection coefficient of 20 W/(m2K).

The six studied configurations are presented in Figure IV.2 as follows: Configuration 0, which
is the reference case, consists of two rectangular channels with no TEGs or VGs which is referred
to as an empty case as depicted in Figure IV.2 (a).

To enhance heat transfer, five rows of Vortex Generators (VGs) are employed in both channels,
thus configuration 1 (noted C1) consists of two rectangular channels with five rows of VGs in each
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channel. The VGs are Delta Winglet placed as displayed in Figure IV.2 (b). To clarify the design
Figure IV.2 (c) shows in detail the emplacement of VGs along the channels and Table IV.1 shows
the dimensions of the design and the VGs.

Toutside = 200(:,
houtside =20 W/(mzK)

Hot Channel

2H Cold Channel

Delta Winglet
VGs

(b)

-

=)

=)

S G .

Isometric view A Side view

Top view
©)

Figure 1V.2: Parameters of the studied design (a) Configuration 0 (noted C0), No VGs no TEGs
(reference case), (b) Configuration 1 (noted C1), side and front views, five rows of Delta winglet VGs in
each channel, no TEGs, and (c) the dimensions of the design and implementation of the VGs.
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Table I'V.1: Dimensions of the system

Channels Mm Placement of VGs Mm
L length 1000 ¢ the distance between the heads of VGs 8
4 Width 2000 d the distance between the rows of VGs 210
H height 40 e the distance of the first VG from the entrance 40
VGs f  the distance from the side wall to the head of 96
VG
A Dimensions 39 Angles Degrees
B of VGs 80 a the angle of rotation of VG to the x-axis 30°

Table IV.2: Properties of the adopted TEGs and air characteristics

To create a hybrid heat recovery system, thermoelectric generators (TEGs) are integrated into
the design, where the hot surface absorbs heat, while the cold surface is maintained at a lower

temperature through cooling. This temperature difference between the hot and cold surfaces triggers

the Seebeck effect, enabling the direct conversion of heat into electricity. The thermophysical
properties of the TEGs used in this study are presented in Table IV.2. This study uses TEGs all
over the channels with each TEG is of 40 x 40 mm, the surface area of TEGs depends on the design
as will be mentioned in each configuration. In each TEG, there exist 127 N and P legs each has a
width and length of 1.4 and 1.6 mm respectively.

To maximize the output power, it is assumed that the internal and load resistance are equal,

where the maximum power is in function of the electric resistance as shown in the following

equations:

Maximum power =

§% AT?
4 R?

EqIV.1

where R is the internal resistance and external resistance that is equivalent to 0.0236 Q, S'is the
Seebeck coefficient, AT is the delta temperature between the hot and cold sides.

Parameters Unit Value
Parameters of TEGs

. P-type V.K! Sp =2.2684E-04
Seebeck coefficient () N-type VK Sy = - 2.2684E-04
Length of P and N legs (/) Mm In=1lp=106
Width of P and N legs (w) Mm wy =wp =14
Thermal conductivity (k) W. m!.K! ky=kp=1.52
Electric resistivity (p) Q.m py = pp = 1.45E-04
Parameters of the air
Density kg.m? 1.225
Specific heat at constant pressure J. kg'K! 1006.43
Thermal conductivity W. m!K! 0.0242
Viscosity kg. mls’! 0.000017894
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The computational model employed in this research is presented in Figure V.3, featuring a hot
air flow channel, a cold air flow channel, and the TEG. The TEG is positioned in various
configurations, and each TEG is applied to specific conditions. The cold side is exposed to the
surroundings and applied to a constant temperature of 20 °C and heat convection of 20 W/(mK)
respectively as illustrated in Figure IV.3, however the hot side is exposed to the hot flow or cold
flow of the channel both having variable heat convection coefficient and temperature that is higher
than 20 °C. These values are depending on the flow and determined by the simulation:

Tuutside =20°C
huutside =20 W‘m-Z‘K-l

\V
N

40 mm

Tﬂow, hﬂow

Figure IV.3: TEG boundary conditions in configurations 2, 3, 4, and 5.

Configuration 2 (noted C2) consists of two rectangular channels with seven TEGs, one TEG
located in the middle between the two channels and six TEGs located at all the walls of the two
rectangular channels as illustrated in Figure IV.4 (a). The surface area of the TEGs is 760000 mm?2,
which is equivalent to 475 TEGs.

Configuration 3 (noted C3) consists of two rectangular channels with six TEGs located at all the
walls of the channels as shown in Figure [V.4 (b). The surface area of the TEGs is 560000 mm2,
which is equivalent to 350 TEGs.

Configuration 4 (noted C4) is based on configuration 2 in addition to the presence of five rows
of VGs as depicted in Figure V.4 (¢). The surface area of the TEGs is 760000 mm2, which is
equivalent to 475 TEGs.

