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This thesis reports the results of research into the modeling and simulation of
a solar air-conditioning system for Morocco in the framework of the project "Solar
Cooling Process in Morocco (SCPM)" funded by the Research Institute for Solar En-
ergy and New Energies (IRESEN). The aim is to investigate the factors concerning the
optimization of a LiBr-H2O solar absorption chiller under Moroccan conditions. Fur-
ther, a number of design criteria, which can be used by designers of solar cooling and
heating systems, have been established using energy and economic considerations.
Accordingly, this thesis covers four aspects. The first overviews, through Chapter
2, the literature survey on solar technologies with a focus on solar cooling systems
which reports the relevant processes, summarizes the market status, presents the
recent developments of the most promising technologies and describes the main
performance indicators figuring in the literature. Chapter 2 describes also the exper-
imental aspect of the solar air-conditioning installation adopted in the SCPM project
to identify the important technical characteristics of the installation and the difficul-
ties encountered during the realization of the prototype.

The second dimension concerns the technical feasibility of solar air-conditioning
system and its integration in Moroccan building sector. Therefore, Chapter 3 focuses
on the modeling, design and performance optimization of solar absorption cooling
systems using energy and economic indicators taking into account the combined
effects of climates, building categories and cooling demands under Moroccan con-
ditions.

The third aspect presents the latent thermal energy storage using Phase Change
Materials (PCMs). In this way, Chapter 4 concerns the investigation of numerical
methods used in the modeling of phase change phenomena. To this end, a numerical
comparative approach and optimization of thermal energy storage by means of PCM
integration within solar hot water production system operating in dynamic mode is
presented. Besides, Chapter 5 focuses on PCMs addition in the solar cooling process
integrated inside solar storage tank connected to the generator of the absorption
chiller to evaluate the possible enhancement in the system efficiency.

The fourth aspect of this thesis outlines the technico-economic and sensitivity
analysis applied to the development of a combined processes of solar DHW, heat-
ing and air-conditioning in Morocco. Thus, Chapter 6 presents a technico-economic
assessment of a complete solar DHW, heating and air-conditioning plant using an
absorption chiller operating under Moroccan climates based on adequate indicators.
The overall analysis via a generalization of the results to the national level was car-
ried out in addition to a sensitivity analysis related to the investment in these sys-
tems in order to assess the potential of replacing traditional technologies with the
solar systems and the possible earnings related to their implementation in Morocco.

Finally, in Chapter 7, several recommendations and relevant policy directions
are suggested in order to improve the adoption of solar cooling/heating technolo-
gies and remove different barriers facing their implementation in Moroccan building
sector. Accordingly, appropriate prospects and relevant future research issues have
been pointed out in order to extend the knowledge in the field of solar cooling sys-
tems for possible improvement of their performance in terms of cost and efficiency.

Keywords: Solar energy; Solar water heating; Solar air-conditioning; Absorption
chiller; Thermal energy storage; PCM; Numerical modeling; Optimization; Morocco.
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ṁcoll collector mass flow rate kg s−1

Q heat J
Qu useful energy W m−2

Qload energy to load J
Qaux auxiliary energy of the booster system J

Q̇i rate of energy input of the ith tank’s segment J
∆E internal energy change of the tank J
S momentum sink N m−3

q thermal heat W m−2

Re Reynolds number −
Ra Rayleigh number −
Pr Prandlt number −
Nu Nusselt number −
Ri Richardson number −
Str Stratification number −

θ tilt angle ◦

α thermal diffusivity m2 s−1

ρ density kg m−3

ρf fluid density kg m−3

ηc collector efficiency −
η0 zero loss efficiency −
β thermal expansion coeffcient K−1

µ dynamic viscosity Pa s
λ thermal conductivity W m−1 K−1

ε amount of the PCM −
ω under relaxation factor −
γf control function if the auxiliary heater is off or on (1 is off, 0 is on) −
∆t time step s
∆z space step m



1

Chapter 1

General introduction

1.1 Background

In recent years, the public has become increasingly concerned about the rapid de-
pletion and escalating costs of fuels. The increases in the oil prices and the rising de-
mand for energy, have made people conscious of the wisdom of reducing the energy
consumption through conservation of conventional sources of energy and exploita-
tion of renewable energy sources. Solar energy is one such energy source that can
probably make a vital contribution to our energy needs. According to 2015 statistics,
global energy consumption is likely to increase by 27% by 2030 (Petroleum, 2014). In
2017, the global energy consumption reached more than 2.6% as shown in Fig. 1.1.

FIGURE 1.1: Global energy consumption (Global Energy Statistical
Yearbook 2018 (GESY))

On the other hand, fossil sources dominate the energy supply chain with a share
that exceeds 80% of global energy demand (McGlade and Ekins, 2015, see Fig. 1.2).

FIGURE 1.2: Share of fossil sources for global energy supply (adapted
from McGlade and Ekins, 2015)
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The situation is further complicated by the inevitable depletion of fossil resources
(Shafiee and Topal, 2009). To these considerations, it should be added that one-third
of the world’s population today does not have access to electricity (Vujić, Antić, and
Vukmirović, 2012). We are therefore faced with an unsustainable energy system on
which we must act quickly and efficiently.

Moreover, the current environmental context is notably marked by a growing
increase in greenhouse gas emissions which was 2.2% between 2000-2010 (Climate
Change, 2015). Fig. 1.3 shows greenhouse gas emissions between 1990 and 2017
according to Global Energy Statistical Yearbook 2018 (GESY).

FIGURE 1.3: Greenhouse gas emissions (Global Energy Statistical Year-
book 2018 (GESY))

Due to global warming, the temperature of the atmosphere and the ocean in-
creased by 0.85 ◦C between 1880-2012 (Alves, Duarte, and Gonçalves, 2016). This
resulted in massive melting of the ice and rising sea levels (see Fig. 1.4).

FIGURE 1.4: Massive melting of ice and rising sea levels (Alves,
Duarte, and Gonçalves, 2016)

These changes can have serious consequences for the structure and function of
ecosystems and the ecological interactions of different species and their distribution.
Otherwise, the problem of energy and the environment arises in all sectors of activity
such as: building, transport, industry, etc.

This thesis deals in particular with the problem related to the application of
DHW, heating and cooling in the building, and this for the following reasons: Firstly,
because cold applications have a very important part of building energy consump-
tion (between 18% and 22%, Book, 2010) and use about 15% of the electricity pro-
duced in worldwide (Institut international du froid (IIF)). Secondly, the high use of
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these applications during the summer period causes peaks in consumption, putting
pressure on the energy supply chain. On the other hand, the refrigerants used by
conventional systems contribute to the destruction of the ozone layer, the increase
of the greenhouse effect and accentuate the vicious circle of climate change. Thus, it
has become essential to seek alternatives to conventional systems by proposing in-
novative cooling technologies based on renewable energies. In this vision, this thesis
introduces a new concept that can replace conventional cooling systems which is so-
lar cooling.

Basically, solar cooling allows the exploitation of an abundant and renewable
energy resource. In fact, according to a study conducted in 2009 (Perez and Perez,
2009), the theoretical potential of solar is 1400 times greater than global energy de-
mand (see Fig. 1.5-(a)).

FIGURE 1.5: (a)- Solar energy as an abundant and renewable resource
(Perez and Perez, 2009) and (b)- Refrigerants used in solar cooling

process

Furthermore, solar cooling uses refrigerants with low environmental impact such
as water, lithium bromide (LiBr), ammonia and CO2 (see Fig. 1.5-(b)). Finally, as
shown in Fig. 1.6, cooling demand usually coincides in time and space with the
availability of the solar resource compared to DHW and heating requirements.

FIGURE 1.6: Solar irradiation, DHW, heating and cooling require-
ments (Institut international du froid (IIF))

The sizing of a solar cooling or heating system is a complex problem involving a
number of interrelated factors which include collector area and performance, storage
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size, heating and cooling purposes, solar radiation, mechanical equipment sizing
and system control, as well as an economic evaluation of the entire proposed system.

In Morocco, the climatic weather conditions are such that the country can be clas-
sified as one of the countries where the potential of solar energy utilization is very
high (Moroccan Agency for Energy Efficiency (AMEE)). During the past 10 years, the
solar water heaters installation in building has been increased and it is estimated that
more than 220, 000m2 are being implemented. Nowadays, the use of solar energy is
not only used for domestic hot water applications but also extended to electricity
generation using CSP technologies (Bouhal et al., 2018c) implemented by Moroccan
Agency for Sustainable Energy (MASEN).

To enhance the utilization of solar energy, a wider range of applications must
be considered through careful design of cost effective solar-based energy systems
which can be applied not only to domestic dwellings but also to large building com-
plexes such as apartment blocks, hotels, sports centers, mosques, etc. In order, thus,
to produce effective designs of such systems, it is necessary to optimize their per-
formance in relation to various design parameters on the basis of Moroccan climatic
and socioeconomic conditions.

This can be achieved through numerical modeling and simulation of solar heat-
ing and cooling systems which will enable the synthesis of optimum design criteria
for such systems. It is, therefore, very useful if a design tool is available which will
take into consideration both the technical and economic aspects of the problem. This
will help the designer to evaluate the cost effectiveness of a solar heating and cooling
system and at the same time serve as a tool for sizing the system components.

The purpose of this research is two-fold. First, to develop suitable models for so-
lar water heating and cooling systems for Morocco. Second, to carry out computer
simulations of the performance of such systems over a wide range of operating con-
ditions and for various design parameters in order to investigate some of the factors
concerning the optimisation of the system. This will assist in the synthesis of design
criteria which can be used by consulting engineers and designers of solar heating
and cooling systems in Morocco.

In order to support the national energy strategy by supporting applied R&D in
the field of renewables energies, the Research Institute for Solar Energy and New En-
ergies (IRESEN) (IRESEN for "Institut de Recherche en Energie Solaire et Ener-
gies Nouvelles") was created in 2011 by the Ministry of Energy, Mines and Sustainable
Development (MEMSD), Morocco, and several key players in the energy sector in Mo-
rocco. Therefore, the research institute IRESEN operates in the field of R&D through
its resources agency and research centre as the Green Energy Park, offering several op-
portunities for creating synergy between the socio-economic world and the scientific
world around collaborative R&D projects.

In this framework, the project of Solar Cooling Process in Morocco (SCPM) was
retained and financially supported by IRESEN. The value and the background of
the SCPM project will be explained in the next section.

1.2 Scope of the thesis: Project of Solar Cooling Process in
Morocco (SCPM)

The problem of energy and the environment arises in all sectors of activity (building,
transport and industry) and at the level of most of the essential applications for man.
This thesis deals in particular with the problem related to the application and use of
air-conditioning in the building. Indeed, cooling applications are a very important
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part of building energy consumption as shown in Fig. 1.7 which consume between
18% and 22% (Reddy et al., 2016).

FIGURE 1.7: Share of electricity consumption for cooling in building
sector (Reddy et al., 2016)

At Moroccan level, the electricity consumption in the residential sector has con-
siderably increased throughout the last decades. At the global level, the current
level of dioxide carbon emissions resulting from human activity might cause seri-
ous repercussions on the environment and ecosystems. In Morocco, this issue is
extremely relevant since most of the power generation is issued from fossil fuels
with high global warming potential. Air-conditioning is responsible for a significant
part of this energy consumption principally because of the high thermal loads in
buildings and the wide use of vapor compression chillers. Thus, the use of air con-
ditioning systems in the summer periods causes energy consumption which creates
problems of production and routing of electrical energy. In Morocco, the Office Na-
tional d’Electricité et de l’Eau Potable (ONEE) is often forced to import electricity from
Spain at a very high price. Solar air-conditioning from thermal origin can therefore
contribute to:

• Replace the demand for fossil fuels by the use of solar thermal energy;

• Reduce greenhouse emissions through primary energy savings and non-use of
refrigerants dangerous for the environment;

• Stabilize power grids through lower peak power consumption in summer;

• Optimize the use of solar thermal systems through the combination of solar
heat for space heating, air-conditioning and domestic hot water production.
This installation consists of a solar absorption chiller coupled to the evacuated
tube collector’s field which will be implemented in Green Energy Park.

Accordingly, the present work is directed towards a very small subject area in
the field of solar energy. It is an attempt to investigate the possibility of utilizing
solar energy for water heating and cooling for domestic and commercial require-
ments, and in particular to consider this in relation to the conditions of Morocco.
Solar DHW, heating and air-conditioning applications offer interesting opportuni-
ties for Morocco in building sector. For this reason, the government encourages the
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development of new projects related to solar energy technologies through the pro-
motion of R&D research works. In this vision, this thesis belongs to the project of
Solar Cooling Process in Morocco (SCPM) funded by the Research Institute for So-
lar Energy and New Energies (IRESEN). The general view of solar central for DHW,
heating and air-conditioning adopted in SCPM project is shown in Fig. 1.8.

FIGURE 1.8: Solar central for air-conditioning process

The SCPM project focuses on the study of the processes of solar air-conditioning,
heating and DHW in Morocco and more particularly on the refrigeration systems
with low power (11.5kW ) i.e. a generating station of air-conditioning with absorp-
tion chiller supplied with solar collectors for solar hot water production at tempera-
ture range 80-90 ◦C.

The scientific problems subjacent with the optimization of solar air-conditioning
systems reside in the difficulty to predict the non-stationary behaviour of the system,
itself induces by the operation transitory character of each subsystems and of the
sources to which they are connected. The energy and technico-economic assessment
of the system are all crucial steps to optimize the energetic "performance/cost" ratio.

The main objective of this thesis is to improve the performance of the solar hot
water production including the collector’s field and the storage tank to continuously
feed the absorption machine (see Fig. 1.8). In this context, the aim is to conduct dy-
namic numerical simulations to optimize the field of solar evacuated tube collectors
and the storage volume necessary to operate the absorption chiller operating by the
interaction between H2O and LiBr agents. A special focus will be done on thermal
energy storage by integrating phase change materials (PCMs) into the storage tank
connected to the generator of the absorption machine. The study of numerical meth-
ods used in the modeling of phase change phenomena will be performed to evaluate
the possible improvements in the system performance.

1.3 Organization of the thesis

This thesis consists of the final phase of the project of Solar Cooling Process in Mo-
rocco (SCPM) funded by the Research Institute for Solar Energy and New Energies (IRE-
SEN) which will be implemented in Green Energy Park in Ben Guerir (Morocco). IRE-
SEN reflects the Moroccan national research and development strategy in the field
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of solar energy and new energies trough supporting, financing and managing inno-
vative projects carried out by research institutions and by industrialists. The SCPM
project combines the efforts of four institutions: (i) Sidi Mohamed Ben Abdellah
University (presented by the High School of Technology which is the first institu-
tion where the thesis was conducted) as the piloting institution (Fez, Morocco), (ii)
Moulay Ismail University (Meknes, Morocco), (iii) Pau and Pays de l’Adour Uni-
versity (Pau, France), and the Moroccan industrial company Energypoles (Rabat,
Morocco) specialized in solar energy and their applications. The objective of this
collaboration is to implement the first solar cooling system in Morocco serving as a
prototype model for a future integration in the Moroccan building sector (see Fig.
1.9).

FIGURE 1.9: Key partners of the project of Solar Cooling Process in
Morocco (SCPM)

This thesis reports the results of research into the modeling and simulation of
solar air-conditioning system for Morocco, and the investigation of the factors con-
cerning the optimisation of such systems. Further, a number of design criteria, which
can be used by designers of solar cooling and heating systems, have been estab-
lished. From the literature survey (Ge et al., 2018), it is seen that the great majority
of researchers followed the approach of modeling and simulation of solar systems
to predict the performance of a system and investigate its optimum design parame-
ters. Since the present work is essentially based on modeling and simulation of solar
cooling systems, it would be appropriate to explain the value and the background
of modeling and simulation of solar systems currently in use.

Accordingly, this thesis covers four aspects. The first overviews, through Chap-
ter 2, the literature survey on solar technologies with a focus on solar cooling sys-
tems which reports the relevant processes, summarizes the market status, presents
the recent developments of the most promising technologies and describes the main
performance indicators figuring in the literature. Chapter 2 describes also the ex-
perimental aspect of the solar air-conditioning installation adopted in the project of
Solar Cooling Process in Morocco (SCPM) funded by the Research Institute for Solar
Energy and New Energies (IRESEN). The aim of this section is to identify the impor-
tant technical characteristics of the installation, the sensitive points and to consider
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avenues for improvement with a view to future implementation and industrializa-
tion of the solar absorption cooling process in Morocco. In this part, the difficulties
encountered during the realization of the project are as well discussed. The second
dimension concerns the technical feasibility of solar air-conditioning system and its
integration in Moroccan building sector. Therefore, Chapter 3 focuses on the model-
ing, design and performance optimization of solar absorption cooling systems using
energy and economic indicators taking into account the combined effects of climates,
building categories and cooling demands under Moroccan conditions.

The third aspect presents the latent thermal energy storage using Phase Change
Materials (PCMs). In this way, Chapter 4 concerns the investigation of numerical
methods used in the modeling of phase change phenomena. To this end, a numerical
comparative approach and optimization of thermal energy storage by means of PCM
integration within solar hot water production system operating in dynamic mode is
presented. Besides, Chapter 5 focuses on PCMs addition in the solar cooling process
integrated inside solar storage tank connected to the generator of the absorption
chiller to evaluate the possible enhancement in the system efficiency.

The fourth aspect of this thesis outlines the technico-economic and sensitivity
analysis applied to the development of a combined processes of solar DHW, heating
and air-conditioning in Morocco. In fact, the economic aspect is a determinant pa-
rameter deciding on the adoption of solar cooling technologies for air-conditioning
requirements in residential buildings (Chapter 6). A technico-economic assessment
of a complete solar DHW, heating and air-conditioning plant using an absorption
chiller and operating under Moroccan climates was carried out based on adequate
indicators. Thus, annual dynamic simulations of the optimal configuration were
lunched for various Moroccan climatic regions. A scenario evaluation was con-
ducted based on economic, social and Moroccan policy attributes. The overall analy-
sis via a generalization of the results to the national level was carried out in addition
to a risk analysis related to the investment in these systems in order to assess the po-
tential of replacing traditional technologies with the solar systems and the possible
earnings related to their implementation in Morocco.