Configuration 5 (noted C5) is based on configuration 3 in addition to the presence of five rows
of VGs as illustrated in Figure IV.4 (d). The surface area of the TEGs is 560000 mm?, which is
equivalent to 350 TEGs.
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TEG 1
TEG 2  TEGT TEG 3
TEG 5 iTEG4
| TEG 6
TEG 1
TEG 2 E TEG 3
TEGS TEG 4
TEG 6
(b)
TEG 1
TEG 2 “““““"““TEG3
TEG 5 ‘ TEG4
TEG 6
(c)
TEG 1
e N LT
TEG 5 7 TEG 4
== TEG : : ]
TEG 6

(d)

Figure IV.4: Parameters of the studied design (a) configuration 2 (noted C2), side and front views, seven
TEGs placed in the design, no VGs, (b) configuration 3 (noted C3), side and front views, six TEGs placed
in the design, no VGs, (c¢) configuration 4 (noted C4), side and front views, seven TEGs placed in the
design, with five rows of VGs, and (d) configuration 5 (noted C5), side and front views, six TEGs placed
in the design, with five rows of VGs.

149



Chapter IV.

Pioneering Hybrid Heat Recovery Systems: Thermoelectric Generators as Insulators and channels boosted by vortex generators

The numerical simulations are conducted using Ansys Fluent software, with different
configurations being analyzed. The Reynolds number of the hot and cold flows varied across a
range of five values: 1000, 2000, 4000, 7000, and 10000. This variation in Reynolds number
affected other input variables such as mass flow rate, heat capacity, and heat transfer. Consequently,
each Reynolds number value resulted in different output performance parameters, including the
Nusselt number, overall heat transfer ratio, and required power.

To assess the improvements of each case compared to the no vortex generator (VG) reference
case, and to facilitate a comparison among the five cases, these performance parameters were
normalized by the performances of configuration 0. By normalizing the parameters, the study aimed
to evaluate the enhancements achieved in each case relative to the reference cases, as well as to
enable a comprehensive comparison among the different configurations.

IV.2.2. Governing equations

In the following study, the fluid flow is governed by the three-dimensional (3D) steady-state
Reynolds-averaged Navier-Stokes (RANS) equations. These equations represent the fundamental
principles of fluid motion for an incompressible Newtonian fluid and consist of the continuity
equation and the momentum equations.

The continuity equation ensures that mass is conserved within the fluid flow, which is
represented as follows:

V.(pV)=0 EqIV.2

The momentum equations describe the conservation of momentum and can be written as:

. 2., 7,74,7
Jdu_op 0w owy EqIV.3
1 6xi 6xi axjaxi axj

where the term w;u; is the Reynolds stress due to the change of velocity.

Besides, the turbulent flow is considered wherever the shear-stress transport (SST) k — w model
established by Menter [349] is employed, which are stated below:

0 ok EqlIV.4
a_xi (Fk)a G — Y q

p— (wu;) =
axi ¢ i

9 0w EqIV.5
pa_xi(wui) - (’)x]- (Fw) (’)x]- Ga) Ya) + Da)

where G, represents the generation of turbulent kinetic energy due to gradients of mean velocity.
G,, defines the generation of w. Y}, and Y,, denotes the dissipation of k and w owed to turbulence
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and D,, signifies the cross-diffusion term. For the kK — w model, the effective diffusivities r; and
r,, models are known as follows:

r = “+ﬁ—; EqIV.6
r, = u+g—f EqIV.7

where g3, and g, denote the Prandtl numbers for k and w respectively, and u; represents the
turbulent viscosity.

Energy balance in a control volume is

pC, (V.VT) = kV (VT) = ¢, EqIV.8

NSZAT?. . . .
VTR the rate of energy production per unit volume. N is the number of couples,

S is the seebeck effect (the values are specified in Table IV.2), AT is the temperature difference
across the TEG, R is the electric resistance of the load, which is equal to the internal resistance as
well, and V is the volume of one TEG element as described in Figure 3. The temperatures of the
hot and cold flows in the channel are 500 °C and 20 °C respectively. The walls of the channels are
exposed to an ambient temperature of 20 °C and a heat convection coefficient of 20 W/m?K. For
the configuration with TEGs at the walls of the channel walls, heat transfer occurs between the
walls and TEGs following the equation:

where €g = —

chhannel - —k dTTEG
dx TEG — gx

_kch
EqIV.9

where £ is the thermal conductivity.

Pumping power and heat transfer loss

Pumping power is the energy required to move fluid in the hot and cold channels, while heat
transfer loss represents the inefficiencies in dissipating thermal energy, and heat exchange
represents the thermal energy covered by the cold flow which are shown by the following equations:

m AP

Pumping power = p— EqIV.10
Gioss = h A ATy EqIV.11
Qexchange = M Cp AT 5 Eq1V.12
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where AP, m, p, Cp, and h are the delta pressure, mass flowrate, density, heat specific, and heat
convection coefficient of the flow, however, 4 is the area of the surface exposed to the outside AT;
is the temperature difference across that surface which means the difference of the temperatures of
the flow and the outside, and AT, is the temperature difference between the two flows across the
hot and cold channels.

Net pumping power output

Net pumping power output indicates the excess power after deducting the pumping power, it is
calculated as follows.
pumping power

Net pumping power output = Prgg — - EqlIV.13
pump

where &,,,m, 18 the efficiency of the pump used to run the flow which is taken as 50%, Prgg is the
power produced by the TEGs.

Thermoelectric term

The originality of this study is considering TEG as a source term or a heat sink that absorbs
thermal energy using the user-defined (UDF) function in Ansys. UDF is a custom code that the user
programs to enhance the standard features of Ansys, it allows users to define and implement their
own customized features and behaviors within the software. In this case, the TEG is considered as
a source term and is dependent on the temperature of the flow that is variable. Then a code is linked
to the design to update the boundary conditions at the TEG, where the TEG is executed at every
iteration. Figure IV.5 (a) provides a clear elucidation of the process.

This method is accurate as the source term is dynamically updated at each iteration of the
solution procedure, so the results are obtained after reaching convergence 10 and 10°® for the
results of the flow equations and energy equation as illustrated in Figure IV.5 (b).
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Define the problem [ set up the model with TEGs |
v

Create a C source file and thermophysical properties

Initial boundary condition T, Re]

v
[ Create a C file and Hook UDF to Ansys ]
Start Ansys and read the case file 7
[ Run calculation (number of iteration 1000) ]
v
Interpret the source file
Hook UDF to Ansys Calculation process o
Energy equation, momentum equation, +
temperature and heat convection of the flow... I
Run calculation Y
Convergence No T
Analyze the numerical solution
Yes
Y
End
(a) (b)

Figure IV.5: Process of (a) integrating UDF with Ansys Fluent and (b) calculating the output results until
reaching convergence.

IV.2.3. Numerical validation

To validate the results obtained for the simulation of the Thermoelectric Generator (TEG), a
comparative study with an analytical approach and previous work is held as presented in Table
IV.3. The electrical power presented in equation 1 in each study is calculated and compared to the
results obtained in two different studies.

First, an analytical approach is employed by calculating the electrical power using equations by
a TEG device that undergoes specific boundary conditions. The cold side of each TEG is applied
to a temperature of 30°C, however, the boundary conditions of the hot side is 150°C as shown in
Figure IV.6. Second, the results of a previously published study by Chen et al. [410] are used. They
investigated the power output of a TEG under the same boundary conditions, namely a hot
temperature of 423 K and a cold temperature of 303 K.

Then, the three results are compared, and the values are recapitulated in Table IV.3. Upon
analysis, it is observed that there exists a slight discrepancy in the electrical power obtained from
the three cases with a percentage difference of less than 2% compared to Chen et al. [410] study
and analytical solution. This observation provides further validation for the numerical study
conducted.
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Figure IV.6: Schematics of physical configuration system with a 40 mm % 40 mm used for the
numerical validation.

Table IV.3: Numerical validation with previous and analytical studies

Study Electrical power (W)
Chen et al. [410] 3.9

Analytical solution 3.98

CFD solution 3.9805

IV.2.4. Mesh Sensitivity

A polyhedral cell mesh is employed for all simulations conducted in the present study. An
independent investigation of the mesh is carried out at the highest Reynolds number (Re) 10000 for
the inlet cold and hot flows. The mesh refinement is applied to the Thermoelectric Generators
(TEGs), channel walls, and the Vortex Generators (VGs), in the configurations where TEGs exist.

During the mesh refinement process, the size of the element cells is systematically reduced until
the variation in heat transfer in the hot channel, power generated by the TEGs, heat transfer loss to
the outside, and pumping power to drive the flow reach a maximum deviation of 3.20%. In the
near-wall regions, fifteen mesh layers are selected, and the height of the first grid point is carefully
determined to ensure that the resulting y+ value remains below 1 across all utilized meshes.

For all simulations conducted, the chosen mesh corresponds to the configuration outlined in case
3 of Table IV.4, consisting of a total of 5,497,570. The refinement ratio employed exceeds 1.1,
indicating a significant increase in mesh resolution from coarser regions to finer regions.

Table 1V.4: Mesh study

Qhot (exchange PTEG total Qoss toal  PUMPING POWET Toal
Mesh Nb of elements (W) (W) (W) (W) W)
1 \ 1640169  1858,02 741,658 7,01918 1111,67 0,256528
2 \ 2634039  1880,04 753 7,19678 1122,47 0,259411
3 \ 5497570  1897,56 771,379 7,36413  1121,38 0,267973
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IV.3. Results and Discussion

The results of this study are categorized into two main parts: qualitative and quantitative results.
The qualitative findings provide insights and observations based on temperature contours among the
configurations, to show how heat transfer is behaving with different inputs. On the other hand, the
quantitative results present the values of different parameters that evaluate the performance of each
category under different mass flow rates. This dual approach provides a comprehensive understanding
of heat transfer behavior.