Finally, in Chapter 7, several recommendations and relevant policy directions
are suggested in order to improve the adoption of solar technologies and remove
different barriers facing their implementation especially the process of solar DHW,
heating and air-conditioning systems in Moroccan building sector. Accordingly, ap-
propriate prospects and relevant future research issues have been pointed out in
order to extend the knowledge in the field of solar cooling systems for possible im-
provement of their performance in terms of cost and efficiency.
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Chapter 2

Literature review on solar
air-conditioning systems

2.1 Introduction

As presented in Chapter 1, the research project of Solar Cooling Process in Morocco
(SCPM) was retained and funded by Research Institute for Solar Energy and New Ener-
gies (IRESEN). Therefore, it is appropriate to give a clear picture of solar cooling op-
tions, the relevant cycles and the market status and report the recent developments
of the most promising technologies and the main performance indicators figuring in
the literature. Accordingly, Chapter 2 provides an overview of the developments in
the field of solar DHW, heating and cooling for buildings. This will include a brief
description of the types of solar heating and cooling systems that are available and
in current use, and their basic functions and key components will be presented. The
above will be followed by a review of research work carried out in the field of solar
DHW, heating and cooling which seem to be relevant to the present work. Then,
the energy profile of Morocco is presented with an overview of solar energy appli-
cations and their potential. Particular emphasis is given on solar cooling systems
which is related to this work. Thus, the main experimental components of the instal-
lation adopted in the SCPM project using an absorption machine was thoroughly
described and the problems encountered in the delivery and implementation of the
solar cooling installation were also addressed.

2.2 Common components to solar thermal systems

Different technologies for capturing solar energy and storing thermal energy are
available in the market, namely: Solar thermal collectors and storage tanks.

2.2.1 Solar thermal collectors

A solar collector is a device that collects the solar radiation incidents on it, converts
it into thermal energy and transfers this energy to a working fluid (air or water).
The heat picked up by working fluid can also be used to charge the thermal en-
ergy storage system to use in the night. For photovoltaic (PV) utilization: PV mod-
ule converts solar radiation into electrical energy. In addition to it, it also produces
abundant waste heat, which can be utilized by attaching PV board with recuperat-
ing tubes filled with carrier fluids (Tian and Zhao, 2013). The types of solar thermal
collectors commonly used in solar thermal applications are shown in Fig. 2.1.
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FIGURE 2.1: Types of solar thermal collector’s technologies (Ghrit-
lahre and Prasad, 2018)

Solar collectors are broadly classified into two categories, such as, fixed collec-
tors and tracking collectors. The fixed collectors are kept at rest, whereas tracking
collectors track as per the movement of sun such that the incoming solar radiations
always incident perpendicular to them. The tracking solar collectors are subdivided
into two categories: single and double axis tracking as shown in Fig. 2.2. The fixed
collector is classified as flat plate collector, evacuated tube collector and compound
parabolic collector. The single axis tracking collector is categorized into three types
such as parabolic trough collector, cylindrical trough collector, and linear Fresnel re-
flector. Again, the double axis tracking collector is subcategorized as central tower
receiver, parabolic dish reflector, and circular Fresnel lens (see Fig. 2.2). These so-
lar collectors have their applications depending upon the feasibility and quantity of
energy required (Khalifa and Al-Mutawalli, 1998).

FIGURE 2.2: Solar collector’s technology for different applications
(Tyagi, Kaushik, and Tyagi, 2012)

2.2.2 Solar storage tanks

Storage is a key component of all solar thermal system. It overcomes the discon-
tinuous nature of solar energy and non-simultaneity of production and needs. In
practice, the solar thermal energy is stored via the water contained in one or more
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tank(s) water accumulator(s) connected(s) in series. The domestic hot water storage
tank is the most important device for domestic hot water production. There are sev-
eral types of storage tank on the market. An example of storage tank used in solar
DHW, heating and cooling systems is given in Fig. 2.3. The storage improvement
in these tanks can be done by two different methods. We can act on the thermal
insulation (an external factor to the tank), as we can act on parameters which affect
thermal stratification (Weiss, 2003). The storage part is important, the more it is im-
proved the more we are sure that the overall efficiency of the solar water heater is
also improved.

FIGURE 2.3: Exemple of storage tanks used in solar DHW, heating
and cooling systems (Bouhal et al., 2017b)

Thermal stratification is a performance parameter widely used in thermal appli-
cations so as to quantify the evolution of the thermal energy stored in a tank which
is operating in a discharging/charging load cycles (see Chapter 4). The influence of
the inlet mass flow rate on the degree of thermal stratification during an unloading
process is analyzed. Yaïci et al., 2013 have conducted three-dimensional unsteady
Computational Fluid Dynamics (CFD) simulations to study the effect of several de-
sign and operating parameters on the thermal stratification, the flow behaviour and
the hot water storage tank performance that is used in solar thermal energy systems.
They have used COMSOL as a CFD code to validate the experimental measurements
of Zachár, Farkas, and Szlivka, 2003. They showed through their 3D transient CFD
simulations that numerical simulations can be used at an early design stages to op-
timize the thermal storage tank parameters. Recently, Bouhal et al., 2017b used the
2D CFD simulations to study and optimize the stratification through the placing flat
plates inside the storage tank.

The solar thermal applications by temperature range including DHW, heating,
cooling and industrial processes are presented in Fig. 2.4.

FIGURE 2.4: Solar thermal applications classified by temperature
range (Tian and Zhao, 2013)
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2.3 Solar DHW production systems

2.3.1 Solar water heaters

Solar energy is a clean, abundant and easily accessible form of renewable energy.
Its intermittent and dynamic nature makes thermal energy storage (TES) systems
highly valuable for many applications. The improvement in the solar water heat-
ing (SWH) have been identified as convincing solutions to reduce the high con-
sumption and environmental impact in various building applications (Shirinbakhsh,
Mirkhani, and Sajadi, 2018). The general structure of a solar DHW system is illus-
trated in Fig. 2.5.

FIGURE 2.5: Layout of solar DHW production systems

The forced collective solar hot water production system are used for many years
in residential buildings. There are variants of solar collective systems depending on
the constraints of implementation or billing (see Fig. 2.6). It’s interesting to derive a
knowledgeable data base for the energetic performance parameters concerning the
use and implementation of dynamic solar collective systems, because in general,
the majority of the research reports focuses on hot water individual systems and
uses simplified model in the simulations of the collective systems (Dîn Fertahi et al.,
2018a).

FIGURE 2.6: Variants of solar collective hot water generation systems
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2.3.2 Solar DHW system with phase change materials (PCMs)

The use of phase change materials (PCMs) in solar DHW systems is a novel approach
which in recent years gaining more and more ground thanks to their high storage
density, high latent heat capacity and isothermal operation (Mazman et al., 2009).
In the literature reports, there are several methods to integrate PCMs in solar DHW
system either in solar collector or storage tank or in separate location (Haillot et al.,
2013, Talmatsky and Kribus, 2008, Sharif et al., 2015) as shown in Fig. 2.7.

FIGURE 2.7: Different methods of PCM integration in solar DHW

Eames and Griffiths, 2006 studied the integration of PCM as a storage element
for a solar collector. A transient finite volume model was used for capturing and
conserving heat in a cross-sectional rectangular collector section filled once in water
and other times with different concentrations of phase-change materials. Moreover,
Summers, Antar, and Lienhard, 2012 presented the design and studied the optimiza-
tion of a solar collector used for the humidification-dehumidification cycle, with the
integration of a phase change material (paraffin wax) as a system of energy storage.
Li et al., 2013 studied analytically latent heat storage by means of three phase-change
materials (PCMs) named PCM1, PCM2 and PCM3 with different high melting tem-
peratures and the heat transfer fluid (HTF: air) with resistance and viscous dissi-
pation compared to the heat transfer method. The results showed that the PCM3
melting rates are the fastest and PCM1 is the slowest in both (x, r) directions. It was
also found that the melting times of PCM1, PCM2 and PCM3 decrease with increase
in air inlet temperatures.

Despite that solar water heating production systems with and without phase
change materials (PCMs) are well used in widerange applications, solar heating op-
tions (for space heating and industrial process) are one of the privileged solar tech-
nologies applications.

2.4 Solar heating systems

The climatic conditions in winter are such that space heating is required for a period
of 4 to 5 months and the average number of degree-days (base 18 ◦C) for winter is es-
timated to be 950 degree-days (see Fig. 2.8). For space heating, liquefied petroleum
gas (LPG) and kerosene are the most widely used forms of energy, followed by oil
and electricity. Solar energy has not been put into use for the heating of buildings
except from very few cases where solar active systems have been combined with
oil-fired central heating systems and floor heating in residential dwellings (Buker
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and Riffat, 2016). However, performance data for these installations is not avail-
able and therefore no comprehensive conclusions as to their energy and economic
performance can be drawn. Space heating consumes a great proportion of energy
consumption in buildings. Non-renewable sources including electricity or natural
gas are significant supply. Due to the roaring concerns on energy conservation and
environmental protection, using electricity or fossil fuel driven heating devices in
buildings is limited in many countries, solar energy are proposed instead to meet
the legislation. Converting solar radiation into heat is the most simple and direct
application of solar energy, with greater potential than other forms of renewable
sources. Space heating also can be realized by solar energy. Solar space heating
system, usually combined with solar water heating is starting to put in use. It also
can be distinguished as passive solar space heating and active systems (Buonomano,
Calise, and Palombo, 2018a; Monghasemi and Vadiee, 2017).

FIGURE 2.8: Schematic diagram of a solar passive heating system
(Monghasemi and Vadiee, 2017)

2.5 Solar cooling systems

The climatic conditions are such that summer air-conditioning is essential and must
in hot and humid areas and in some categories of buildings like hotels, apartments,
public spaces, luxury houses etc. Generally, cooling is produced by electrically op-
erated vapor compression refrigeration systems. For solar cooling, a large number
of processes are possible thanks to the capacities of existing solar thermal collectors
(Miranville, 2002). Among them, some innovative processes are still in develop-
ment in order to evaluate experimentally or theoretically their real performances,
for instance based on an ejector cycle (Kim and Ferreira, 2008; Balaras et al., 2007;
Chunnanond and Aphornratana, 2004), (Abdulateef et al., 2009), magneto-thermal
effect (Russek and Zimm, 2006) or thermo acoustic effect (Swift, 2002; Adeff and
Hofler, 2000), (PERIER-MUZET et al., 2011). Fig. 2.9 shows a classification of solar
cooling technologies and different processes utilizing solar energy for refrigeration
applications including electric and thermal alternatives (Kalkan, Young, and Celik-
tas, 2012).
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FIGURE 2.9: Classification of main solar air-conditioning technolo-
gies (Kalkan, Young, and Celiktas, 2012)

As shown in Fig. 2.9, the exploitation of solar energy can be done according to
two types of energy conversion, namely the thermal process and the photovoltaic
option. A multitude of cycles can be distinguished, such as thermo-mechanical,
sorption, thermoelectric and conventional cycles. These cycles use a variety of tech-
nologies. Among these cycles, the absorption and adsorption systems occupy an
increasingly important place (Allouhi et al., 2015b).

These innovative systems still have very little or no not at all of actual application
in solar cooling, the following paragraph presents the main processes studied today.
They are grouped into two broad categories: open cycle refrigeration systems and
closed cycle refrigeration systems.

2.5.1 Open cycle refrigeration systems

Open systems are systems where the air is directly treated according to the desired
comfort conditions. Refrigerant is always water, since it is in direct contact with air
to cool. They are processes where exchanges of materials with the outside are made.
The principle is to humidify the air in order to lower its dry temperature. Water
is injected into the air, absorbing the heat of it to evaporate. This phenomenon is
conceivable only if the initial air is dry enough. This preliminary dehumidification
can be carried out by a hygroscopic material, which can be both liquid and solid
(JOFFRE, 2005; Villa et al., 2009). The most common systems use a rotary desiccant
wheel.

Solid desiccation

The most common technology uses spin adsorption wheels generally made of Silica
gel, Zeolite or Lithium Chloride as sorbent materials. Fig. 2.10 shows the operating
principle of such an installation, as well as an overview of the corresponding air
handling unit.
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FIGURE 2.10: The principle of the solid desiccation cooling

The principle of the solid desiccation cooling in the building (see Fig. 2.10) is
described as follows:

• The outside air (hot and humid) enters the system and passes through a ro-
tating desiccant wheel to be dehumidified (path 1-2). The adsorption reaction
being exothermic, the air is warmed up.

• The air then enters an exchanger, in order to be pre-cooled by the air extracted
from the building (path 2-3). Several technologies are possible such as that of
the rotary exchanger.

• The air is then humidified to obtain the desired cooling effect (path 3-4).

• The air extracted from the room is moistened again, in order to lower even
further its dry temperature (path 6-7).

• This air then passes through the rotary exchanger, to cool the fresh air during
phase 2-3. As a result, the air temperature increases between points 7 and 8.
The air is then heated using heat at a temperature level compatible with solar
generation between points 8 and 9. The heated air passes through the desiccant
wheel in order to desorb the water contained in the adsorbent (regeneration
step 9-10).

Such a system allows the use of a solar source that can be obtained by means of
flat water or air sensors. In the case of water, the sensors can be associated with a
storage tank, in order to partially cope with cloudy conditions. Studies have shown
(Henning et al., 2001) that this process saves up to 50% primary energy compared to
a conventional mechanical vapor compression solution. In addition, these facilities
have very low operating costs and respect the environment.

Liquid desiccation

In the case of liquid desiccation (see Fig. 2.11), dehydration is carried out by absorp-
tion. The desiccant wheel is replaced by a dehumidifier and regenerator set. These
elements allow cooling of the air blown through an absorbent solution, usually wa-
ter/lithium chloride or water/calcium chloride (Oliveira et al., 2000). The operating
principle is described in Fig. 2.11:
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• Outside air (1) enters the absorber to be dehumidified. The heat of absorption
(exothermic reaction) is evacuated to the outside by the cooling tower.

• The air (2) then passes through a humidifier, to be cooled to the desired tem-
perature (3) and is then blown into the room to be cooled.

• The diluted solution created in the absorber is sprayed into the generator above
the exchanger supplied by the solar hot source (endothermic reaction).

• The air extracted from the building (stale) is blown into the regenerator. The
air thus heated and humidified is rejected outside. The concentrated solution
obtained is sent back to the dehumidifier for a new cycle.

FIGURE 2.11: The principle of the liquid desiccation cooling

2.5.2 Closed cycle refrigeration systems (Sorption refrigeration)

Closed systems correspond to cold sorption production units (Allouhi et al., 2015b)
(absorption and adsorption) and produce chilled water which can be used both in an
air-handling unit and in a cooling network. Chilled water supplying decentralized
facilities. The thermodynamic cycles of these systems are called tritherms because
they work between a cold source, a hot source and an infinite well (Pons et al., 1999).
The operating principles associated with each of the sorption systems are presented
in the following with first adsorption, physical then chemical and then absorption.
The principle of a closed sorption cooling system is described in Fig. 2.12.
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FIGURE 2.12: The principle of the sorption solar cooling system

The generator picks-up the heat Qg from the solar collector to reactivate the sor-
bent which absorbed the refrigerant in the absorber. The refrigerant is then vapor-
ized and subsequently condensed in the condenser with the release of the condensa-
tion heat Qc to the ambient. The regenerated sorbent returns to the absorber, where
the sorbent absorbs the refrigerant vapor coming from the evaporator. During this
process, the sorption heat Qa is pulled to ambient. In the evaporator, the liquefied
refrigerant from the condenser evaporates and extract the heat Qe from the refrig-
erated load. In an adsorption system, the sorbent is a porous medium having the
ability of adsorbing and desorbing the refrigerant. The coefficient of performance
(COP) in such systems can be written as:

COP =
Qe

Qg +Wel
(2.1)

where Wel denotes the additional electrical work caused by the pump. The overall
efficiency of solar sorption systems is given by:

ηsrp =
Qe
Qs

(2.2)

Qs is the heat received by the solar collector from the sun. Qs is expressed as:

Qs = IradAs (2.3)

where As is the collector surface and Irad is the solar radiation.
These systems also use a refrigerant and its phase changes (liquid/vapor). The

refrigerant is in this case water added with a second component. If the latter is a
liquid, then it is called absorbent and absorption machine; if it is a porous solid, then
it is called adsorbent and adsorption machine.
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Adsorption cooling systems

Two main categories of adsorption systems can be distinguished: continuous and
intermittent, but depending on the use, these cycles are more or less adapted to the
use of solar energy (Dieng and Wang, 2001). A longer use of the refrigerated product
then involves its systematic storage in a phase change material for example (Wang,
Wang, and Oliveira, 2009). On the other hand, when the goal is to refresh a build-
ing, a continuous system is better suited because if, for example, the previous day
and the weather conditions were poor, the system would not be able to fulfill its
purpose. In addition, these cycles can be operational without moving parts except
a few solenoid valves. The result is low vibration, mechanical simplicity, reliability
and long life. For adsorption machines, silicone gel is most often used as an adsor-
bent (Najeh et al., 2016). The machine is composed of two compartments. The hot
water, whose temperature must be between 65 and 80 ◦C, allows the refrigerant to
vaporize and separate from the adsorbent in the first compartment before entering
the conventional cycle condenser/expander/evaporator and to adsorb in the second
compartment. The adsorption refrigeration machines operate thanks to the ability
of certain solids, to adsorb (exothermic reaction) and to desorb (endothermic reac-
tion) a vapor on the surface of the material that constitutes them (up to several tens
of m2 per gram). Adsorption is a phenomenon that is widely known and widely
used, particularly in gas capture (air treatment, depollution, chemical industry, etc.).
The implementation of a refrigerating machine operating according to this principle
requires the presence of two enclosures, one of which contains the adsorbent solid,
the other constituting the refrigerant reservoir. The presence of a solid prevents any
circulation between the elements, so that the operation is cyclic: a refrigeration pro-
duction phase must succeed a regeneration phase to return the system to a state
able to produce cold again (Critoph, 1999; Papadopoulos, Oxizidis, and Kyriakis,
2003). The sorbent/sorbate associations most known and used are: Zeolite/Water,
Silicagel/Water, Activated Carbon/Methanol (Wang, Wang, and Oliveira, 2009).

Absorption cooling systems

Absorption refers to the process in which a substance penetrates and gets incorpo-
rated into another one of a different state. These two states create a special attraction
to form a strong solution called mixture. This process is reversible and can occur by
heating the mixture (Ayala, Heard, and Holland, 1998). In the absorption machine
the energy transfer is carried out by means of a refrigerant continuously subjected
to the succession of a thermodynamic cycle consisting of changes in vapor/liquid
states (see Fig. 2.13). The cycle consists of the following four phases (Sun, 1998):

• Compression: the temperature and pressure of the fluid in gaseous form rises.

• Condensation: by passing through an exchanger located in contact with the
outside environment (colder), the fluid passes to the liquid state and rejects
calories to the outside.

• Detention: the fluid in liquid form sees its pressure lowered, as well as its
temperature.