IV.3.1. Qualitative Study

Table IV.5 (a) demonstrates the scale of the temperature at a plane centred at the middle of the
rectangular channel, and Table IV.5 (b) displays the transfer of thermal energy from the hot channel
to the cold one at different Reynolds numbers. The contour shows the temperature profile with the
same scale in all the profiles. The temperature profile of all the contours is taken at 500 mm from
the entrance and exit, i.e. at the middle of the channel in the longitudinal direction. Table IV.5
shows the contours at different Reynolds numbers of hot flow (10000, 4000, and 1000) with the
highest and minimum Reynolds numbers of cold flow (10000 and 1000).

Table IV.5: Temperature contour of configurations 4 and 5 and temperature scale.

Reno Recol Configuration 4 Configuration 5

10000

10000

1000
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According to the obtained results presented in Table IV.5, the main conclusions could be drawn
as presented below:

1-

2-

The heat transfer in both configurations is almost the same, however, there exist some
differences in the variation of the Reynolds number.

In both configurations, at laminar Re..s, the gradient temperature between the two flows is
low. However, at turbulent Re...s, the gradient temperature is high. This can be seen because
the blue colour is more uniform in the case of Recows high than for Recois low, which means a
lower temperature of the cold channel and then a higher temperature difference between cold
and hot channels when Reco. is 10000. This difference can be attributed to the lower velocity
of the cold flow, which allows the temperature to undergo a greater variation compared to
the case of higher velocities. This justifies the higher temperature of the hot flow when the
cold flow is laminar, where it is noticed from Table 5 that at laminar cold flow, the hot flow
has a high temperature. However, at turbulent cold flow, the hot flow has a lower
temperature. These findings indicate that turbulent cold flow conditions involve
enhancements in heat transfer.

At elevated Reynolds number values of the hot flow, it is observed that C5 exhibits superior
heat transfer compared to C4, as evidenced by the lower temperature of the hot flow. This
enhanced heat transfer in C5 can be attributed to two primary factors. Firstly, C5 lacks a
TEG between the hot and cold channels, thereby facilitating heat transfer without the
presence of thermal resistance from the TEG. Secondly, the absence of the TEGs between
the cold and hot channels allows the TEGs at the sides to be interconnected as noticed in
configuration 5 (Table 5). This interconnection between the sides of the TEGs increases the
surface area of heat exchange leading to an additive conduction heat transfer. This side of
the TEGs appears to be very small, however, along the channel, it could make some
difference especially since the contours show how the heat is passing through the TEGs from
the hot side to the cold one.

IV.3.2. Quantitative Study

In the quantitative analysis, the performances of different configurations are evaluated based on

four main parameters, presented in three sections:

Net pumping power output, which refers to the increased heat transfer provided by VGs in
relation to the pressure loss they induce,

Heat transfer gexchange, which means the heat exchanged between the hot flow and the cold
flow, heat losses giosses, Which means the heat lost to the surroundings.

Heat losses in the hot channel (giosses hor) and heat losses in the cold channel (Giosses cola), indicate
how the losses are distributed in both channels.

IV.3.2.1. Net pumping power output

The net power output parameter displays the amount of power that the TEGs might
generate after deducting the pumping power into account. This parameter is studied to
verify if the VGs are causing more pressure drop than gaining electrical energy as presented

157



Chapter IV.

Pioneering Hybrid Heat Recovery Systems: Thermoelectric Generators as Insulators and channels boosted by vortex generators

Net power output (W)

Net power output (W)

in Figure IV.7. The pumping power is taken at a pump of 50% efficiency and the net power
output is obtained through equation 13. Figure IV.7 shows the net pumping power output
of all the configurations for different Reynolds numbers. Each graph shows the variation
of the net pumping power output as a variation with the Reynolds number of the cold flow.
In terms of electric power, configuration 4 has the highest electric power at Renor= Recoia=
10000 with an electric power of 7.5 W and net electric power of 6.5 W.
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Figure IV.7: Net pumping power output for different Res (2) 10000, (b) 7000, (c) 4000, (d) 2000, and (e)

1000.

As shown in Figure IV.7, the curves have the same scale. The net pumping power output
of all configurations is observed to be highest at high Reynolds number values of the hot
flow. C4 exhibits the highest net power output, surpassing C5, C2, and C3 by factors of
1.81, 1.62, and 2.40, respectively. This is attributed to C4's robust power generation
capability, exceeding 7.4 W. Additionally, the electric power increases with an increase in
the Reynolds number of the cold flow. Similarly, for C2, the power output increases,
surpassing C5, as both configurations (C2 and C4) incorporate a thermoelectric generator
(TEG) between the two channels. However, C4 outperforms C2 due to the presence of VGs
within its channels, enhancing the electric power output.