• Evaporation: by passing through an exchanger located in contact with the
medium to be cooled, the fluid captures calories and vaporizes.
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FIGURE 2.13: Schematic diagram of an absorption solar cooling plant

The absorption machines take advantage of two physical characteristics that guar-
antee a significant reduction in electrical consumption and an efficient production of
cold (Lee et al., 2000). On the one hand, it is less expensive to circulate fluids rather
than gases between two pressure levels. We use this specificity to achieve electricity
savings. On the other hand, the fluids evaporate at different pressure levels and at
different temperatures. In case of high pressure, the water evaporates only if the
temperature itself is high. When the pressure is low, the temperature must also be
low to allow the water to evaporate. We use this effect to produce cold (Şencan,
2007). In the high pressure zone (condenser and steam generator), when the tem-
perature is high and the equivalent pressure, the refrigerant (water) is separated by
expulsion of the lithium bromide (steam generator or boiler). For this, a source of
motive heat necessary, for example, the heat produced by a solar water heater.

In the condenser, the refrigerant liquefies with the absorption of heat. This step
aims to reuse the refrigerant, namely water, in its pure form. The fluid refrigerant
then passes through pressure separation lines and is fed into the low pressure zone
(evaporator, absorber). It evaporates at very low temperatures between 5 and 15
◦C. In the evaporator, the refrigerant evaporates with the absorption of the ambient
heat and cold is obtained. The vapor of the refrigerant generated is absorbed in the
absorber by lithium bromide and dissolved in the salt by the release of heat pumped
to the high pressure zone (boiler/condenser) consuming very little electrical energy.
The operating cycle is maintained continuously.

The quality of the absorption process is regularly evaluated using the Coefficient
of Performance COP (see Eq. 2.1), which indicates which cooling performance can be
obtained depending on the transmission efficiency. The good absorption refrigera-
tion machines get a value of 0.7 and the very good absorption refrigeration machines
reach COPs close to 0.75 (Liao and Radermacher, 2007). This value cannot be com-
pared to the figures of traditional refrigeration units. The COP is calculated using
the ratio between electrical energy and the generated cold, the value of this ratio be-
ing between 2 and 3. If we calculate the ratio between the thermal efficiency and the
electrical efficiency of the absorption refrigeration systems, values between 15 and
20 are obtained. Here again, this result shows that the absorption cold technique
can lead to significant energy savings. Desiccation systems have not yet penetrated
the market as absorption and adsorption do. As far as capture technologies are con-
cerned, flat and vacuum collectors are the most used and there are very few systems
requiring concentrated solar flux (Farshi, Mahmoudi, and Rosen, 2011).

To summary, absorption machines are the most important sorption refrigeration
machines on the solar cooling market, whether large or small. Their combination
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with flat and vacuum solar collectors is quite well known in the field of large instal-
lations. However, in the case of small systems, the unsteady behavior of these ma-
chines is not yet well known because of all the transient parameters influencing their
operation, such as the solar resource, the environmental conditions and the cooling
load of the equipment and building which is the aim of Solar Cooling Process in
Morocco (SCPM).

2.6 Solar energy profile in Morocco

The purpose of this part is to present the Moroccan energy profile with an overview
of solar energy applications and their potential. Particular emphasis is given on solar
DHW, heating and air-conditioning which is related to this PhD thesis.

2.6.1 Geography and economy in brief

Officially, the kingdom of Morocco (32deg00’N 5deg00’W) is a country in the Maghreb
region of North Africa (see Fig. 2.14-(a)). Its eastern border is with Algeria and a rel-
atively narrow body of water separates it from Spain to the north. Prediction of
climatic change and global warming studies demonstrated that Morocco is among
the countries that are more likely threatened by climatic change (Kousksou et al.,
2015). Morocco imports about 96% of its required energy needs. Solar energy, as one
of the most abundant and valuable renewable energy alternatives in the country, of-
fers interesting opportunities for Morocco. In order to minimize its strong foreign
energy dependence, Morocco hosts actually the largest Concentrated Solar Power
(CSP) using parabolic trough collectors (PTC) as a technology for converting solar
irradiation into thermal energy for electricity generation. The potential sites of CSP
implementation concerned by Moroccan Solar Plan are presented in the map of Fig.
2.14-(b).
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FIGURE 2.14: (a) Map of Morocco and (b) Selected CSP sites for elec-
tricity generation (Moroccan Agency for Sustainable Energy (MASEN))

Global primary energy consumption has already reached 13.7 billion TEP in
2014. The International Energy Agency forecasts a 1.5% of annual increase in global
energy demand to 2030, to reach 17.3 billion TEP by this horizon. Global energy
consumption, as it stands today, cannot continue to keep pace and with the same
structure. This consumption remains strongly dominated by fossil fuels, which rep-
resent more than 80% of primary energy sources. Oil continues to be the primary
source of primary energy with a part of 31%, followed by coal with a part of 29%
and natural gas with a part of 21% (Conti et al., 2016).

For the Kingdom of Morocco, in addition to its commitments to the climate
change (Greenhouse reduction of 32% by 2030), the Moroccan energy transition faces
many challenges. Particularly, it is a question of ensuring a match between supply
and demand for primary energy, knowing that it increases by 5% per year, driven
by electricity demand which follows a sustained annual growth rate exceeding 6%
through the development of new power generation capacity which will have to in-
crease the installed capacity to 25,000 MW in 2030 (Ministry of Energy, Mines and
Sustainable Development (MEMSD), Morocco).

Security of supply also remains one of the major challenges of Moroccan en-
ergy model which is addressed through the diversification of energy sources and re-
sources. Furthermore, the kingdom must reduce the energy dependence on fuel im-
ports, which was 98% in 2009, through the ramp-up of renewable energies for which
Morocco has a huge potential, including the cost of recovery which is increasingly
competitive, strengthening energy efficiency in key sectors of the national economy
including transport, building, industry, agriculture and street lighting (Bennouna
and El Hebil, 2016).
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2.6.2 Climatic conditions

The Moroccan climate is both Mediterranean and Atlantic, with a dry and hot season
coupled with a cold and wet season, the end of the warm period being marked by
October rains. The presence of the sea attenuates the differences in temperature,
tempers the seasons and increases the humidity of the air (400 to 1000 mm of rains
on the coast). In the interior, the climate varies according to the altitude. Summers
are hot and dry, especially when blowing the hot sirocco or the chergui, summer
wind coming from the Sahara. At this season, average temperatures are 22 ◦C to 24
◦C. Winters are cold and rainy with frost and snow. The average temperature then
varies from -2 ◦C to 14 ◦C and can go down to -26 ◦C. In the mountainous regions, the
precipitation is very important (more than 2000 mm of rainfall in the Rif or 1800 mm
in the Middle Atlas). Pre-Saharan and Saharan Morocco has a dry desert climate.

The kingdom suffers from a very high energy dependence rate of about 93%
(Bouhal et al., 2018c). As shown in Fig. 2.15-(a), Morocco has a huge potential in so-
lar energy with more than 3000 h/year of sunshine and an average solar irradiation
of 5 kWh/m2/day (Moroccan Agency for Sustainable Energy (MASEN)). Therefore,
this potential can be exploited to ensure the comfort needs while reducing our en-
ergy bill and respecting the environment.

As shown in Fig. 2.15-(b), six Moroccan climate zones were defined by Moroccan
Agency for Energy Efficiency (AMEE) where each zone is represented by a reference
city in order to establish a new thermal building regulations.

FIGURE 2.15: (a)- Solar energy potential and (b)- Moroccan climatic
zoning in Morocco (Moroccan Agency for Energy Efficiency (AMEE))

Fig. 2.16 shows the monthly average values of meteorological data referring to
incident solar radiation and ambient temperature as generated by Meteonorm (Me-
teonorm) for the representative cities of Moroccan zones.
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FIGURE 2.16: Mean monthly solar radiation and average air temper-
atures in different zones of Morocco (Meteonorm)

2.6.3 The energy scene

The energy sector plays a central role in the green growth policy of the Government
of Morocco, and this on several levels. First, the success of the recently launched and
ongoing sectoral strategies in key sectors (agriculture, fisheries, tourism, industry) is
based on the country’s ability to improve access to energy, which remains relatively
low and to provide increase in additional demand linked to urbanization progres-
sive country (Haut Commissariat au Plan (HCP)). In 2017, the country imported 93%
of its commercial energy consumption, or 90.7 billion dirhams, instead of 19.1 bil-
lion dirhams in 2002. This dependence weighs heavily on the economic and finan-
cial equilibrium of the Kingdom and on its development opportunities (Ministry of
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Energy, Mines and Sustainable Development (MEMSD), Morocco). Second, the energy
challenge is also an environmental issue. The latest energy balance (2011) shows that
the total consumption of 17.3 million TEP (oil equivalent tones) is made up of almost
61.9% of oil and 22.5% of coal. This has localized environmental effects (pollution) as
well as global ones. Even though the Moroccan economy is not a major contributor
to overall global CO2 emissions, its relatively high dependence on fossil fuels could
negatively impact the country’s commitment to fighting climate change.

Indeed, the energy demand would reach 45 Million TEP by 2030 and the struc-
ture of energy consumption would not change much. By type of energy consumed
(see Fig. 2.17), the structure of energy consumption remains dominated by coal,
which by 2030 represents almost 26% of total energy consumption, followed by
diesel fuel, which represents almost 22%. Natural gas would satisfy some 3.2% of
total demand, followed by gasoline, whose consumption represents 3% of total en-
ergy demand. On the other hand, electricity consumption would be around 15% of
total energy, of which 88% is thermal, 7.5% is hydro, 4% is wind and 0.8% is solar.
The contribution of renewable energies (solar and wind) to the energy supply will
not undergo a remarkable change because their yield would only grow between 1
and 2% per year (Kousksou et al., 2015). The impact on producer prices would be
reflected in rising capital costs with low producer price growth between 0.6 and 0.4
percent per year. In this situation, there is little room for market penetration for solar
and wind energy.

FIGURE 2.17: Evolution of energy demand in thousands of TEP
in Morocco (Ministry of Energy, Mines and Sustainable Development

(MEMSD), Morocco)

Renewable energy resources will play an important role in the world’s future
because they comes from natural sources that are constantly and sustainably replen-
ished. Renewable energy sources like solar energy, wind energy, biomass energy,
geothermal energy, etc are also often called alternative sources of energy. Renew-
able energy sources that meet domestic energy requirements have the potential to
provide energy services with zero or almost zero emissions of both air pollutants
and greenhouse gases (Bouhal et al., 2018c).
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Among the Northern African countries, Morocco is the country which is ex-
tremely dependent on energy imports and fossil fuels. About 96% of Moroccan
energy needs is met by the import. In the meanwhile, the country has abundant
renewable energy resources such as wind and solar. Developing renewable energy
is a main priority for the public authorities, which is projecting to achieve energy se-
curity, sustainable development and job creation by investing in renewable energy
(Kousksou et al., 2015).

The Moroccan government has implemented an energy strategy aimed at diver-
sifying the energy mix towards renewable energies, with the ambition of meeting
the triple challenges of i) guaranteeing energy supply while reducing energy depen-
dence on energy; ii) limit the environmental impacts of the Moroccan growth model
and (iii) guarantee access to energy, especially for the poorest populations.

Thanks to its climate, Morocco benefits from a strong sunshine which it profits
through, among others, photovoltaic installations for the pumping of the water, the
rural electrification and the lighting. The average incident solar radiation oscillates
between 4.7 and 5.6 kW m−2day−1 with a number of sunshine hours which varies
from 2700 hours/year in the North of Morocco to more than 3500 hours/year in
the South (francophonie and d’Almeida, 2001; Brand and Zingerle, 2011), (Senhagi,
2003). Important potential in underserved networked areas and in electrical gener-
ating capacities. Particularly high cost (9% below reference cost).

For the 2020-2030 outlook, the resources of the future will be available from po-
tential achievable not including export projects.

• 3,000,000 m2 for solar DHW as listed in Table 2.1;

Cumulated surface
feasible (m2)

Energy produced
(GWh/year)

Energy saving
(ktep/year)

CO2 avoided
(kt/year)

Power saved
(MW)

Jobs creation

2020 1700000 1190 103 682 400 920
2030 3000000 2100 181 1204 700 1600

TABLE 2.1: Potential of solar DHW systems in Morocco and prospec-
tive 2020-2030

• 1000 MW for CSP;

The Moroccan Agency for Sustainable Energy (MASEN) has launched the first
phase of CSP central using a PTC (Parabolic Trough Collector), solar tower
and PV technologies for electricity generation. Fig. 2.18 shows the CSP and
PV installations in Ouarzazate city.
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FIGURE 2.18: Concentrated solar power and solar power plant imple-
mented in Ouarzazate solar complex, Morocco (Bouhal et al., 2018c)

The potential of Concentrated Solar Power (CSP) in Morocco within the Mo-
roccan energy strategy is given in Table 2.2.

Cumulated power
feasible (MW)

Energy produced
(GWh/year)

Energy saving
(ktep/year)

CO2 avoided
(kt/year)

Jobs creation

2020 470 1880 161.7 1110.4 1500
2030 1040 4000 344 2362 3000

TABLE 2.2: Potential of Concentrated Solar power (CSP) in Morocco

• 4.2 million tonnes/year CO2 avoided;

• 600 thousand tep/year saved;

• 15,000 jobs created.

The realization of this potential is conditioned by the profitability of the projects
and in particular the reduction of the access costs to solar technologies. 2030 is a
good goal for a foresight exercise, because on the one hand, we will perceive the re-
ality of climate change much more than today, and on the other hand, we will have
passed the "peak" of oil, which means that the energy of reference will be much
more expensive, and that consequently the control of the energy and the use of the
renewables will be essential for all. As a result, what appears today as a handi-
cap (Morocco’s strong dependence on imported fossil energy) can be turned into a
chance if we know how to prepare in time for change, which is now (Bennouna and
El Hebil, 2016).

For building applications, the possibility of integration of solar cooling process in
Morocco occurs as a promising solution to save energy consumption in the building
sector. Therefore, it is interesting to describe clearly the experimental aspect of the
solar air-conditioning installation adopted in the framework of SCPM project.
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2.7 Experimental description of solar cooling process

This part focuses on the experimental description of solar air-conditioning installa-
tion adopted in the project of Solar Cooling Process in Morocco (SCPM) funded
by Research Institute for Solar Energy and New Energies (IRESEN). The aim is to iden-
tify the important technical characteristics of the process, the sensitive points and
to consider avenues for improvement with a view to future implementation and in-
dustrialization of the solar absorption cooling installation in Morocco.

2.7.1 Background: Solar cooling process in Morocco (SCPM)

In Morocco, energy efficiency, together with the development of renewable energies,
is a major priority in the national energy strategy. It is the fastest and cheapest way
to better use and save energy, while lowering our energy bills. The ambition of this
strategy in terms of energy efficiency is to achieve 15% of energy savings by 2020
(Bouhal et al., 2018c).

It is interesting to note that energy consumption in buildings in Morocco has in-
creased in recent years with the development of the national economy and accounts
for 35% of the total energy used. Today, the building sector accounts for one-quarter
of global greenhouse gas emissions (Bouhal et al., 2017a). Gradually, the contribu-
tion of renewable energies becomes essential in order to achieve the objectives of
energy saving and reduction of greenhouse gas emissions set by the various author-
ities.

Over the past decade, demand for increased comfort and rising summer tem-
peratures has led to a high use of conventional air-conditioning in Morocco. This
development of air-conditioning is responsible for a significant peak of electricity
consumption in summer. Associated with the possible leakage of refrigerants in
conventional air conditioning systems, these peaks in electricity production lead to
an increase in greenhouse gas emissions, accentuating the vicious cycle of climate
change (Bouhal et al., 2017b). Furthermore, the use of air-conditioning systems in
the summertime causes energy consumption which creates problems of production
and routing of electrical energy. The Office National d’Electricité et de l’Eau Potable
(ONEE) is often forced to import electricity from Spain at a very high price. There-
fore, in the current context, the use of solar energy for air-conditioning in buildings
is again an attractive concept. Kalkan, Young, and Celiktas, 2012 reported the clas-
sification of solar cooling technologies and different processes utilizing solar energy
for refrigeration applications including electric and thermal alternatives.

The exploitation of solar energy can be done according to two types of energy
conversion, namely the thermal process and the photovoltaic option. A multitude
of cycles can be distinguished, such as thermo-mechanical, sorption, thermoelectric
and conventional cycles. These cycles use a variety of technologies. Among these cy-
cles, the absorption and adsorption systems occupy an increasingly important place
(Allouhi et al., 2015b).

The advantages of solar absorption systems compared to solar adsorption ma-
chines are numerous. In fact, the absorption machines take advantage of two phys-
ical characteristics that guarantee a significant reduction in electrical consumption
and an efficient production of cooling. On the one hand, it is less expensive to circu-
late fluids rather than gases between two pressure levels. We use this specificity to
achieve electricity savings. In addition, the fluids used in absorption chiller evapo-
rate at different pressure levels and at different temperatures. In case of high pres-
sure, the water evaporates only if the temperature itself is high. When the pressure
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is low, the temperature must also be low to allow the water to evaporate. We use
this effect to produce cooling effect.

Accordingly, different technologies are available on the market in the power
range of 50 kW and can be coupled with thermal solar collectors. The main ob-
stacles to their large-scale development, even before their high cost, are the lack of
practical knowledge on the design, control and operation of these systems. In the
small power range, the lack of technology in the market has prevented their growth
(Kim and Ferreira, 2008).

In response to the more favorable current situation, several companies have started
to develop machines with nominal power ratings ranging from 5 kW to 200 kW.
Then, turnkey kits appeared on the market (Balaras et al., 2007). The interest re-
mains in the further development of small air-conditioning systems. The latter are
the subject of both research and demonstration projects in many countries and also
in the framework of international cooperation (for instance, the International Energy
Agency (IEA) program, solar heating and cooling (Abdulateef et al., 2009)).

The global manufacturers of solar refrigeration technologies are summarized in
the following Fig. 2.19:

FIGURE 2.19: Global manufacturers of solar refrigeration technolo-
gies (Abdulateef et al., 2009, Kalkan, Young, and Celiktas, 2012)

It can be seen that most commercialized technologies have a power of less than 50
kW mainly belonging to the absorption technology and use LiBr/H2O as operating
fluid. The majority of these technologies are from Asian or German markets (Etat des
lieux de la climatisation solaire, INES, 2013). Basically, the solar irradiance and cooling
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requirements are approximately in phase (see Fig. 1.6), which makes solar cooling
an attractive alternative to conventional (electric) cooling in modern buildings in
Morocco.

The thermal pathway offers a certain advantage over the photovoltaic path, in
particular from the point of view of conversion efficiency, environmental impact of
the refrigerants used and from the point of view of the variety of the installation’s
size proposed (Wang et al., 2009). At the national level, the project of Solar Cooling
Process in Morocco (SCPM) funded by Research Institute for Solar Energy and New
Energies (IRESEN) focused on the study of the processes of solar air-conditioning
under Moroccan conditions and more particularly on the refrigeration systems with
a low power of 11.5 kW i.e. a solar air-conditioning production using an absorption
chiller coupled to a solar evacuated tubes collector’s field.

This section aims to derive a knowledgeable data base for the experimental de-
scription concerning the use and implementation of a dynamic solar air-conditioning
installation in the framework of the project of Solar Cooling Process in Morocco sup-
ported by IRESEN. Indeed, this part aims to provide useful guidelines about the dy-
namic mode operation of solar air-conditioning systems under Moroccan conditions
based on technical aspects. In this sense, the experimental solar cooling installation,
which will be implemented in Green Energy Park, is described. Then, the most sig-
nificate components and their technical characteristics are highlighted. Therefore,
the installation is studied in the case of a typical type operation using a storage and
having a start of the automatic machine according to the temperature and flow rate
conditions at its inputs. Then, the thermal behavior of the installation is analyzed.

2.7.2 Numerical and experimental studies on solar absorption chillers

Various numerical studies have been published evaluating and predicting the per-
formance of the solar cooling absorption chiller. Table 2.3 groups the relevant nu-
merical studies previously published.

Numerical study City/Country (Latitude) Collector’s area (m2) Storage volume (m3) Absorption chiller nominal Solar fraction Publication year
size (kW ) (%)

Florides et al., 2002a Cyprus (35.1◦N) 15 0.8 11 37 2002
Atmaca and Yigit, 2003 Antalya, Turkey (36.9◦N) 50 3.75 10.5 55-100 2003
Joudi and Abdul-Ghafour, 2003 Baghdad, Iraq (33.3◦N) 40-240 1-48 35-140 0-100 2003
Balghouthi, Chahbani, and Guizani, 2008 Tunisia (-33.9◦N) 8-42 0.1-2 11 23-85 2008
Mazloumi, Naghashzadegan, and Javaherdeh, 2008 Ahwaz, Iran (31.3◦N) 56.4-59.8 0.65-1.0 17.5 - 2008
Eicker and Pietruschka, 2009 - 440 to 1320 10 (Water) 106-229 50-80 2015
Mateus and Oliveira, 2009 Berlin (Germany), Lisbon (Portugal), 3-3000 0.2-90 10-1400 2-100 2009

Rome (Italy)
Ortiz et al., 2010 Albuquerque, USA (35.1◦N) 124 FP 35 70.3 - 2010
Cascales et al., 2011 Puerto Lumbreras, Spain (37.6◦N) - 1.5 8 - 2011
Fan, Ferreira, and Mosaffa, 2014 Netherlands (-52.1◦N) 1000 8-16 (PCM) 100 88 to 100 2014
Shirazi et al., 2016a Typical USA hotel 1023-5115 10-179 (Water) 1023-1163 20-90 2016
Shirazi et al., 2016b Typical USA hotel 1023-5115 10-179 (Water) 1023 10 to 85 2016
Pintaldi et al., 2017 Sydney, Australia (33.9◦S) 103-412 1-27 (Water, oil, PCM) 103 35-80 2017
Bouhal et al., 2018b Ben Guerir, Morocco (32.243◦S) 15-24 0.3-1 11.5 35-55 2018

TABLE 2.3: Summary of numerical solar absorption cooling system
studies published in literature

Moreover, several experimental studies have been carried out for full scale so-
lar absorption cooling systems provided by the literature community. Summary of
system parameters for these studies are provided in Table 2.4.
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Experimental study City(Latitude) Collector’s area(m2)
Water Size Tank
(m3)

Absorption chiller nominal
size(kW )

Solar Fraction
(%)

Generator Operating
Temperature (◦C)

Cooling Output
(kW )

Period of Operation

Yeung et al., 1992 Hong Kong, China (22.4◦N) 38.2 FPC 2.75 4.7 55 60–80 2.5 July 1987
Li and Sumathy, 2001 Hong Kong, China (22.4◦N) 38 FPC 2.75 4.7 – 75–100 – Jan. – Dec. 1999

Sumathy, Huang, and Li, 2002 Shenzhen, China (22.2 ◦N) 500 FPC – 100 – 60–72 66.7–108.4 9 days Apr. 1999
Syed et al., 2005 Madrid, Spain (40.4◦N) 49.9 FPC 2.0 35 – 58.7–90 5–7 20 days, Jul. Aug. 2003
Hidalgo et al., 2008 Madrid, Spain (40.4◦N) 50 FPC 2.0 35 56 65–80 10–15 Jun – Oct. 2004
Izquierdo et al., 2008 Madrid, Spain (40.4◦N) – – 4.5 – 80–107 5.5 MAX Aug. 2005
Pongtornkulpanich et al., 2008 Phitsanulok, Thailand 72 ETC 0.4 35 81 70–95 12 months, 2006. 8 h/

(16.8◦N) day
Zhai et al., 2008 Shanghai, China (31.2◦N) 150 ETC 2.5 2 x 8.5 (Adsorption Chillers) 71.7 60–80 15.3 Jun-Aug 2005. 8 h/day
Ali, Noeres, and Pollerberg, 2008 Oberhausen, Germany (51.5 108 ETC 6.8 (hot), 1.5 35.2 25–70 75–85 – Aug. 2002 - Nov. 2007

◦N) (cold)
Balghouthi, Chahbani, and Guizani, 2008 Bordj-Cedria, Tunisia 39 PTC 0.4 16 77 150–160 11.0 Summer 2010

(36.7◦N)
Bermejo, Pino, and Rosa, 2010 Seville, Spain (37.4 ◦N) 352 LFR – 174 44 135 2008–2009
Qu, Yin, and Archer, 2010 Pittsburgh, USA (40.4◦N) 52 PTC – 16 – 140–160 10.0 Summer, 2007
Agyenim, Knight, and Rhodes, 2010 Cardiff, UK (51.5◦N) 12 ETC 1.0 (cold) 4.5 – 60–85 4.09 Summer/ Fall 2007
Mammoli et al., 2010 Albuquerque, USA (35.1◦N) 124 FPC 34 70 – 75–88 – Aug. 21 and 22, 2009
Praene et al., 2011 Reunion Island (21.1◦S) 90 FPC 1.5 30 100 70–95 17 MAX Jan. 2010
Darkwa, Fraser, and Chow, 2012 Ningbo, China (29.9◦N) 220 ETC 16 55 – 82–96 – 7 days in Aug. 2010

(4 tanks)
Rossetti, Paci, and Alimonti, 2017 Milan, Spain (45.5◦N) 50 PTC 0.75 (hot), 1.5 23 – 165–185 22.8 MAX Jul-Oct 2015

(cold)
Zhou et al., 2017 Shanghai, China (31.2◦N) 900–1100 LFR 5–8.5 (PCM) 102 13.2 85–180 93.4 N/A (Published 2017)

TABLE 2.4: Summary of experimental solar absorption cooling sys-
tem installations published in literature

In the following section, the investigation of solar absorption cooling process,
as one of the most promising solutions of solar thermal cooling cycles, will be con-
ducted. Besides, the experimental description of the solar cooling installation is nec-
essary.

2.7.3 Description of solar cooling process installation

As previously mentioned, the solar cooling process in Morocco is a research project
funded by IRESEN to develop the first prototype of solar air-conditioning process
in Morocco using an absorption chiller based on LiBr-H2O as a driving fluid and
coupled to solar evacuated tube collectors. Following pre-studies carried out by
different partners of the SCPM project, design choices and materials have been made
and the installation will be mounted by Energypoles company SA, Rabat, Morocco in
the green town (Green Energy Park). Fig. 2.20 shows a simplified schematic of our
installation with its main components composed of:

• Solar thermal collectors field of high performance with vacuum tubes manu-
factured by Viessmann - Solar thermal systems;

• RXZ solar absorption chiller with a nominal cooling power of 11.5 kW;

• Hot water storage tank of 300 l;

• Cooling tower system (aero-refrigerant);

• Set of hydraulic and safety equipment;

• Cold distribution circuit by fan coil;

• Regulation and control system.
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FIGURE 2.20: Synoptic of the solar cooling installation

Therefore, the project of Solar Cooling Process in Morocco (SCPM) aims to inte-
grate the solar cooling applications in Moroccan building sector. The applied scien-
tific research subjacent with the optimization of these cooling systems resides in the
difficulty to predict the non-stationary behavior of the system induces by the transi-
tory character of the operation of each subsystem and of the sources to which they
are connected.

Fig. 2.21 represents a solar thermal integrated system for heating, air condition-
ing and DHW production with external exchanger, solar and auxiliary tank with
indirect connection and supplement connected directly to the heating and indirectly
to DHW.

The system consists of a set of solar collectors that supply energy to the solar stor-
age tank through an external heat exchanger. The storage tank is connected by an
immersed exchanger to the bottom of the auxiliary tank. The energy supplied to the
auxiliary tank can also come from a hydraulic auxiliary heating through a heat ex-
changer situated in the upper zone of the tank. In the distribution loop, recirculation
operates exclusively to obtain the set temperature of DHW.

The cold machine is directly connected to the solar storage tank, and operates
when an air-conditioning need arises and if the temperature of the storage tank is
higher than the set temperature. The flow through the generator is constant, so the
fluid is mixed at the inlet to adjust the power of the machine. The cooling tower
is controlled by a variable frequency drive. The return temperature to the tower is
maintained above the set point by a valve which mixes with the inlet fluid. The
flow of the cold distribution loop is always variable, with constant inlet and return
temperatures.
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FIGURE 2.21: Schematic of integrated solar central heating and ab-
sorption cooling system for indoor space conditioning

As this installation (see Fig. 2.21) is intended to be integrated in building sec-
tor, it’s appropriate to have a clear idea on the current situation of the residential
building in Morocco. Accordingly, the building sector accounts for 35% of national
energy consumption, with an average increase of 41% over the last 8 years, as previ-
ously mentioned. Demand for electricity peaks during the summer months due to
the widespread use of vapor-controlled air-conditioning systems. In addition, these
systems, because of the refrigerants used can negatively influence the environment.
In this vision, this section aims to outline the integration of solar air-conditioning,
heating and DHW production systems in the Moroccan residential sector according
to the new climate zoning established by the Moroccan Agency for Energy Efficiency
(AMEE). It is interesting to draw the energy situation of our country. In fact, Morocco
are facing increasingly significant electricity consumption (with an average rate of
increase of 5.2%). Moreover, this electricity is largely of fossil origin. In addition, the
kingdom suffer from a very high energy dependence rate of about 93% (Bouhal et al.,
2018c). Although, Morocco has a huge solar energy potential with more than 3000
h/year of sunshine and an average solar irradiation of 5 kWh/m2/day (Moroccan
Agency for Sustainable Energy (MASEN)). Therefore, this potential can be exploited to
ensure the comfort needs while reducing our energy bill and respecting the environ-
ment. In this framework, this study aims to carry out a technico-economic evalua-
tion of solar air-conditioning, heating and DHW production systems at the national
level and the potential for energy saving based on the socio-economic attributes of
Morocco.

Geographical location and meteorological data

The solar cooling installation is intended to be implemented in the research platform
of Green Energy Park in the green town Ben Guerir as shown in Fig. 2.22-(a)). The
geographical coordinates of Ben Guerir city are as follows: Latitude: 32.23 ◦ and
Longitude: -7.95 ◦. The building is oriented along the north axis. The reference
building under investigation is a one floor building with a reference area of 300 m2
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including walls and windows. The building is oriented east west axis. The Green
Energy Park was developed by IRESEN and the Groupe Office Chérifien des Phosphates
(OCP) with the support of the Ministry of Energy, Mines and Sustainable Development
(MEMSD), Morocco.

FIGURE 2.22: 3D view of the platform Moroccan Agency for Energy
Efficiency (AMEE) (a) and building face adopted in the project of Solar

Cooling Process (b), Benguerir, Morocco

The main building characteristics involved in the simulation procedure are given
in Table 2.5.

Parameter description Characteristics of the building
Walls Cement mortar 2 cm, Hollow brick 10 cm, air cavity 10 cm,

Hollow brick 10 cm, plaster 2 cm
U (W/m2K) 1.25
The type of window Clear, single
Floors number 1
Windows (%) South 19, north 20, west 0 and east 0
Infiltration (1/h) 0.8
Specific gains (W/m2) 15
Occupation rate (m−2) 0.06
Specific lighting (W/m2) 10

TABLE 2.5: Parameters used for the reference building

Solar thermal collector’s field

For the operation of absorption machine, the use of solar collectors allowing work-
ing at temperatures between 80 ◦C and 95 ◦C with good performance is necessary.
The evacuated tube collector technology enables the best use of the solar resource,
these levels of temperature and low sunlight, in comparison with flat plate collec-
tors. We therefore selected the vacuum tube technology and opted for the Viessmann
brand. In order to supply the hot storage tank and/or the generator of the absorp-
tion chiller, a solar thermal vacuum collector field of 22 m2 intended to be installed
on the ground in solar zone of Green Energy Park, as can be seen in Fig. 2.23.
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FIGURE 2.23: Solar thermal collector’s field using Evacuated Tubes
Collectors (ETC) technology

The technical characteristics of the ETC technology used in our solar installation
are listed in Table 2.6.

Parameter description Value
Optical efficiency η0 0.816
Loss coefficient k1 2.735 W/m2K
Loss coefficient k2 0.0074 W/m2K
Unitary area 1.51 m2

Fan minimum capacity 30 %

TABLE 2.6: Technical parameters considered for solar thermal collec-
tors (Viessmann - Solar thermal systems)

The solar collector’s field will be mounted on variable tilt supports made inter-
nally. To have the lowest angle of incidence possible, in the case of an operation in
summer (solar cooling), the supports will set to a minimum, i.e. 30 ◦ with respect to
the horizontal. They will be oriented full south. All collectors are connected in series
and can be covered with tarpaulins at any time, so as to interrupt any absorption of
solar radiation and protect the collectors when the installation is stopped. Fig. 2.23
shows a schematic view of the collectors field allowing better understanding of its
design. The water supplying this water is drawn from the bottom of a storage tank.
Then, this water passes through a pipe to be transported to the circuit go from the
collector’s field, in which the coolant receives sunshine captured.

Hot water storage tank

A hot storage tank was installed between the solar collector’s field and the generator
of the absorption machine as shown in Fig. 2.24. This tank serves as a buffer tank to
allow continuity of operation during cloudy periods for example. The storage vol-
ume must be able to allow the machine to maintain its operating condition for about
10 minutes. The regime will be considered maintained for a maximum decrease of
5 ◦C of the generator input temperature. The hot storage tank must therefore be
capable of delivering a power of 9 kW (nominal desorption power) for 10 minutes
(i.e. stored energy of 5000 kJ) with a temperature drop of 5 ◦C maximum. A 300 l of
the storage tank would be enough, but the storage volumes available from different
suppliers closest to each other are 200 and 300 liters. Finally, we chose to use a 300 l
tank in order to obtain a autonomy of just over 12 minutes. It can be seen in Fig. 2.24
that the water feeding the generator is drawn from the top of the tank and reinjected
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at the tank’s bottom after passing through the machine. The water sent to collectors
is drawn from the bottom of the tank (the coldest point) and the return of the col-
lectors can be injected at different levels into the tank. This option has been made
in order to test the influence of this position on the tank load its thermal behavior
when the storage function is not used (bypass hot tank).

FIGURE 2.24: Hot water storage tank

Solar absorption chiller based LiBr-H2O

The RXZ solar absorption machine is the main element of the solar cooling installa-
tion pilot shown in Fig. 2.25. It has been sized to provide, in its nominal conditions
of temperature and flow, a power refrigeration of 11.5 kW with a COP of 0.7 (Shan-
dong Lucy New Energy Technology Co., Ltd.). Fig. 2.25 shows the particularity of this
machine consisting of a rotating system containing all the components that consti-
tute it. The reason for this choice is the design hermetic obtained thanks to the drum
which eliminates the risks of entry of air. Since the refrigerant is water, the whole is
in depression. Low pressure (Pl) is included between 20 and 45 mbar, while the high
pressure (Ph) is between 60 and 105 mbar.

FIGURE 2.25: Solar absorption chiller RXZ-11.5 kW implemented in
Ben Guerir (Green Energy Park)
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The technical parameters of the solar air-conditioning absorption chiller imple-
mented in Green Energy Park are given in Table 2.7.

Model RXZ–11.5
Cooling capacity 11.5 kW

Hot water Chilled water Cooling water
Flow rate 2.8 m3/h 2.0 m3/h 4.8 m3/h

Inlet/Outlet Temp. 90◦C/85◦C 15◦C/10◦C 30◦C/35◦C
Connection diameter DN40 DN32 DN40
Pressure Loss 50 kPa 40 kPa 50 kPa
Power consumption 0.3 kW
Cooling capacity adjusting range 20 - 100%

Dimension
Length 1010 mm
Width 785 mm
Height 1622 mm

Shipping weight 700 kg

TABLE 2.7: Technical parameters of solar air-conditioning absorption
chiller (Shandong Lucy New Energy Technology Co., Ltd.)

It’s necessary to note that the fouling factor (which is a measure of the accumula-
tion of unwanted material deposits on solid surfaces) and the standard gauge pres-
sure limit for chilled water and cooling water are 0.086 m2◦C/kW and ≤ 0.8MPa,
respectively.

The main technical characteristics of the absorption chiller are shown in Table 2.8
as it was given by the manufacturer Shandong Lucy New Energy Technology Co., Ltd.

Parameter description Value
Thermal chiller
Nominal cooling power 11.5 kW
Nominal COP 0.7
Electric power of auxiliaries 216 W
Electric chiller
Nominal cooling power 7.5 kW
Nominal COP 3
Set point temperature 7 ◦C
Cooling tower
Air flow rate 1900 m3/h
Mass transfer constant 2.3
Mass transfer exponent -0.72
Fan electric consumption 0.93 kW
Fan minimum capacity 30 %

TABLE 2.8: Main system input parameters (Shandong Lucy New Energy
Technology Co., Ltd.)

Cooling tower (Dry cooler)

The cooling tower is a water/air heat exchanger (coolant outdoor air) located behind
the building so that it is the most possible in the shade during the day and close to
the machine so as to reduce the pressure losses of the circuit and the size of the
circulation pump required. This component of the installation evacuates the heat
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released by absorption and condensation in the outside air. The air is sucked from
below and rejected from above with a flow of 5800 m3/h (see Fig. 2.26).