Furthermore, configurations 5, 3, and 1 demonstrate contrasting behavior compared to
configurations 2 and 4 at turbulent Re values of the hot flow. In the former configurations,
power generation decreases with an increase in the Reynolds number of the cold flow. This
can be attributed to the presence of the TEG in the middle, where higher Re values of the
cold flow result in increased heat convection, subsequently leading to higher electrical
power output. However, for C5, C3, and C1, the higher Reynolds number of the cold flow
necessitates greater pumping power, resulting in a lower net pumping output power. This
decrease occurs because the absence of a TEG in the middle and the presence of TEGs at
the walls do not compensate for the increased pumping power. At laminar Reynolds
number values of the hot flow, the electrical power slightly increases. However, this
increase does not offset the rise in pumping power, leading to a decrease in the net pumping
power output.

Moreover, it is important to note that the absence of TEGs requires additional power to
pump the flow, as depicted in Figure IV.7. Configurations 0 and 1 exhibit negative values,
indicating the need for an external power supply. CO necessitates less pumping power than
C1 due to the absence of VGs, which contributes to less pressure drop. C1, on the other
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hand, requires up to 4.25 times more power than C0. Table IV.6 shows a summary of the
net power output with the variation of Reynold numbers in the hot and cold channels.

Table IV.6: Summary of the net power output with the variation of Reynolds number

Rejo C0 and C1 C2 and C4 C3 and C5
Net power output ~ Net power is positive ~ Net power is positive
is negative as and increases with the  however decreasing
there is no increase of Recou, with the increase of

Turbulent . .
generated power reaching 4.7 and 7.5 Recou, reaching 3 and
to pump the flow W for C2 and C4 4.5 W for C3 and C5

respectively. respectively.
. The behaviour of the net output power is similar to the turbulent Rej
Laminar

however on a lower scale as the generated power is decreased.

1V.3.2.2. Heat exchange (qexchange) and heat losses (qlosses)

The variation of the heat transfer from the hot channel to the cold channel depends on
the Reynolds number. Heat transfer is classified into (1) heat losses, which is the heat
transferred to the outside, and (2) heat exchange, which is the heat transferred from the hot
flow to the cold flow. Figure IV.8 shows the variation of heat losses in the cold and hot
channels to the variation of Recois and Repor.

At high Ren,: (10000, and 7000), it can be observed from Figure IV.8 that configuration
5 exhibits the highest energy capture. This is primarily because configuration 5 lacks the
presence of a TEG between the two channels, leading to reduced thermal resistance
between the hot and cold flows. On the contrary, configuration 4 experiences lower heat
transfer at higher Reso; due to the TEG's presence in the middle, limiting the heat exchange
between the channels and resulting in a lower gexchange-

However, at lower Rex: (2000, and 1000) and high Re.s, configuration 4 demonstrates
the highest heat transfer, surpassing configuration 5 by more than 10 W. This difference
can be attributed to the significant losses in configuration 5, which the Gexchange fails to
compensate for, making it lower than configuration 4.
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In other words, at turbulent Reso, C5 has the highest heat transfer, however, at laminar
Reyor, C4 has higher heat transfer than C5. This is due to higher heat losses in configuration
5, which the gexcrange can no longer compensate for.

Furthermore, at low Rex:and high Reco.s conditions, the flow in the cold channel takes
precedence over the hot flow. This leads to a situation where the U value between the two
flows and the U value between the cold channel and the outside environment are almost
equal. As a result, the losses for configuration 5 (C5) are higher at low Rej, compared to
the losses at high Rey.:. This observation is supported in the subsequent section, where it is
evident that in configuration 5, the temperature range in the hot channel remains relatively
low, while the temperature range in the cold channel becomes significantly higher. In other
words, at a laminar Rej, and turbulent Re...s, heat is transferred to the cold side with low
velocity in the hot flow. This causes a reduction in heat convection, resulting in an increased
temperature gradient between the flow and the surrounding ambient temperature.

As a consequence, it becomes easier for the heat to escape to the outside environment
rather than flow through the cold channel, mainly because the outside temperature is
maintained at 20°C, whereas the cold channel temperature is higher than 20°C.

On the contrary, configurations incorporating VGs such as C1, C4, and C5 exhibit the
highest losses, mainly because of the VGs' presence. Conversely, C2 and C3 experience
the lowest losses. When comparing C2 and C3, it becomes apparent that C2 consistently
demonstrates higher losses than C3. This can be attributed to the TEG's presence in the
middle of C2, which reduces the heat transfer between the flows, resulting in a higher
temperature within the hot channel. Consequently, a greater difference arises between the
ambient temperature and the temperature inside the channel, leading to an augmentation in
heat losses.

Besides, it is noteworthy that the inclusion of TEGs leads to a reduction in gjosses across
all cases. Configurations 4 and 5, which incorporate TEGs, demonstrate lower losses
compared to configuration 1, which lacks TEGs. Specifically, configuration 5 exhibits even
lower heat losses than configurations 4 and 1, providing evidence that the presence of TEGs
effectively reduces heat losses.