FIGURE 2.26: Cooling tower used in the solar cooling installation

Fan coil and climatic cells

Fig. 2.27 shows the fan coil used to to refresh the typical rooms located in Green
Energy Park where the refrigeration production is distributed in the building of Fig.
2.22. The fan coils operate with a flow rate of 1900 m3/h, which allows them to
achieve a cooling capacity of 5.6 kW per unit with a water inlet/outlet 10/15 ◦C and
air at 25◦C and 50% humidity. The climatic cells located in Green Energy Park (see Fig.
2.22) can be subjected to cooling load variations in order to analyze the behavior of
the absorption machine for different temperature distribution levels.

FIGURE 2.27: Fan coil unit used in the solar cooling installation

Instrumentation and measurements

In order to study and analyze the behavior of the absorption chiller, the solar cooling
installation will be instrumented. The measured quantities are the flows of circulat-
ing heat transfer fluids in each of the circuits and the input and output temperatures
of components (absorption machine, solar collectors, hot storage tank, refrigerant,
fan coils and building). The different measures will allow to control the adequate
operation of the various components of the installation in order to perform the as-
sessments of each of them and calculate different performance indicators required
for the analysis of the system. Regarding the temperatures, the installation will be
instrumented with thermocouples type T with watertight passages. Fig. 2.28 shows
the instrumentation chain on a layout diagram of installation. Temperature mea-
surements within the collector’s field are performed by batteries.
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FIGURE 2.28: Acquisition central and regulation process of the solar
cooling installation

Following the completion of several quotes from suppliers, Energypoles company
SA, Rabat, Morocco may serves as instrumentation has been requested to supply Mac
Naught oval wheel flow meters a precise measure adapted to our needs. 5 flowme-
ters were installed to measure the 5 following volumetric flow rates and balance the
chilled water network including two fan coils mounted in parallel:

• Solar collector’s circuit;

• Generator circuit;

• Cooling circuit (absorber/condenser and refrigerant);

• Fan coil circuit.

The measures will acquired using a computer and an acquisition central and all
signals are recorded every 10 seconds with HP Bench Link Data Logger software as
shown in Fig. 2.28.

Commissioning and problems encountered

At the beginning of this research project, we encountered a real problem in the pur-
chase of the absorption chiller plant powered by solar hot water. This problem due
essentially to the various developments and tests currently undergoing on this in-
stallation in the world. Recently, we have found a supplier who delivered the instal-
lation with the conditions and characteristics indicated in the specifications of the
project of Solar Cooling Process in Morocco (SCPM). The solar cooling process will
be installed by Energypoles company SA, Rabat, Morocco and the supplier of the ma-
chine from China (Shandong Lucy New Energy Technology Co., Ltd.). Indeed, the first
commissioning of the solar cooling system was carried out by our partner at the end
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of September 2015 (following various supplies problems). To overcome these prob-
lems, we have made several journeys to IUT/GTE des Pays de l’Adour, Pau, France,
because in this institute, a prototype of solar cooling system by absorption chiller
has been already implemented with a cooling capacity of 4.5 kW. This installation
required the control of the tightness of the circuits, the verification of the different
flow rates, settings such as the adjustment of the balancing valves on the different
hydraulic loops and control of the acquisition system. During the first commission-
ing, it will turn out that the chilled water circuit will generated too much losses and
therefore, the pump will not able to provide the minimum flow required to start
the machine. Similarly, for the solar circuit, in the case without storage tank the
pump was undersized. Some modifications have been made to the installation in
order to meet the nominal operating conditions of the machine. In june 30, 2016 a
new problem has appeared because the machine could not get down to the required
temperature. At best 27 ◦C were reached at the evaporator outlet, i.e. barely 2-3 ◦C
below the outside temperature. After analyzing the machine, it was observed that
the sealing valve of the machine was open and that this due to the vacuum inside the
machine, in order to remove any inert gases introduced therein. Before the vacuum
draw, the pressure in the drum was 19.5 mbar for 20 ◦C outside. The void could be
pulled to a pressure of 14.5 mbar. After this maintenance operation carried out on
the machine, the installation doesn’t work properly again because of another prob-
lem related to the electricity. The evaporator outlet temperature is down below 9
◦C without fan coil being turned on (virtually without charge therefore). Fig. 2.29
shows some pictures concerning the maintenance and commissioning tests carried
out on the prototype of solar cooling installation implemented in IUT/GTE des Pays
de l’Adour, Pau, France.

FIGURE 2.29: Pictures of maintenance and commissioning tests car-
ried out on solar cooling installation on the period of 2016/2017 im-

plemented in IUT/GTE des Pays de l’Adour, Pau, France

Due to several electrical problems (electric motor is down) and other technical
issuses, the absorption machine could not work. Therefore, we were limited to carry
out numerical simulations to evaluate the potential of solar air-conditioning in Mo-
rocco.



2.8. Conclusion 41

2.8 Conclusion

In this chapter (Chapter 2), we presented the state of the market for solar thermal
systems worldwide and particularly in Morocco. In general, we have seen a signif-
icant evolution of the solar cooling systems in recent years. Solar air-conditioning
still despite the fact that there are commercially available solar powered cooling sys-
tems, no application has so far been reported in Morocco. This is attributed to the
high capital cost which yields very long payback periods and also to the lack of
performance data of such systems operating under Moroccan climatic conditions.
While the market is booming in some countries in the MENA region, for Morocco,
efforts are still needed to facilitate the emergence and widespread diffusion of these
technologies in the Kingdom. These technological, organizational and institutional
efforts require close cooperation between all the players in the field. Particular em-
phasis was given on the experimental aspect of the absorption solar cooling installa-
tion adopted in the project of Solar Cooling Process in Morocco (SCPM). It is well-
known that experimental measurements are able to prove the validity of numerical
simulations. Unfortunately, we did not have the chance to complete the implementa-
tion of the prototype of the installation due to enormous problems encountered pre-
viously described. However, Chapter 3 will focus on numerical modeling in order
to test the different parameters influencing the thermal behaviour of LiBr-H2O solar
absorption air-conditioning system using energy and economic indicators based on
technical and real operating characteristics of the absorption chiller prototype under
Moroccan conditions.
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Chapter 3

Design of solar air-conditioning
systems: Effects of collector
technology, cooling profiles and
building category

3.1 Introduction

This chapter investigates the potential of LiBr-H2O solar absorption air-conditioning
system for Moroccan building applications. Hence, the combined effects of cooling
demand profiles, building categories and collector’s technology (Flat Plate FPC and
Evacuated Tube ETC) on the performance of solar cooling systems operating under
various climatic conditions were assessed in details. The Transol software, based on
Transient System Simulation Tool (TRNSYS), was used as a basis of dynamic simula-
tions. Different cooling profiles were used (Morning, Day and Morning) and various
building categories were evaluated: residential house, building office and hotel and
different Moroccan zones and climates were considered: Fez (Zone 3), Marrakech
(Zone 5) and Zagora (Zone 6) known as the hottest regions in Morocco. The re-
sults of both energy and economic assessment were presented for all configurations.
The different Moroccan energy costs for auxiliary backups (electricity and gas) were
taken into account and an optimization of storage tank volume and solar collector’s
size and other system indicators were also analyzed.

3.2 Background

The building sector represents a significant portion of electrical energy consump-
tion and a major contributor to environmental problems (Pérez-Lombard, Ortiz, and
Pout, 2008). Due to the high cost of fossil fuels and important CO2 emissions caused
by the extensive use of cooling systems for both industrial and residential buildings,
the use of solar energy to drive cooling cycles becomes an attractive option since the
cooling load is roughly in phase with solar energy availability (Henning, 2007). So-
lar air-conditioning is an attractive option since it has the advantage of removing the
majority of harmful effects of conventional cooling machines and that the peaks of
demands in refrigeration coincide most of the time with the availability of the solar
insolation (Kim and Ferreira, 2008).

In this respect, research community is moving in two main directions. The first
focuses on the building itself, aiming to minimize heat gains through the building
envelope and to simultaneously maximize the use of natural heat sinks (Santamouris
et al., 2007). While the second is dealing with the advancement of technologies
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that can offer reductions in energy costs, energy consumption and peak electrical
requirement and without decreasing the required level of comfort conditions. While
this study is concerned with the solar cooling production, it is vital to consider the
impact of solar hot water generation from a system perspective. Several numerical
experimental investigations have shown the performance of fully integrated solar
air-conditioning systems, and used the overall system performance as a metric of
assessment (Sarbu and Sebarchievici, 2013).

Relevant studies have been identified dealing with the solar air-conditioning
technologies used in building sector. Montagnino, 2017 presented the design, appli-
cation and performance of solar cooling technologies and the existing projects. They
have identified trends of innovation for both small and settlement scale applications,
supporting the perspective of a more efficient exploitation of the solar cooling po-
tential. Hirmiz, Lightstone, and Cotton, 2018 evaluated the performance enhance-
ment of solar absorption cooling systems using thermal energy storage with phase
change materials (PCMs). They have given an engineering approach for predicting
the expected benefit from both PCMs and water based thermal storage for applica-
tions with limited temperature ranges. In addition, Xu and Wang, 2017 performed
simulation of solar cooling system based on variable effect LiBr-water absorption
chiller. They analyzed the effects of solar collector area, storage tank volume and
cut-off driving temperature on the system performance and they obtained an aver-
age chiller COP of 0.88 and a solar COP of 0.35.

Solar thermal collectors used to produce hot water play a vital role since they
feed the solar absorption machine with the required temperatures and water mass
flow rates. In this sense, Tarsitano, Ciancio, and Coppi, 2017 examined the air-
conditioning in residential buildings through absorption systems powered by solar
collectors. They evaluated a small residential building and assessed the energy sav-
ings, reduction of CO2 and the return on investment compared to a traditional solu-
tion. Moreover, Wang et al., 2016 studied various solar driven air conditioning and
refrigeration systems corresponding to various heating source temperatures. They
concluded that all the studied systems have improvements in comparison with ex-
isting systems and may offer good alternatives for high efficient solar cooling.

In various Maghreb countries, the technical feasibility of these machines has been
evaluated according to literature reports. Balghouthi, Chahbani, and Guizani, 2008
studied the feasibility of solar absorption air-conditioning in Tunisia. They opti-
mized a system for a typical building of 150 m2 composed of a water lithium bro-
mide absorption chiller of a capacity of 11 kW, a 30m2 flat plate solar collector area
and a 0.8 m3 hot water storage tank. At Moroccan level, Allouhi et al., 2015a es-
tablished annual simulations in six Moroccan climatic zones and an economic and
environmental assessment of solar air-conditioning systems. The results show that
these systems must be an attractive alternative to increase energy savings and mit-
igate CO2 emissions especially in hot climates. Accordingly, Agrouaz et al., 2017
performed an energy and parametric analysis of solar absorption cooling systems in
various Moroccan climates. They found that the coefficient of performance values
in almost Moroccan regions have a significant variation from 0.12 to 0.33 all over
the year due to variation of solar energy potential of each zone. Recently, Bouhal
et al., 2018b conducted a technical assessment, economic viability and investment
risk analysis of solar DHW production, heating and cooling systems in residential
buildings in Morocco. The results show that solar contribution has increased from
605 kWh to 705 kWh in winter and summer periods, respectively, while the auxiliary
consumption has achieved 1450 kWh, 1875 kWh and 2300 kWh for Agadir, Tangier
and Ben Guerir, respectively.
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One of the most affecting parameters on the viability of solar cooling systems
is the daily cooling load profile. The demand cooling profile is impacted by vari-
ous parameters such as climatic conditions, occupant behavior, desired hot water
set temperatures and mass flow Fong et al., 2010. Determining the daily demand
profile is considered as a key element on the solar air-conditioning designing. Con-
sequently, the dynamic simulations presume repeating daily periodic working like
that the system returns to its initial state at the end of each day therefore removing
the impact of initial conditions while allowing the evaluation to be conducted for a
specified 24 h period.

In general, the majority of research works uses simplified cooling load profiles
in the simulations and considered relatively constant cooling rates during the night
and day that often not accurately reflect the real demand and the availability of solar
sunshine. Parametric studies concerning the effect of the cooling load profile on the
fractional savings of solar cooling systems are less published despite their major
importance.

This chapter investigates the combined effects of cooling load profiles, building
categories and collector’s technology (Flat Plate FPC and Evacuated Tube ETC) on
the performance of solar cooling systems operating under various climatic condi-
tions. The Transol software tool was used as a basis of simulations. Various building
categories were evaluated: residential (residential house), building office and hotel
and different Moroccan zones and climates were considered: Fez (Zone 3), Mar-
rakech (Zone 5) and Zagora (Zone 6) known as the hottest regions in Morocco. The
study also evidences the influence of the cooling load demand on the annual frac-
tional savings of solar air-conditioning system using energy and economic indica-
tors.

3.3 Simulation methodology

3.3.1 General considerations

Nowadays, the building sector represents one quarter of overall greenhouse gas
emissions (Bouhal et al., 2017a). Progressively, the involvement of renewable en-
ergies becomes necessary in order to reduce greenhouse gas emissions and achieve
the goals of energy saving set by the several authorities.

In the last few years, rising summer temperatures and needs for increased com-
fort have caused a huge use of conventional cooling in Morocco. This progress of
cooling is responsible for an important peaks of electricity consumption especially
in summer. Linked to the possible defection of refrigerants in conventional cool-
ing technologies, these peaks in electricity production accentuate the brutal cycle
of climate change and increase the greenhouse gas emissions (Bouhal et al., 2017b).
In addition, the use of cooling technologies in the summer season leads to a high
energy consumption which generates inevitable instabilities between the electricity
production and the energy demand.

Therefore, the growth of renewable energies is an important preference in the
Moroccan energy strategy. Indeed, it is the efficient way to optimize the energy
use while decreasing our energy invoices. Thus, the objective of this strategy is to
accomplish 15% of energy savings by 2020 in terms of energy efficiency (Bouhal
et al., 2018c). Accordingly, the energy consumption in Moroccan building sector
accounts for 35% of the total energy used which has been increased in recent years
with the development of the national economy.
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The Office National d’Electricité et de l’Eau Potable (ONEE) is usually coerced to
import electricity from Spain expensively. Hence, the exploitation of solar energy
for cooling in building sector is an attractive option. Solar energy potential could
be exploited according to two categories of energy conversion either photovoltaic
option or thermal process. Several cycles can be identified such as thermoelectric
(Peltier effect), sorption, thermomechanical and conventional systems. These cycles
utilize various types of technologies. The adsorption and absorption systems are
among these cycles which occupy an important place in the market (Allouhi et al.,
2015b).

The solar thermal option is advantageous compared to the photovoltaic solution
especially in terms of the variety of the size of the installations proposed, conversion
efficiency and environmental effect of the refrigerants used (Wang et al., 2009).

In this context, this part aims to carry out an energy and economic evaluation of
solar air-conditioning systems at the national level. The potential for energy savings
and the reduction of back-up energy are estimated on the basis of socio-economic
attributes. The design methodology followed is presented in Fig. 3.1.

FIGURE 3.1: Design methodology followed for solar cooling system

The solar cooling system configuration consists of a solar air-conditioning ab-
sorption chiller with a distribution circuit of cold/hot water to the load using solar
collectors and a hot water storage tank. When there is no insolation, an electric or a
gas boiler backups were used to provide hot water which directly used to drive the
absorption water chiller. The hot or cold water is circulated through fan-coils placed
in the building’s air-conditioned rooms as presented in Fig. 2.21. The thermal solar
collectors provide solar energy contribution during the cooling period. An auxiliary
electrical backup and a gas boiler were employed to deliver additional energy to the
system for a larger buildings such as building offices or hotels. The auxiliary system
operates if the tank temperature is below the set temperature or if there is a need for
water heating when the tank temperature is not sufficient for the generator.

At the national level, the project of Solar Cooling Process in Morocco (SCPM)
funded by Research Institute for Solar Energy and New Energies (IRESEN) focuses on
the integration of solar cooling technologies in Moroccan building sector using re-
frigeration systems with low power in the range of 5 − 20 kW i.e. a solar air-
conditioning production using an absorption chiller coupled to evacuated tubes so-
lar collector’s field. Hence, the objective of this project is to implement the first solar
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air-conditioning prototype in Morocco with a cooling capacity of 11.5 kW.
The solar air-conditioning installation implemented in the framework of Solar

Cooling Process in Morocco (SCPM) is presented in Fig. 3.2.

FIGURE 3.2: Solar installation: (a)- Solar thermal collector’s field,
(b)- Storage tank and (c)- Absorption chiller (RXZ-11.5 kW) and (d)-
Building implemented in Green Energy Park; IUT/GTE des Pays de

l’Adour, Pau, France

Transol software was used to carry out the dynamic simulations which uses the
Transient System Simulation Tool (TRNSYS) to size the solar thermal systems con-
nected to the building. Besides using Transol existing system components, technical
parameters for absorption chiller using real COP values taken from the manufac-
turer data base (Shandong Lucy New Energy Technology Co., Ltd.) were introduced al-
lowing the model to run for a whole year operating in cooling mode. For building
simulation, the Transol model considers solar gains through the glazing area using
a mono-zone building because it is less complex and the main objective of the simu-
lation was to evaluate the cooling system and not the building itself. Transol allows
the simulation of a Flat Plate Collector (FPC) as well as Evacuated Tubes Collector
(ETC). A stratified tank with uniform heat losses is considered for the thermal stor-
age tank. The energy interaction of the solar air-conditioning absorption chiller with
linked components and their typical boundary temperatures with the absorption
machine (RXZ-11.5 kW) implemented in Green Energy Park (Ben Guerir, Morocco) is
presented in Fig. 2.21. The technical parameters of the solar air-conditioning absorp-
tion chiller implemented in Green Energy Park are given in Table 2.7.

For this absorption machine, the fouling factor is 0.086 m2◦C/kW and the stan-
dard gauge pressure limit for chilled/cooling water is less than 0.8MPa.

In the present work, the solar collector types investigated are Evacuated Tube
Collectors (ETC) without concentration and Flat Plate Collectors (FPC) with selective
coating. Table 3.1 gives the parameters used for both collector technologies in the
simulations.

Parameters
Value

Unit
FPC ETC

Collector absorber area 2.67 2.67 [m2]
Optical efficiency η0 0.735 0.821 [-]
Loss coefficient k1 4.6 2.82 [W/m2.K]
Loss coefficient k2 0.0164 0.0047 [W/m2.K2]

TABLE 3.1: Technical characteristics of solar thermal collector’s (Viess-
mann - Solar thermal systems)
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The objective of this chapter is to carry out a technico-economic optimization
based on dynamic simulations to optimize the energetic ratio "performance/cost"
of a typical solar absorption chiller (see Fig. 3.2) of a power cooling of 11.5 kW
implemented as a demonstration prototype for solar air-conditioning production in
Green Energy Park, Ben Guerir, Morocco. Accordingly, the impacts of cooling de-
mand profiles, collector’s technology climatic data and the component’s technical
characteristics on the performance of the solar cooling system under Moroccan con-
ditions were studied. The dynamic simulations were performed using Transol soft-
ware which used to size thermal solar systems using the Transient System Simulation
Tool (TRNSYS).

3.3.2 Description of building categories

The Kingdom of Morocco is facing increasingly high electricity consumption which
is largely of fossil origin with an average rate of increase of 5.3% (Office National
d’Electricité et de l’Eau Potable (ONEE)). The country suffers from a very high energy
dependence rate of about 93% (Bouhal et al., 2018c). However, Morocco has a huge
solar energy potential represented by an average solar insolation of 5 kWh/m2/day
and more than 3000 h/year of sunshine. Hence, this potential can be exploited to
ensure the air-conditioning comfort requirements by reducing the energy invoices
and saving the environment. Accordingly, the integration of solar air-conditioning
systems (absorption technology) in the Moroccan residential sector is an interesting
alternative to reduce the energy consumption taking into account the new climates
zoning and the thermal regulation established by Moroccan Agency for Energy Effi-
ciency (AMEE).

In this work, three categories of building were investigated in the simulations as
they have different thermal output ranges: a residential house representing a lower
power range, an office building and a hotel accounting for medium power range as
shown in Fig. 3.3. The air-conditioning system was defined based on the climatic
data of the considered cities namely; Marrakech (Z5), Fez (Z3) and Zagora (Z6).

FIGURE 3.3: The categories of building considered in the present
work located in Morocco: (a)- Residential house, (b)- Office building

and (c)- Hotel

The main characteristics of these building categories are listed below:

• The residential house has a global area of 200 m2 with a floor’s height of 2.3
m. The glazing area for the South and North façades accounts for 8% of façade
area. In West and East walls don’t contain any glazing.

• The office building is designed by one floor with a global area of 400m2 with a
height of 2.54 m which has an East-West main axis. The glazing area accounts
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for 35% of the South and North façades and 8% of the East façade and West
façade is considered without glazing.

• The hotel is designed of two floors and each one with an area of 360 m2 with
a height 2.6 m and where the main building axis is North–South. The glazed
area for the South and North façades accounts for 3% for the East and West
façades and 20% of façade surface while the air-conditioned rooms represent
55% of the total area. Only one floor is considered for the thermal load for the
air-conditioning system.

For all building categories, a common construction was adopted taking into
account the thermal regulations in Morocco (Moroccan Agency for Energy Efficiency
(AMEE)). Accordingly, the external walls are built with a double pane of brick where
a thermal insulation is integrated in the middle while the floor and ceiling have also
3 cm of insulation and double glazing is used in all building types.

Furthermore, an air change per hour (acph) of 0.6 acph was considered for the
residential house while 1.5 acph was used for both office building and hotel. More-
over, an inside air temperatures between 18 and 24 ◦C with a chilling water at 10
◦C were adopted for all buildings. In this context, this study aims to carry out a
technico-economic evaluation of solar air-conditioning process and the potential for
energy preservation based on the socio-economic attributes under Moroccan condi-
tions.

3.3.3 Weather data and cooling loads for simulations

Six climate regions were defined by Moroccan Agency for Energy Efficiency (AMEE)
where each zone is referenced by a representative city in order to implement a new
thermal building regulations for construction in Morocco. For an efficient investiga-
tion, three reference cities are considered in the present study which are Fez (Zone 3),
Marrakech (Z5) and Zagora (Z6) because they have a very hot weather during sum-
mer which mean that the cooling requirements are important. The main climatic
data are listed as follows:

• Fez (34◦0.03′ N 4◦0.58′ W) representing Zone 3, is located in the center of Mo-
rocco. Fez is an imperial city and the second most populous city in Morocco (1
782 256 inhabitants in 2015). It enjoys a Mediterranean climate, but has a touch
of continentally. In summer, the average maximum temperatures can reach 38
◦C.

• Marrakech (31◦0.37′ N 8◦0.00′ W) representing Zone 5, is located to the north
of the foothills of the snowcapped Atlas Mountains. It is a touristic city and
enjoys a semi-arid climate with mild damp winters and hot dry summers. Its
population in 2013 was 914 000 inhabitants.

• Zagora (31◦0.55′ N 4◦0.25′ W) representing Zone 6, is a touristic city also and
located in the south east of Morocco in the Daraa Valley and north of Tafilalet
valley. A hot desert climate predominates in Zagora and the average maxi-
mum temperatures can reach 45 ◦C in summer.

The main meteorological data concerning the average values of the incident so-
lar irradiation on the solar collector’s field, the ambient temperature of the climate
zones of Fez (Z3), Marrakech (Z5) and Zagora (Z6) are presented in Fig. 2.16 as they
generated by Meteonorm. Concerning the climatic conditions for the investigated
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locations, the highest temperature during summer period occurs in Zagora (Z6) fol-
lowed by Marrakech (Z5) and Fez (Z3). Fez has the lowest temperatures throughout
the year (see Fig. 2.16). In terms of solar radiation, Zagora receives the most solar
energy potential compared to Marrakech and Fez cities.

The valuable solar potential of each region will be exploited in order to satisfy
the cooling requirements of the studied buildings. The estimated cooling needs tak-
ing into account several factors such as external and internal gains, occupancy and
climatic data are depicted in Fig. 3.4.

FIGURE 3.4: Monthly cooling requirements in the studied Moroccan
zones

It can be seen from Fig. 3.4, the building instantaneous air-conditioning loads
globally conformable to the season of maximum solar radiation especially in sum-
mer period for the hotter climates as Marrakech (Z5) and Zagora (Z6). The same
comparison would put to the same conclusion for the residential house and the
office building because of the various occupation styles where the instantaneous
loads may be higher in evening and morning hours. Indeed, the cooling demand
profile depends on user’s behavior and the location where the simulation is per-
formed. In fact, we have estimated the cooling consumption profiles for a typical
residence (residential house). Our estimation is based on a simple user load pro-
file that concentrates air-conditioning consumption during three periods per day
(Morning, Evening and Day) as shown in Fig. 3.5. For this profile, the overall daily
requirement was normalized to a power cooling of 10kW/day (for Morning and
Evening profiles) and 5kW/day for Day profile. As the cooling loads are required
in the simulations, Figs. 3.5 ((b), (c) and (d)) represent the daily cooling demand
profiles. The advantage of thermal storage is affected by the consumption profiles
due to the point of mismatch between the cooling demand and solar insolation. The
simulation investigates the solar incident radiation profile for Marrakech city refer-
ring to Zone 5 with the other zones. Indeed, three different cooling demand profiles
were considered to represent various degrees of mismatch to the solar radiation pro-
file as shown in Figs. 3.5. For all configurations, the total available solar insolation
is totally matched to provide 100% of solar fraction with 22 m2 of collector’s area
delivered and sufficient storage volume existing. The effect of changing the volume
of storage tank and the collector area and its technology was also examined to evalu-
ate the advantage of thermal storage for conditions in which insufficient or excess in
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solar radiation was available. Demand cooling profiles are a function of the temper-
ature set points, the building and the cooling system. Solar air-conditioning systems
reported in the literature used relatively constant cooling rates during the night and
day (Syed et al., 2005) but several profiles are possible depending on the building
function and the user needs. According to the solar radiation profile, the cooling de-
mands are selected to be in phase simulating daytime cooling (Morning profile), On
of phase cooling profile representing nighttime air-conditioning (Evening cooling)
and flat demand profile simulating constant cooling (Day profile). All part models
were performed in Transol and the full system models were integrated in time for
an entire year.

FIGURE 3.5: Solar radiation (a) and cooling loads profiles considered
in the simulations: (b): Morning, (c)- Evening and (d)- Day

3.4 Mathematical formulation of solar air-conditioning sys-
tem

3.4.1 Solar thermal collector’s field

The thermal collector efficiency is usually used to assess the energy performance of
the collector as described in Eq. 3.1.

ηc =
ṁCp(Tout − Tin)

AcIrad
= η0 − k1

(Tm − Ta)
Irad

− k2
(Tm − Ta)2

Irad
(3.1)

where ṁ is the water mass flow entering the collectors field with Tin and outgo-
ing with Tout temperature. Ac is the total collectors area and Irad is the total solar
irradiation on the titled surfaces of the thermal collectors. The second part of Eq.
3.1 represents the quadratic relation often used to define the efficiency of the ther-
mal collectors. Indeed, η0 shows the zero loss efficiency of the collector, k1 and k2
indicate the first and second order heat loss coefficients given by the manufacturer
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Viessmann - Solar thermal systems (see Table 3.1), Ta is the ambient temperature and
Tm is the average temperature expressed by the formula in Eq. 3.2.

Tm =
Tout + Tin

2
(3.2)

3.4.2 Solar storage tank

The size of the storage tanks varied between about 0.5 m3 to 4 m3 depending on
cooling needs and the cooling power capacity of the absorption chiller. For systems
requiring night time cooling, the benefits of the storage unit can be considerable.
The thermal model of the energy storage tank subjected to thermal stratification, can
be modeled by assuming that the tank is divided into N fully mixed equal volume
segments (Bouhal et al., 2017c), as presented in Fig. 3.6. The stratification degree is
determined by the value of N.

FIGURE 3.6: Configuration of a stratified fluid storage tank with a
representative flow streams scheme between segments

As presented in Fig. 3.6. The energy balance for the storage tank can be formu-
lated as the following:

Q̇tank = mwCw
dTj
dt

= Q̇u − Q̇load − Q̇loss + Q̇adv (3.3)

In Eq. 3.3, Q̇adv = χjCw∆Tχ where χj has the following form: χj = ṁu
∑j−1

k=1 εk−
ṁload

∑n
k=j+1 δk and

εk/δk =

{
1 fi kth layer ∈ top/bottom of the storage tank
0 ailleurs

The other parameters defined in Eq. 3.3 are expressed as follow:

• Temperature difference: ∆Tχ =

{
Tj−1 − Tj χj > 0
Tj − Tj+1 χj < 0

• Useful energy provided by the collector’s field : Q̇u = εkṁcollCw(Tout − Tj)

• Energy delivred to the generator of the absorption chiller: Q̇load = δkṁloadCw(Tj−
Tload)
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• Heat losses to the environnement: Q̇loss = haAj(Tj − T∞)

3.4.3 Physical modeling of LiBr-H2O solar absorption chiller

The operation of the absorption machine and the internal process of the absorption
cycle is presented in Fig. 3.7. The absorption chiller operates with water (H2O) as
refrigerant and the Lithium Bromide (LiBr) as sorbent. In the high pressure zone
(steam generator and condenser), the refrigerant (H2O) is separated by expelling
LiBr (boiler, steam generator) under the equivalent pressure when the temperature
is high. For this reason, a source of motive heat is essential from the hot water
produced by solar thermal collectors. In the condenser, the refrigerant liquefies with
the absorption of heat. The objective of this step is to re-utilize the water (refrigerant)
in its pure phase. Then, the fluid refrigerant passes through pressure separation lines
and is brought into the low pressure zone (absorber, evaporator). Later, it evaporates
at very low temperatures in the range of 5-15 ◦C. In the evaporator, the refrigerant
evaporates with the absorption of the ambient heat and a cold is generated. The
vapor of the refrigerant obtained is absorbed into the absorber by LiBr and dissolved
in the salt by the release of heat pumped to the high pressure zone (condenser/
boiler) by consuming little of electricity. Finally, the dynamic cycle is maintained
continuously.

FIGURE 3.7: Model of the absorption chiller (Shandong Lucy New En-
ergy Technology Co., Ltd.)

The main characteristics of the absorption chiller are given previously in Table
2.8.

The governing equations describing the physical model are formulated in the
following:

• The generator power describing the heat exchanged from the solar hot water
to the LiBr-H2O solution inside the generator:

Q̇gen = ṁgen.Cp(Tgen,i − Tgen,o) (3.4)

Tgen,o and Tgen,i are measured at the outlet and inlet entries of the generator,
respectively.
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• The chilling power expressing the heat exchanged from the chilling circuit to
the evaporator:

Q̇evp = ṁevp.Cp(Tevp,i − Tevp,o) (3.5)

Tevp,o and Tevp,iare measured at the outlet and inlet entries of the evaporator,
respectively.

• The cooling power representing the heat exchanged from the absorber and the
condenser to the cooling circuit:

Q̇cnd = ṁcnd.Cp(Texh,i − Texh,o) (3.6)

Texh,o and Texh,i are measured at the outlet and inlet entries of the absorber and
condenser loop.

• The solar power describing the incident solar radiation on the solar thermal
collector’s field area of the installation:

Q̇rad = n× Irad ×A (3.7)

where n is the number of collectors constituting the solar field and A the uni-
tary area of the solar collector.

• The solar collecting power presenting the solar heat supplied by the solar ther-
mal collectors:

Q̇sc = ṁsc.Csc(Tsc,o − Tsc,i) (3.8)

Tsc,o and Tsc,i are measured at the outlet and inlet entries of the solar field
collectors, respectively.

• Coefficient of Performance of the absorption machine (COP):

The performance of solar air-conditioning systems can be expressed through
the concept of Coefficient of Performance (COP), defined as cooling capacity
divided by solar input. It is calculated using the ratio between the electrical
energy and the energy of cold generated and the value of this ratio is between
2 and 3.

COP =
Q̇evp

Q̇gen + Q̇ele1
(3.9)

where Q̇ele1 is the electricity consumption of the absorption chiller (see Fig.
1.8).

3.4.4 Solar fraction Sf

Solar fraction Sf can be expressed as the total energy provided by the solar collectors
to produce hot water. It is defined as the percentage of system energy requirements
that is met by solar energy and the rest must be supplied through auxiliary energy. It
is calculated using Eq. 3.10 (Buckles and Klein, 1980). The solar fraction is the most
important indicator to characterize the thermal performance of the collective system
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compared to the other parameters previously presented, since it takes into account
the overall performance of the entire system and not only one single component.

Sf = 1− Q̇aux

Q̇gain
(3.10)

where Q̇gain = Q̇u − Q̇loss is the the total energy transferred by the collector
field to satisfy the water heating requirements and Q̇aux = Q̇ele1 + Q̇ele2 is the total
auxiliary energy provided to the equipments to support the portion of the total solar
energy load which is not sufficient (see Fig. 1.8).

3.5 Economic indicators

The absorption machines are the sorption refrigeration systems most present on the
solar cooling market, whether they are small or large. Their combination with flat
plat and evacuated tube solar thermal collectors is fairly well known in the field
of large installations. In the case of small systems, the unsteady behavior of these
machines is not yet well known due to all the transient factors affecting the operation
of these machines like the refrigerating charge of the building, the environmental
conditions and solar resource. In the other hand, desiccation systems have not yet
penetrated the market as absorption and adsorption have done. In the following
section, several economic indicators were defined to evaluate the economic viability
of the solar cooling system.

3.5.1 Cost of energy saving Kes

The cost of energy saving Kes is considered as the first economic indicator. In our
case, it compares economic gain when the solar absorption system replaces a con-
ventional cooling unit (a vapor compression machine). The Kes is expressed as fol-
lows:

Kes = Kcv −Ksol (3.11)

where Kcv is the cost of the consumed electric energy in the case of the conven-
tional system and Ksol is the cost of the consumed electric energy in the case of solar
cooling system. The cost of annual electricity consumption Kel can vary during the
lifetime, so the inflation rate of electricity must be introduced, as in Eq. 3.12:

Kel = K0(1 + r%)T (3.12)

In Eq. 3.12, K0 is the cost of annual electricity consumption at the first operation
year, r% the inflation rate (%) which is the change in energy prices relative to general
inflation or energy inflation in the country and T is the lifetime period.

3.5.2 Payback period P

The payback period P that refers to the required time of recovering the cost of the
initial investment paid in the whole thermal installation. The payback period P is
expressed as:

P =
log(1 + I0.r%

100.Kes
)

log(1 + r%
100)

(3.13)
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In Eq. 3.13, r% is the electricity inflation rate, andKes is the cost of energy saving
in (e/yr). The term I0 presents the initial investment cost which is the sum of the
separate costs including: the installation cost Kinst, the solar collectors (Ac, Kcoll),
the storage tanks volume (Vst, Ktank), the absorption chiller (Qabs, Kabs) and the
mechanical compression refrigerator (Qmec, Kmec), are the main parts of the system
that have to be taken into consideration in the cost calculation. The installation costs
Kinst are assumed to be included in these quantities. Eq. 3.14 describes the way that
the initial investment cost is calculated in every case:

I0 = Kinst +Kabs ×Qabs +Kmec ×Qmec +Kcoll ×Ac +Ktank × Vst (3.14)

The literature review indicates a wide difference on the costs of the thermal com-
ponents. These costs vary according the country, the power range and the manu-
facturers. Accordingly, the following assumptions are justified through the litera-
ture reports and the market considerations (Tsoutsos et al., 2003). Consequently, the
main economic input data of the solar cooling central under investigation are shown
in Table 3.2.

Parameter description Value
Average cost of absorption chiller 352-520 e/kW (Allouhi et al., 2015a)
Cost of the solar collectors 250 e/m2 (ETC) and 200 e/m2 (FPC) (Bellos, Tzivanidis, and Antonopoulos, 2016)
Cost of the heat storage tank 1200 e/m3 (Allouhi et al., 2015a)
Cost of the cooling tower 150 e/kW (Allouhi et al., 2015a)
Installation costs 12% of the total equipment cost (Tsoutsos et al., 2003)
Maintenance cost of the solar system 1% of the initial investment cost (Allouhi et al., 2015a)
Maintenance cost of the conventional system 30 e/yr (Mateus and Oliveira, 2009)
Average Moroccan electricity cost 0.09 e/kWh (Office National d’Electricité et de l’Eau Potable (ONEE))
Market discount rate r =4 % (Year 2017) (Haut Commissariat au Plan (HCP))
Moroccan energy inflation i% =2.5 % (Year 2017) (Haut Commissariat au Plan (HCP))

TABLE 3.2: Economic input data (Tsoutsos et al., 2003, Wang et al.,
2016, Bellos, Tzivanidis, and Antonopoulos, 2016)

3.5.3 Cost of produced cooling energy Kprod.energy

Several simulations were carried out for the various buildings situated in Marrakech
(Z5), to assess the variation of solar fraction and total costs with storage tank volume.
Total costs Ktot were determined by summing initial costs (investment including
installation costs), energy, maintenance and other running costs for a period of 25
years. As a result, the cost of produced energyKprod.energy was obtained by dividing
those total costs by the total energy produced by the cooling system Qprod.energy (see
Eq. 3.15).