On the other hand, configurations C2 and C3 stand out for their exceptionally low losses
and heat exchange. This is attributed to the absence of vortex generators (VGs) in these
configurations, which results in reduced heat transfer and, consequently, minimized losses.

Figure IV.9 illustrates the sequence of enhancements for the configurations across
various Reynolds numbers (Re). Notably, no single configuration exhibits the greatest
improvement across all conditions; however, this trend is influenced by the variation in the
Reynolds number. Noteworthy is the presence of an inflection point at Re = 4000, which
represents the initial threshold of the turbulent regime. At this critical point, there is a
prominent transformation, primarily observed in configurations C4 and C5, where they
transition from being associated with the highest improvements to assuming a lower
position in the improvement ranking.
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Figure IV.9: Summary the order of configurations with the variation of Reynolds
numbers

IV.3.2.3. Heat losses cold (Giosses coid) and heat losses hot (Giosses hot)

In the previous section, total heat losses are studied with the heat exchange from the
cold channel to the hot one, where it shows that the presence of TEGs lower the total heat
losses. In this section, to understand the behavior of the heat transfer in each configuration,
the heat losses on the cold and hot sides are studied separately, which are also normalized
by configuration 0. Figure IV.10 presents the evolution of heat losses as a function of
different Reynolds numbers. As noticed, C5 has the highest heat losses in the cold channel,
this could be attributed to the reason of having the highest heat transfer occurred, resulting
in high temperature in cold flow and thus more heat loss. However, the losses in the hot
flow are the highest at C1, C4, then C5: this could be due to the higher temperature in hot
flow for C1 than C4 thus higher heat losses in the hot side.

Heat losses are high due to two main reasons: (1) the thickness of the TEG is very small,
which leads to create low thermal resistance, (2) the temperature gradient across the hot
channel and surrounding temperature is higher than the gradient temperature between the
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hot and cold channels, so it is easier for the heat to be transferred to the lower temperature
which is surrounding than towards the higher temperature which is the cold channel.
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Figure 1V.10: Heat losses normalized by configuration 0 for different Rex., (a) 10000, (b) 7000, (c) 4000,
(d) 2000, and (e) 1000.
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Moreover, it is noticed that when the Reynolds number of the hot flow increases, the
rate of heat losses in the cold flow increases. Although the graphs in Figure IV.10 show
that the normalization of gosses in the cold flow is very high, however, the value of the giosses
cold are very low, since the maximum value reaches 17.97 W at Reynolds number 10000 of
hot and cold channel in configuration 0. On the other side, the highest value of gisses in the
hot channel reaches 1122 W. Table IV.7 shows a summary of the heat losses in turbulent
and laminar regions.

Table IV.7: Summary of the heat losses in both channels cold

Recola Laminar Turbulent
Rejor
Laminar  C5 has the highest losses in the cold channel. On the other side, C1 then C4 have the
highest heat losses in the hot channel. The cases with no VGs (C2 and C3) have the
lowest heat losses due to the absence of VGs

Turbulent

IV.4. Conclusions and recommendations

In this study, the focus is on investigating a hybrid heat recovery system. A total of six distinct
configurations are analyzed, involving the manipulation of the Thermoelectric Generator (TEG)
location and the inclusion of vortex generators (VGs) within the channels to enhance heat transfer.

The first two configurations served as reference cases. Configuration 0, referred to as the "empty
case", had no VGs nor TEGs. Configuration 1 incorporated VGs but did not include TEGs.
Configuration 2 featured TEGs positioned between the channels, while configuration 3 had TEGs
located above and below the hot and cold channels. The last two configurations C4 and C5 mirrored
configurations 2 and 3, respectively, but with the addition of VGs. The objective of these
configurations is to assess the combined impact of both the TEG and VGs on the heat transfer
performance of the system. The conclusion of all the configurations is highlighted as follows:

e Higher Reynolds numbers in both channels increase heat transfer and heat losses.

e Integrating VGs increased both heat losses and transfer, in all configurations.

e The presence of TEGs decreased the heat losses by up to 2%. Although the percentage is small
and it was expected to have a higher recovery, however the high-temperature difference and the
low thickness of the TEGs did not help in decreasing the thermal losses.

e [t is concluded as well that there is no specific better configuration since it depends on the
application or usage. For instance, configuration 5 is better than C4 in terms of heat transfer,
however, configuration 4 is better in terms of electrical generation.

e Besides, it is concluded that at low Reo, the enhancement of heat transfer of configuration 4 is
better than that of configuration 5 due to the higher thermal losses of C5.

In conclusion, configurations 4 and 5 showed interesting results in general and this study opens the
gates to more research especially coupling the heat recovery with TEGs, as TEGs are being studied
recently to enhance their material properties and obtain better outcomes.

165



Chapter IV.

Pioneering Hybrid Heat Recovery Systems: Thermoelectric Generators as Insulators and channels boosted by vortex generators

Recommendations

This study has yielded several noteworthy findings that hold significant potential for further
research and exploration, several recommendations for new research ideas can be put forth:

e Carry out a study on adding two cold channels above and below the hot channel, insulating
the sidewalls, and integrating TEGs between the hot and cold channels. This study could result
in higher heat recovery and lower thermal losses.

e Integrate TEG inside a concentric tube heat exchanger with the interface annular tube being
the TEG, where the hot flow passes inside the tube and cold flow passes in the annular.
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Chapter V. Conclusions and Perspectives

V.1. Conclusions

In this thesis, a comprehensive literature review on heat recovery, hybrid heat recovery, and
thermoelectric generators is conducted. The findings underscore the importance of heat recovery in virtually
all energy-reliant applications. Depending on the application, various types of heat recovery techniques are
employed. The Concentric Tube Heat Exchanger (CTHE) is among the most widely utilized heat recovery
systems, owing to its numerous advantages such as a straightforward design, easy integration into diverse
applications, minimal maintenance due to the lack of moving parts, noiseless operation, and most
importantly, high efficiency. Furthermore, the literature review reveals that Vortex Generators (VGs) play
a crucial role in enhancing heat transfer, highlighting the need to not only integrate a heat recovery system
but also to maximize the capture of lost energy.

Based on these conclusions, a numerical study of a CTHE heat recovery system featuring VGs
positioned in various locations is conducted to identify the optimal placement of VGs concerning heat
transfer, overall heat transfer, and thermal enhancement factor. The results demonstrate that incorporating
VGs in all three locations improves the heat recovery system's performance; however, an optimal design
yields the highest performance. A thorough analytical examination of the three designs is conducted, with
justifications for the obtained results presented in Chapter II. The results show that case 1 has the highest
improvement with up to 2.1 times case 0, then case 2 with 1.8 and case 3 with 1.4 times more than case 0.

Having established the effectiveness of the proposed design, it is applied to a drain water heat recovery
system to evaluate the design's sustainability. A sustainable system must meet economic, environmental,
and social impact criteria, implying that the design should be affordable or possess a reasonable payback
period, be environmentally friendly, and not harm society. These three aspects are examined in detail in
Chapters III.1 and III.2, considering various types of heat sources, including four non-renewable and five
renewable sources. The sustainability of the design is assessed for each energy source, considering the
potential savings in terms of energy, economy, environment, and societal impact. In the multi-drain
application studies, case 2 (VGs inside the annular) was executed instead of case 1 (VGs inside the tube)
as the presence of VGs inside the tube with the water leaving the drain caused fouling problems more than
case 2.

The results demonstrate that heat recovery systems (HRSs) are highly effective for all types of energy
sources, yielding significant savings in economic, environmental, and social impacts. In non-renewable
energy applications, HRSs reduce energy consumption by over 30 % daily, translating to annual cost
savings of 2752 §, 3150 $, 1691 $, and 6434 $ for gas, diesel, coal, and electricity, respectively. In terms
of environmental savings, annual savings are 417 €, 637 €, 1774 €, and 5500 € for gas, diesel, coal, and
electricity-based fossil fuels, respectively.

Regarding renewable energy sources, the percentage of energy saved remains consistent, as the design
does not change, resulting in daily energy savings of up to 35 %. The equivalent economic and
environmental impacts differ; economically, the HRS saves up to 1322 $,909 §, 1844 §, 1322 §, and 2446
$ per year for solar, wind, biomass, hydropower, and pumped storage, respectively. These savings are
significant when considering the lifespan of renewable energy systems, which can exceed 20 years. In terms
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of environmental savings, employing the HRS yields annual savings of 286 €, 124 €, 52 €, 10 €, and 495 €
for solar, wind, biomass, hydropower, and pumped storage, respectively. Although these savings may seem
modest or even negligible, such as in the case of hydropower, it should be noted that this is due to the low
environmental impact of renewable energy sources. The environmental savings provided by the HRS
account for approximately 25 % of the total annual environmental impact.

Regarding the social impact, fossil fuels have significant consequences on society. Pollution emissions
contribute to an unhealthy environment, leading to increased diseases and a diminished quality of life.
Moreover, the extraction of fossil fuels through mining poses additional harm to society. Although it offers
job opportunities, the work environment is often hazardous for workers, leading to the employment of low-
cost labor in developing countries. Child labor in mining is a particularly pressing issue that negatively
affects society. The low educational requirements and lack of laws preventing children from engaging in
strenuous labor discourage children from attending school and pursuing better opportunities.

In comparison, the social impact of renewable energy sources is less severe. The environmental impact
of renewables is substantially lower, posing fewer threats to a healthy environment compared to fossil fuel
emissions. However, pollution generated by renewables should not be overlooked in the context of global
lifetimes. Reducing energy consumption ultimately leads to a lower impact and improved environment.
Employment in the renewable energy sector typically requires a moderate level of education and is less
physically demanding than fossil fuel-related jobs. Consequently, the proposed design is considered
successful in terms of economic, environmental, and social impacts for both renewable and nonrenewable
energy sources.