Kprod.energy =
Ktot

Qprod.energy
(3.15)

The local electricity and natural gas costs were used taking into consideration
their present value in Morocco and building sector, and using an estimate of inflation
for energy prices (between 2% and 6%/year). Table 3.3 shows local costs used for
2017 according to Haut Commissariat au Plan (HCP).
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Auxiliary backup Electricity Gas
Residential Professional Residential Professional

Cost (e/kWh) 0.09 0.1 0.06 0.08

TABLE 3.3: Energy costs in Morocco used in the economic analysis for
the year of 2017 (Haut Commissariat au Plan (HCP); Ministry of Energy,

Mines and Sustainable Development (MEMSD), Morocco)

The results of financial costs of the solar cooling installation are listed in Table
3.4.

Components Costs (e)
Thermal collector’s field 6000
Absorption chiller 4050
Cooling tower 750
Back-up chiller 300
Cold storage tank 300
Hot storage tank 720
Pumps 600
Installation costs 1530
Initial investment I0 14245
Maintenance cost of the solar system 142
Mean cost of energy saving 406
Payback period 25 years

TABLE 3.4: Financial costs of the solar cooling installation

3.6 Simulation results

Different parametric studies were conducted to optimize the thermal performance
of the solar air-conditioning system under Moroccan conditions. The effect of the
collector’s field was assessed and the volume of the storage tank was varied and
its influence on solar fraction was also evaluated. Indeed, the system performances
were compared by adopting an evacuated tube collector (ETC), and a flat plate col-
lector (FPC). The influence of cooling demand profiles was as well examined. Ac-
cordingly, a highlight of the main results is presented including an assessment of the
impact of the system characteristics and their optimum values. The examined costs
for the system and auxiliary supplement are compared and optimization values for
system sizing are presented for various building categories and Moroccan climates
zoning.

3.6.1 Impact of collector area and storage tank volume

Figs. 3.8-(a) and (b) show the solar fraction variation for cooling with storage volume
and collector area for the residential house located in Marrakech (Z5). As shown in
Figs. 3.8-(a) and (b), the optimal results occur for a storage capacity in the range of
400-1000 L of collector area but there is no important change of total cost or solar
fraction above 600 L in the residential house.
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FIGURE 3.8: Solar fraction variation with storage volume and collec-
tor size for the residential house in Marrakech (Z5)

Figs. 3.9-(a), (b) and (c) represent the required collector area for a given annual
solar fraction for both FPC and ETC solar technologies for residential house, office
building and hotel, respectively. We note that for a given collector area, cooling
loads in Marrakech city (Z5) are significant compared to Fez (Z3). As shown in
Figs. 3.9-(a), (b) and (c), using FPC technology supplied either with electric or gas
backups requires an important collector’s area compared to ETC technology for dif-
ferent building categories. ETC technology shows the best performance, thanks to
its efficiency, because low area is required using electric backup in Fez (Z3) and Mar-
rakech (Z5). For a residential house under 70 % of solar cooling fraction, 24 m2 is
required for ETC technology while 32 m2 for FPC technology is required (see Fig.
3.9-(a)). Concerning the office building, under 70 % of solar cooling fraction, 35 m2

is required for ETC technology while 55 m2 for FPC technology is required (see Fig.
3.9-(b)). Regarding the hotel, under 70 % of solar cooling fraction, 68 m2 is required
for ETC technology while 110 m2 for FPC technology is required (see Fig. 3.9-(c)).
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FIGURE 3.9: Required solar collector’s area (FPC and ETC) for a given
annual solar fraction for residential house (a), office building (b) and
hotel (c) using electric and gas as auxiliary backup in Fez (Z3) and

Marrakech (Z5)
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Annual solar fraction values for cooling season are presented in Table 3.5. The
energy performance results including solar fraction versus collector area (ETC), and
also tank storage capacity and average collector efficiency for the three studied build-
ings with the three different climates are listed (see Table 3.5).

Building localisation Fez (Z3) Marrakech (Z5) Zagora (Z6)
Residential house
Solar fraction Cooling (%) 20 40 60 80 20 40 60 80 20 40 60 80
Size Ac (m2) 4 6 12 22 6 12 22 32 3 5 10 22

Vol (m3) 0.15 0.3 0.6 1.2 0.4 0.8 1 1.1 0.1 0.2 0.5 1
Efficiency Collectors (%) 51 40 33 26 49 39 31 25 55 42 35 29
Office building
Solar fraction Cooling (%) 20 40 60 80 20 40 60 80 20 40 60 80
Size Ac (m2) 15 22 29 40 19 30 39 54 14 20 26 38

Vol (m3) 1.5 2 3.3 5.5 1.6 3.4 5.3 1.7 1.3 1.8 3.1 5.4
Efficiency Collectors (%) 29 27 25 23 28 26 24 21 30 28 26 25
Hotel
Solar fraction Cooling (%) 20 40 60 80 20 40 60 80 20 40 60 80
Size Ac (m2) 20 38 50 88 25 40 70 110 18 37 48 87

Vol (m3) 1.6 3.6 5.8 6.7 1.7 3.8 5.9 6.8 1.4 3.4 5.6 6.6
Efficiency Collectors (%) 35 29 26 22 33 28 25 20 26 30 27 25

TABLE 3.5: Optimization of system size, storage volume and effi-
ciency of ETC technology for different solar fractions during cooling

season

3.6.2 Impact of cooling load profiles

The solar cooling fraction is the performance indicator chosen, and storage volume
is the key parameter being studied to evaluate the thermal performance of the solar
air-conditioning system taking into account the cooling load profiles. The results are
designed to test the optimal values by changing one main parameter at a time i.e.
the degree of instantaneous mismatch of cooling load and solar availability, vary-
ing load profile (Morning, Day and Evening) and the effect of system temperature
range. Fig. 3.10 shows the solar fraction versus storage tank volume under the var-
ious cooling demand profiles. As we can notice, the cooling profile has a strong
impact on the system performance. Without any storage, the system is always at its
minimum performance especially for Evening load profile (e.g. night time cooling),
which can reach near zero cooling. Regardless of the amount of temporal mismatch
between the loads cooling profiles and solar source there is a linear relationship be-
tween the storage volume and solar cooling fraction, with a near constant slope for
all three cooling demand profiles examined. Note that in Fig. 3.10 the simulated
system never reaches a solar fraction of 100 %. This is because the simulated system
uses average values for collector efficiency which takes into account the nonlinear
nature of collector efficiency and its changes with time. Indeed, Morning profile
provides the higher solar cooling fraction thanks to the correspondence between the
cooling requirements and the availability of solar sunshine. Day profile indicates
solar cooling fraction values better than those of Evening profile.

From Figs. 3.10, the cooling load profiles directly affects the average efficiency of
the solar air-conditioning system.
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FIGURE 3.10: Solar cooling fraction vs. Storage volume at various
cooling demand time requirements, Collector’s area of 22 m2, Ab-

sorption chiller capacity of 11.5 kW and average COP of 0.7

Figs. 3.11 show the contribution of the annual solar energy to produce air-conditioning
for the studied Moroccan regions, namely: Fez (Z3) presented in Fig. 3.11-(a), Mar-
rakech (Z5) shown in Fig. 3.11-(b) and the city of Zagora (Z6) presented in Fig.
3.11-(c) for different cooling demand profiles. The variation in the solar contribution
observed with respect to each studied zone is due to the climate effect in terms of
solar irradiation incident on the collector field. Concerning solar air-conditioning
during June month, it was noticed that the solar contribution reaches 950 kWh, 690
kWh and 890 kWh respectively for the three zones of Fez, Marrakech and Zagora.
It has been concluded that the field of solar collectors have to be sized according
to the amount of incident solar radiation which is available per city, besides to the
consumer needs in terms of cooling loads. In addition, it has been observed that
the solar contribution of the absorption machine is zero during the summer season
for Evening profile, but it is maximized for the Day cooling profile (Agrouaz et al.,
2017).
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FIGURE 3.11: Solar contribution for various cooling demand time re-
quirements in different regions
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The annual solar cooling production for Fez (Z3), Marrakech (Z5) and Zagora
(Z6) is presented in Fig. 3.12-(a). Concerning Fig. 3.12-(b), it allows to evaluate the
amount of the annual auxiliary supplement consumption throughout the year. The
results show that solar cooling production is maximized during the summer period
thanks to important sunshine available (Agrouaz et al., 2017). For example, the cool-
ing production reached 410 kWh for the city of Fez (Z3), 630 kWh for the city of
Zagora (Z6) and 610 kWh for the city of Marrakech (Z6) during July month. An in-
terest was brought to maximizing the cooling production in the summer months to
ensure the comfort of the inhabitants and in the same time reducing the invoices for
electricity/gas used to satisfy the requirements of the consumer when solar radia-
tions are not sufficient. As shown in Fig. 3.12-(b), the electric auxiliary backup does
not operate during the summer months namely: June, July, August and Septem-
ber caused by the availability of solar irradiation. However, it is maximized during
the winter season. For instance for the month of January, it reaches 1255 kWh for
the city of Fez, 1875 kWh for the city of Marrakech and 2230 kWh for the city of
Zagora. Interesting studies have been carried out in other countries. In Europe for
example, solar cooling systems were also investigated and validated. Accordingly,
energy and economic aspects of an integrated solar absorption cooling and heating
system in different building types were examined under various locations: Lisbon
(Portugal), Berlin (Germany) and Rome (Italy) (Mateus and Oliveira, 2009).

FIGURE 3.12: Solar cooling production and auxiliary consumption in
different regions

3.6.3 Energy and economic optimization

In this section, the results of energy and economic approaches are presented under
Moroccan conditions applied to the solar cooling installation of Fig. 2.21. A set of
economic indicators were used to examine the economic viability of the solar air-
conditioning system.

Accordingly, Table 3.6 presents the various costs calculated for each of the zones
considered for a solar cooling system with an annual solar fraction of 70%. The
initial investment (including installation cost), energy and maintenance and the dif-
ferent backup alternatives of electricity and gas have been identified. Thus, the ETC
technology seems to be installed in Fez (Z3) and Marrakech (Z5) while FPC is seems
to be implemented in Zagora (Z6) thanks to the high solar energy potential of this
region.
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Zone Collector Backup type Investment Investment Electricity Gas Maintenance
technology solar backup (1st year) (1st year) (1st year)

(ke) (ke) (ke/year) (ke/year) (ke/year)
Fez (Z3) ETC Electric 16 5 0.414 0.022 0.324

ETC Gas 15 9 0.104 0.231 0.121
Marrakech (Z5) ETC Electric 15 6 0.423 0.026 0.365

ETC Gas 13 8 0.107 0.236 0.124
Zagora (Z6) FPC Electric 12 4 0.301 0.014 0.267

FPC Gas 10 6 0.095 0.187 0.105

TABLE 3.6: Costs generated of solar cooling system for the different
Moroccan regions and backup systems by item for an annual solar

fraction of 70%

Table 3.7 shows the results of the solar cooling system size (including the col-
lector area and storage volume) for a residential house that leads to the minimum
total cost of produced energy for the different locations, energy backup options and
for an annual solar fraction of 70%. Table 3.7 also compares investment in a resi-
dential house and total costs for the solar cooling system and auxiliary system using
electricity and gas backups for a period of 25 years.

Zone Collector technology Backup type Ac Vol Ac per Solar cooling system System investment: Cost of produced energy:
kW cool. investment sol vs. conventional sol vs. conventional

(m2) (m3) (m2/kWc) (ke) (%) (%)
Fez (Z3) ETC Electric 16 0.6 1.2 18 +266 +12

ETC Gas 14 0.5 1 14 +165 +16
Marrakech (Z5) ETC Electric 15 0.5 1.1 17 +245 +13

ETC Gas 13 0.4 0.9 13 +137 +17
Zagora (Z6) FPC Electric 18 1.2 1.7 1.8 +315 +19

FPC Gas 20 1.4 1.8 2 + 316 +20

TABLE 3.7: Solar cooling system scheme allowing minimum total cost
for the residential house for an annual solar fraction of 70%

Table 3.8 presents the results of the solar cooling system size (including the col-
lector area and storage volume) for the office building that leads to the minimum
total cost of produced energy for the different locations, energy backup options and
for an annual solar fraction of 70%. Table 3.8 also compares investment in an of-
fice building and total costs for the solar cooling system and auxiliary system using
electricity and gas boiler backup for a period of 25 years.

Zone Collector technology Backup type Ac Vol Ac per Solar cooling system System investment: Cost of produced energy:
kW cool. investment sol vs. conventional sol vs. conventional

(m2) (m3) (m2/kWc) (ke) (%) (%)
Fez (Z3) ETC Electric 35 6.5 1.2 35 +140 +20

ETC Gas 32 6.3 1.1 33 +135 +18
Marrakech (Z5) ETC Electric 40 6.8 1.4 38 +125 +17

ETC Gas 42 6.9 1.5 39 +128 +19
Zagora (Z6) FPC Electric 34 6.4 1.1 33 +165 +30

FPC Gas 33 6.3 1 32 +163 +28

TABLE 3.8: Solar cooling system scheme allowing minimum total cost
for the office building for an annual solar fraction of 70%

Table 3.9 indicates the results of the solar cooling system size (including the col-
lector area and storage volume) for the hotel that leads to the minimum total cost
of produced energy for the different locations, energy backup options and for an
annual solar fraction of 70%. Table 3.9 also compares investment in a hotel and to-
tal costs for the solar cooling system and auxiliary system using electricity and gas
boiler backup for a period of 25 years.
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Zone Collector technology Backup type Ac Vol Ac per Solar cooling system System investment: Cost of produced energy:
kW cool. investment sol vs. conventional sol vs. conventional

(m2) (m3) (m2/kWc) (ke) (%) (%)
Fez (Z3) ETC Electric 72 5.7 1.3 65 +207 +14

ETC Gas 70 5.5 1.2 62 +115 +18
Marrakech (Z5) ETC Electric 71 5.8 1.2 72 +210 +15

ETC Gas 73 6 1.1 74 +208 +10
Zagora (Z6) FPC Electric 75 6.7 1.6 84 +400 +55

FPC Gas 78 6.9 1.8 86 +450 +60

TABLE 3.9: Solar cooling system scheme allowing minimum total cost
for the hotel, for an annual solar fraction of 70%

3.7 Conclusion

In Chapter 3, the design and optimization of the solar air-conditioning process was
investigated based on Moroccan energy and economic indicators using Transol soft-
ware. Hence, the thermal performance of a LiBr-H2O absorption chiller coupled to
solar thermal collectors was numerically evaluated using annual dynamic simula-
tions for various building categories and different Moroccan climates. This work
evidences the influence of the cooling load profiles, collectors technology (ETC and
FPC) and building categories: residential house, building office and hotel under the
climates zones of Fez (Z3), Marrakech (Z5) and Zagora (Z6) known as the hottest re-
gions in Morocco, on the annual fractional savings of solar air-conditioning system
using economic considerations. It is found that minimum costs depend on climate
zones and building category. Hence, it is possible to save in costs of produced cool-
ing energy for the zones of Fez (Z3), Marrakech (Z5) and Zagora (Z6) when electric-
ity is used as auxiliary backup for annual solar fractions between 40% and 70%. The
residential house and the hotel are the buildings where the solar air-conditioning
system has a larger economic viability especially for Marrakech (Z5) and Zagora
(Z6). Moreover, ETC technology provides a reduction in collector’s area between
20% and 45% compared to FPC one although, due to their initial costs, FPC allow
a higher economic feasibility especially for Zagora (Z6). An annual solar fraction
of 70% can only represent a reduction of exploitation costs between 25% and 50%
due to significant maintenance and operation costs. Taking into account the present
Moroccan costs of energy resources (electricity and gas), it is mandatory that ini-
tial costs of solar collectors and absorption chillers are more decreased for solar air-
conditioning installations to become more competitive and accessible for domestic
and professional users.

The integration of Phase Change Materials (PCMs), as thermal energy storage
medium, has been shown to improve the efficiency of solar absorption cooling sys-
tems by capturing excess insolation during peak to meet cooling demand in low
insolation periods. In this way, Chapter 4 is devoted to the investigation of numeri-
cal methods used in the modeling of phase change phenomena applied to the solar
hot water production systems to show later their integration effect on the efficiency
of solar absorption machine coupled to the water heating systems.
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Chapter 4

Latent thermal energy storage by
Phase Change Materials (PCMs):
Numerical modeling and dynamic
simulations applied to Solar Water
Heaters

4.1 Introduction

After we have presented the modeling and design of absorption cooling machine
powered by solar energy in Chapter 3, the next chapters (4 and 5) will focus partic-
ularly on studying the latent thermal energy storage by integrating Phase Change
Materials (PCMs) inside solar cooling process. This objective cannot be achieved
without the perfect understanding of the phase change phenomena. In this vi-
sion, Chapter 4 focuses on the use of two numerical methods to simulate the melt-
ing/solidification of PCMs integrated in solar hot water production systems oper-
ating in dynamic mode. The objective is to simulate working cycle of solar thermal
energy storage systems with encapsulated PCM operating under realistic environ-
mental conditions (Marrakech, Morocco) and typical consumption load profile. This
research aims to compare two numerical procedures: The technique of apparent spe-
cific heat capacity (Cappp ) and the Enthalpy method, basically used to simulate the
phase change phenomena for latent storage inside a solar tank integrating spheri-
cal PCM capsules. Effects, advantages and limits of these numerical methods were
examined via various numerical observations as well as a set of system thermal per-
formance indicators. The assumptions, equations used in numerical modeling, the
temperature profiles and the PCM liquid fraction evolution are presented and dis-
cussed as well. Based on the design and parameter studies performed, various sug-
gestions and several numerical model improvements for further studies are as well
addressed.

4.2 Literature survey

Currently, solar heating/cooling intended to produce hot water or cooling charges
are the subject of great interest, especially the assessment of their overall efficiency
that depends not only on environmental climatic conditions, but also on the effi-
ciency of other determinant devices such as the storage tank. The introduction of
Phase Change Materials (PCMs) provides a solution by using latent heat instead of
sensible heat to store thermal energy, as evidenced by the abundant literature in the
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domain (Battisti and Corrado, 2005a, Thür, Furbo, and Shah, 2006). Moreover, in
the last decades, one of the actual issues is the improvement of solar energy tech-
nologies (Battisti and Corrado, 2005b, Kylili et al., 2018), particularly solar water
heater systems intended to store hot water whether for individual (Bouhal et al.,
2017c, Dîn Fertahi et al., 2017) or collective applications (Dîn Fertahi et al., 2018a).
Improving the energy performance of these hot water production systems could be
reached using several ways (Dîn Fertahi et al., 2018b). In particular by improving
the solar collector and heat exchanger efficiency (Bouhal et al., 2017a) or by improv-
ing the performance of the storage part (Bouhal et al., 2017b): thermal storage tank
(horizontal/vertical), buffer tank, etc.