Lastly, a fundamental investigation of two rectangular channels to transfer heat from the hot channel to
the cold one was held. Various configurations were examined, incorporating vortex generators (VGs) and
thermoelectric generators (TEGs) at different locations, to assess the impact of their presence on heat losses
and power generation.

The findings reveal that the incorporation of VGs leads to an increase in heat losses; however, they also
contribute to higher power generation and enhanced heat transfer. Conversely, the presence of TEGs
reduces heat losses in both channels. The results demonstrate that the performance of heat transfer is notably
influenced by the Reynolds number conditions. Moreover, the TEGs demonstrated the potential to provide
up to 7.5 W, with a net power output surpassing 7 W.

It is worth noting that the observed heat losses were notably high, largely due to the absence of insulation
and the significant temperature difference. Therefore, it is strongly recommended to make several design
amendments aimed at reducing heat losses, which, in turn, will boost both heat transfer efficiency and
power production. These designs suggestions are presented in the recommendation section. By
implementing these improvements, the overall performance of the system can be significantly enhanced,
making it more practical and efficient for practical applications.
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V.2. Perspectives

As the studied system demonstrates promising results in various aspects, it is worthwhile to explore

further works on this topic. Several recommendations, categorized into different areas, are outlined below:

Design

The design can significantly impact the performance of heat recovery systems. Therefore, additional

studies should focus on design aspects, including:

Numerical parametric studies of two alternative designs, where the tube is replaced by a flexible TEG
with VGs in both the annular and tube sections.

Numerical parametric study of a simple geometry using TEGs as insulation on the outer wall of a
channel or heat exchanger to assess the potential for replacing conventional insulation.

Numerical parametric study of a concentric tube heat exchanger with materials matching those of
commercially available TEGs to identify locations with maximum temperature gradients.

A final numerical comparative study of various configurations based on the conclusions from the
fundamental study presented in this thesis, including Chapter V.

A further study involved a configuration with a hot rectangular channel situated between two cold
rectangular channels. This arrangement will facilitate the transfer of heat losses to the adjacent cold
channels rather than dissipating them to the external surroundings. This study will be a
complimentary study to the last chapter I'V.

Enhancement Tools

Additional enhancement methods beyond design and boundary conditions include:

Coupling the system with Machine Learning (ML) to detect the failure that could happen in the
system especially the design where the VGs are presented inside the channel.

Conducting an experimental study on the heat recovery design using Digital Twin (DT) technology
to enhance system performance.

In the multi-drain application studies, case 2 (VGs inside the annular) was executed instead of case
1 (VGs inside the tube) as the presence of VGs causes problems. However, when coupling the design
with ML or DT, case 1 can be used as the fouling and scaling problems can be predicted and resolved,
thus preserving high performance.

Other Applications

Examining the impact of HRS in different domains is crucial. The following recommendations suggest
alternative applications with the potential for significant thermal energy recovery:

Cooling electronic devices, where considerable thermal losses occur, and temperatures can reach 70
°C or even more.

Recovering thermal energy from the water used to cool nuclear plants.

Implementing HRS in underground solar power plants, where ambient temperatures may reach 50
°C, depending on the size of the facility.
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récupération de chaleur peut atteindre jusqu'a
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générateurs thermoélectriques (TEG) placés en
surface dans un échangeur de chaleur a tube

Récupération de chaleur hybride,
computationnelle, générateurs thermoélectriques,

générateurs de vortex, dynamique des fluides
énergie renouvelable, analyse du cycle de vie.

concentrique.

Pour augmenter le transfert de chaleur, des
générateurs de vorticité (VG) sont utilisés, de
sorte que I'écoulement en aval génére deux
tourbillons  contra-rotatifs. Les simulations
numériques de I'écoulement ont été menées
pour  différents designs et  plusieurs
configurations.

L'analyse du cycle de vie de la conception a été
mise en ceuvre dans une étude pratique avec
des sources d'énergie renouvelables et non
renouvelables afin d'étudier combien cette
conception permet d'économiser sur les plans
économiques et environnementaux.

Enfin, une étude fondamentale sur un systéme
hybride de flux de chauffage et de production
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Abstract: The constant increase in global
energy consumption leads to the depletion of
natural resources, high energy prices, energy
shortages, significant negative impacts on the
environment, but most importantly, large
amounts of thermal energy are observed to be
wasted in all energy-consuming systems, where
sometimes energy loss exceeds 60%.

In this context, recovering lost heat becomes
crucial, and in some cases, heat recovery can
reach up to 90%.

Therefore, our study is focused on a hybrid
energy  recovery system that utilizes
thermoelectric generators (TEG) located at the
surface of a concentric tube heat exchanger.

To enhance heat transfer, vortex generators
(VGs) are used so that the downstream flow
generates two counter-rotating vortices. The
study is held through numerical simulations of
the flow through different designs and
configurations.

Life cycle analysis of the design has been
implemented in a practical study involving
renewable and non-renewable energy sources
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benefits of this design.
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