Nowadays, PCMs have become a potential contender used to improve the ther-
mal inertia of the storage tank (Kousksou et al., 2011). In fact, miscellaneous CFD
studies have been conducted to assess solidification and melting of PCMs through
two-dimensional and three-dimensional numerical simulations. Relevant studies
have been identified that are presented as follows. First, Sattari et al., 2017 investi-
gated the melting process of phase change materials (PCMs) in a spherical capsule
through CFD simulations. Their results showed that the surface temperature of the
spherical capsule could have a significant effect on the heat flux and the melting rate,
compared to other parameters such as geometrical parameters and other operational
conditions. Moreover, the modeling and development of a novel heat exchanger
with spiral-wired tubes which integrates phase change material (PCM) has been per-
formed by Youssef, Ge, and Tassou, 2018 using a detailed 3D CFD simulations that
were validated against experimental measurements. The energy performance of the
exchanger with PCM has been improved and its integration with the solar system
remains a possible option.

It was also reported that, the comparison between two numerical heat transfer
models for phase change material namely: the effective heat capacity method and
the enthalpy method were investigated by Jin et al., 2018, because they are consid-
ered as the two most common methods used to build the numerical heat transfer
models for phase change material (PCM) board. The main results of Jin et al., 2018
have shown that the accuracy of those two models depends on the phase change
temperature range. For instance, the capacity method could be efficient, if the phase
change temperature range is small. However, the effective heat capacity method
require less computing time than the model with the enthalpy method.

The scope of the PCMs is wide. Indeed, the aim of this part it to present recent
studies which are interested in integrating PCMs in applications such as thermal en-
ergy storage systems, electronic cooling, batteries, etc. For instance, Wei et al., 2018
released a review to depict the multiple investigations on selection principles, inno-
vation, and thermophysical properties of high temperature PCM used for thermal
energy storage. In fact, this review could be considered as a helpful reference for the
design of high temperature Thermal Energy Storage systems (TES). Besides, inves-
tigations of a horizontal PCM that assists a heat pipe system for electronic cooling
incorporated in higher-power computer chips through CFD numerical simulations
has been carried out by Behi, Ghanbarpour, and Behi, 2017. Indeed, they found that
the PCM-assisted heat pipe could provide up to 86.7% of the required cooling load
in the working power range of 50–80 W. This contribution has been assessed equal
to 11.7%.

This chapter investigates numerically the working cycle of solar water heating
systems and possible enhancement of thermal energy storage by means of PCM in-
tegration under typical consumption load requirements and realistic environmen-
tal conditions (Marrakech, Morocco). Thus, two numerical model characterizing
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the transient phenomena of a phase change energy storage element were built to
predict the temperature profile in a storage tank containing an amount (ε) of PCM.
Comparison of these numerical methods used to simulate the heat transfer during
melting of PCM integrated inside the solar storage tank for hot water production
is less published despite its major importance. Therefore, working cycle of solar
thermal energy storage systems was numerically investigated by applying the tech-
nique of apparent specific heat capacity (Cappp ) and the Enthalpy method to simulate
the phase change phenomena. Accordingly, the objective is to compare the both
numerical methods and highlight their superiorities and limitations. The effects of
these numerical procedures on working cycle of solar water heating systems were
analyzed via various numerical observations and results as well as a set of thermal
performance indicators.

4.3 PCM selection

PCMs store energy as latent heat which is absorbed or released during the transition
phase from the solid to liquid state or vice versa (Khudhair and Farid, 2004). Above
a certain temperature which is characteristic of each material (solidification/melting
point), the melting begins and absorbs heat at constant temperature. Many charac-
teristic parameters should be taken into account for the choice of a PCM such as:
cost, sensible and latent heat, melting point and heat conductivity in both solid and
liquid phases (Barreneche et al., 2014) (see Fig. 4.1).

FIGURE 4.1: PCM’s characteristics and barriers

The selection of an appropriate PCM for any application requires the PCM to
have melting temperature within the practical range of application (between 40 ◦C
and 60 ◦C corresponding to the set point temperature of the water tank). Fig. 4.2
illustrates the type of PCM versus the melting point temperature, this figure was
inspired from the works of Zhou, Zhao, and Tian, 2012 and Farid et al., 2004. Nu-
merous PCMs exist and can be used for thermal energy storage in solar thermal
systems (Agyenim et al., 2010; Zalba et al., 2003). Several authors classified these
PCMs (Agyenim et al., 2010) and determined the main properties they should have
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for being a suitable PCM (Sharma et al., 2009). Some reviews were realized for list-
ing all the available PCMs with their characteristics and presenting problems/issues
such as stability, corrosion, containers and encapsulation (see Fig. 4.1) related with
their utilization (Jamekhorshid, Sadrameli, and Farid, 2014).

FIGURE 4.2: Applications and type of PCM versus the melting point
temperature

One of the most affecting parameters on the viability of solar cooling systems
is the load demand profile. The demand cooling profile is impacted by various
parameters such as climatic conditions, occupant behavior, desired hot water set
temperatures and mass flow (Fong et al., 2010). This chapter provides an analytical
framework to quantify the benefit of the latent thermal energy storage. Using PCMs
to enhance the performance of solar air-conditioning systems is not extensively dis-
cussed compared with separated solar heating/cooling systems. Further simulation
works are thus required to identify best conditions of using latent heat storage for
these systems. Selection of material, its position and how the thermal behavior of
the PCM-based solar cooling applications is affected by operating conditions and
weather data are tremendous aspects that should be decided judiciously for a better
exploitation of latent energy for maximum performance and solar fraction. In that
framework, the aim of the present chapter is to simulate working cycle of solar ther-
mal energy storage systems with encapsulated PCM for solar hot water production
intended for cooling applications under typical consumption load requirements and
realistic environmental conditions (Marrakech, Morocco). Thus, a numerical model
characterizing the transient phenomena of a phase change energy storage element is
conducted to predict the temperature profile in a storage tank containing an amount
(ε) of PCMs. Enthalpy method is used to simulate the phase change phenomena.
Accordingly, numerical simulations were carried out to justify the benefits of using
PCM in a low-cost and simple design to be in use by low income communities liv-
ing. Optimizing melting/solidification processes are investigated and key operating
conditions are evaluated under real fluctuating climatic conditions (Marrakech, Mo-
rocco). Three currently wide-spread solar collectors (i.e. FPC, ETC and CPC) were
used and typical load cooling profiles were considered. Moreover, a new perfor-
mance index is introduced to assess the benefit of using PCMs compared to basic
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configurations in such particular solar thermal technologies.

4.4 Physical model

4.4.1 Problem specification

Hot water production is considered as one of solar energy’s favored applications in
the buildings sector due to the nature of the needs. For instance, the range of hot
water temperature requirement is generally between 45 and 60 ◦C and the variation
of needs during the year is weak. In addition to the solar collectors, the determinant
equipment of a solar water heating system is the hot water storage tank. The energy
stored inside the tank is increased, if the stratification is well improved Dîn Fertahi
et al., 2018b. Consequently, the aim of the present study is to describe the thermal
behaviour of the storage tank filled by PCM in its interior by performing a numerical
parametric and comparative studies on a standard storage tank. Three typical solar
collectors are considered in this work which consist of a Flat plate (FPC), Evacuated
tube (ETC) and Compound parabolic (CPC), controller, a storage tank of 150l inte-
grating layers of PCM inside the tank equipped with an auxiliary electric heater and
a pump (see Fig. 4.3).

FIGURE 4.3: Layout of the studied hot water system integrating PCM

One of the determining points in this kind of modeling lies in the management
of the phase change phenomena of the PCM, with overall problems that they cause
(dissymmetry of the phase change, supercooling, etc.). For several years, numerous
studies have been carried out on these phenomena (Yamagishi et al., 1996; Haillot et
al., 2013,Zalba et al., 2003). Some parts of these studies focusing on the phase change
modeling. There are now several numerical methods each having their advantages
and disadvantages depending on the cases encountered. In particular, the Enthalpy
method and the technique of monitoring the interface of phase change. The former
are free from the evaluation of the evolution of the phase change front; the heat
exchanges are represented by a variation of enthalpy and more precisely simulated
by an apparent specific heat.

A numerical approach is used to compare two numerical procedures: a technique
based on apparent specific heat called Cappp in this study and the second considers
the enthalpy method typically used to describe the PCM melting process integrated
inside a storage tank. Therefore, the PCM with a reference proportion ε = 30% is
occupied a storage tank volume as schematically presented in Fig. 4.3.
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The geometric characteristics of the studied storage tank are presented in the
Table 4.1.

Volume (l) 150
Diameter (mm) 400
Length (mm) 1200
Environment temperature of the storage tank 20 [◦C]
Initial temperature of the storage tank 25 [◦C]
Tank heat loss coefficient 0.57− 1.133 [W m−2 K−1]
Insulation 40 mm cfc free Polyurethane

TABLE 4.1: Characteristics of the studied storage tank

The effect of the introduction of PCM on stratification is investigated inside the
storage tanks and the temperature evolution of the solar hot water system operating
in dynamic mode. A point not to be overlooked is in the packaging of PCM. It’s
a topic that has sparked a lot of research Marongiu, Berhe, and Fallon, 2000. The
latest ones seem to agree on the merits of encapsulating PCMs in spherical nodules
which is used in the current work. Indeed, it is a geometric configuration a priori
optimal insofar as it allows to maximize the ratio between the volume of PCM in
the tank (which directly impacts the storage capacity of the tank, so the amount of
possible heat transfer) and the exchange surface between the water and the PCM
(which affects the quality of thermal transfers occurring within the storage tank).

Accordingly, we have used the (NaOAc, 3H2O) as a working phase change ma-
terial inside the storage tank which it’s thermophysical properties are given in Table
4.2.

Density (liquid) 1300 [kg m−3]
Density (solid) 1340 [kg m−3]
Solidus temperature TS 57.31 [◦C]
Liquidus temperature TL 60.75 [◦C]
Thermal conductivity 5 [W m−1 K−1]
Latent heat of fusion 173000 [J kg−1]
Liquidus specific heat capacity CL 3680 [J kg−1 K−1]
Solidus specific heat capacity CS 4020 [J kg−1 K−1]
Dynamic viscosity 1.81 10−3 [kg m−1 s]

TABLE 4.2: Physical properties of PCM-NaOAc, 3H2O (Talmatsky
and Kribus, 2008)

As previously mentioned, the objective is to investigate numerically the effect
of PCM integration on the water’s temperature distributions inside the tank under
various operating conditions. The investigation will also focus on the heat transfer
during the melting process of PCM within the storage tank. A relevant consideration
in such systems is the effective use of the storage tank filled by PCM in an optimal
disposition, location and size. Consequently, the both numerical methods (Enthalpy
method andCappp model) were used to simulate the PCM’s melting inside the storage
tank and were compared using a set of numerical results.
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4.4.2 Mathematical model

Model description of the solar DWH with PCM

A number of phenomena are taken into account in terms of thermal processes that
take place within the system. Each phenomenon is described in the code by a phys-
ical equation. The set of equations forms a system to describe the evolution of the
temperature of the system as a function of time and along the storage tank’s height.
1D unsteady flow models in dynamic mode were built in the Fortran programming
code i.e the numerical code was accounting for one dimensional effects. Indeed,
working on a 1D section was adopted for decreasing the computational time and it
was a suitable approach to model the PCM melting process and water temperature
inside the storage tank.

Fig. 4.4 shows a schematic of storage tank divided into N layers. The cold water
comes in through the mains to solar collector by means of a pump. The temperature
of water in each node varies and it decreases gradually from the top of the tank spec-
ified as node 1 to the bottom specified as node N . In order to maximize the amount
of water above 45◦C which is assumed to be the minimum water temperature for a
comfortable use, it is important to control the mixing between the hot and cold water
in the tank. In such modeling (see Fig. 4.4), 20 layers were used as required in the
works of Kleinbach, Beckman, and Klein, 1993; Oliveski, Krenzinger, and Vielmo,
2003. The tank storing domestic hot water requires the stratification effect which
means that there will be temperature gradient increasing from the bottom to the top.
This stratification enables a better comfort for the user who will draw water from the
top with a temperature higher than the bottom (Bouhal et al., 2017b). Furthermore, a
low temperatures would also improve solar collector performance, maximizing col-
lector output. To take advantage from the stratification, the storage tank is assumed
to be divided intoN = 20 separate, thoroughly mixed and isothermal layers of equal
height as shown in Fig. 4.4.

FIGURE 4.4: Discretization and scheme of the PCM capsules inside
the storage tank
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The following characteristics are considered during the design of the storage tank
encapsulating PCM:

• The storage tank of 120 cm height and 40 cm diameter is divided into N =
20 fully mixed horizontal layers that contains both water and/or PCM in the
interior;

• The top and bottom layers of the tank are PCM free in order to avoid direct
losses from the PCM to surrounding;

• The height of the cold water inlet and the hot water outlet are at the bottom
and the top of the tank respectively to take profit from the stratification;

• The heating system (electric booster) is placed outside the storage tank ;

• The PCMs are arranged in spherical capsules spaced apart in each layer, rather
than a single unit (see Fig. 4.4) ;

• Uniform heat losses all around the tank;

• Ambient temperature of 20◦C assuming that the storage is located in a heated
space in the building.

Assumptions

An unsteady flow model of heat transfer during the melting process of PCM inside
the storage tank were governed by the general following assumptions:

• The fluid is incompressible and Newtonian ;

• The water flow is laminar as well as the melt zone ;

• The temperature of water is uniform in the same layer ;

• The thermophysical properties of the PCM are constant ;

• The viscous dissipation is negligible ;

• The top and bottom layers of the tank are PCM free in order to avoid direct losses from
the PCM to surrounding ;

• For the ith layer (Fig. 4.4), the internal energy variation of the fluid and PCM is due
to energy fluxes exchanged at the top and the bottom of the layer, between PCM and
water and the loss through the storage tank’s wall ;

• The PCM is a composite type with high thermal conductivity, and thus the lumped
system assumption can be used. The assumption that the PCM behaves like a lumped

system is correct in case that the following condition holds: Bi = hLc
λ =

hw−p
c rp
2λp

<

0.1. In this work the values of the heat transfer coefficient hw−pc between the PCM
and the water ranges between 50 W/m2K and 166 W/m2K, thus the Biot number Bi
is in the range from 0.05 to 0.166. It is concluded that even when using the highest
value of heat transfer coefficient the assumption of the lumped system in case of PCM
is reasonable;

• The melting and solidification of PCM are concentrics and take place at constant tem-
perature (melting temperature).
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Model description of solar collector

The solar collector’s efficiency ηc is a determinant indicator to evaluate the thermal
performance of a solar water heater. The efficiency ηc is defined as the ratio of en-
ergy transferred from the collector to the heat transfer medium to the incident solar
radiation. Three typical solar collectors were used in the current study, Flat Plate
(FPC), Evacuated tube (ETC) and Compound Parabolic (CPC). In steady operating
of the thermal collector, a mathematical modeling allows to express the overall en-
ergy balance based on the standard second-order collector performance Eq. 4.1:

ηc = k0 − k1X∗ − k2IcX∗2 (4.1)

where ηc is the collector operating efficiency, X∗ is the standardized temperature
difference factor expressed as: X∗ = 1

Ic
(Tavg − T∞), Tavg = 1

2(TN + Tfout) is the
average temperature within the collector, k0 indicates the optical efficiency of the
collector, and k1 and k2 present the first and second order heat loss coefficients, re-
spectively, Ic is the solar incident radiation and T∞ is the ambient temperature. The
technical characteristics of the selected thermal collectors are listed in Table 4.3.

Parameters
Value

Unit
FPC ETC CPC

Collector absorber area Ac 2.67 2.67 2.67 [m2]
k0 0.735 0.821 0.660 [-]
k1 4.6 2.82 0.82 [W m−2 K−1]
k2 0.0164 0.0047 0.0064 [W m−2 K−2]

TABLE 4.3: Solar collector’s characteristics (Viessmann - Solar thermal
systems)

The rate of heat extraction from the collector may be measured by means of the
amount of heat transferred to the fluid passed through it which is expressed in Eq.
4.2:

ηcIcAc = ṁcollCw(Tfout − TN ) (4.2)

Eqs. 5.1 and 5.2 were solved simultaneously to obtain the collector water outlet
temperature. The pump with variable-speed sets in motion the heat transfer fluid
when it is hotter than the water tank. Its operation is controlled by a regulating
device acting on the temperature differences: if the temperature of storage tank is
hotter than the solar collector temperature, the controller system stops the pump.
Otherwise, the pump is restarted and the primary fluid heats the water inside the
storage tank. Therefore, the operation logic of the studied solar water heater system
requires a variable speed pump. The circuit includes two conditions for activating
the pump based on the controllers in forced circulation systems. The hysteresis ef-
fect is considered in the differential controller that controls the solar pump. Typical
values of ∆T between collectors outlet and bottom of the storage tank of positive 2
◦C(switch off) and 7 ◦C (switch on) are recommended (Kalogirou, 2009). Accord-
ingly, the pump controller activates the variable-speed pump when the collector
water temperature exceeds 34 ◦C, or when the difference between inlet and outlet
of the collector exceeds 4 ◦C. The detail of the pump operation logic is reported by
Talmatsky et al. Talmatsky and Kribus, 2008. In our in-house code, the pump will
be activated if:

• Tfout > 34◦C
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• Tfout − TN > 4◦C

In almost solar domestic hot water systems, an auxiliary electric heater is in-
stalled inside the storage tank. This may lead though to activation of the auxiliary
heater in some situations when solar radiation is sufficient and there is no need for
auxiliary heat. In our work, the electric heater is positioned outside the storage tank
on the outlet pipe (Fig. 4.3). Indeed, the auxiliary heater is equipped with a thermo-
stat that measures the temperature of the water delivered to the end-user: when this
temperature falls below 45◦C, the heater is activated at an average power sufficient
to bring the temperature back to 45 ◦C. This setup enables a clear separation be-
tween solar derived heat and auxiliary heat, and definition of the minimum amount
of backup electricity that is needed to satisfy the user’s demands.

Thus, the electric supplement is triggered for two cases:

• if T1 < 45◦C, the backup electric energy is: Qaux = ṁloadCw(45− T1)

• Otherwise, the water is cooled by water at 20◦C with a flow rate of: ṁload =
ṁmax

45◦C−20◦C
T1−20◦C

The objective of this study is to analyze the thermal performance of a solar wa-
ter heater enclosing a PCM by applying two physical models to describe the phase
change process: the first model uses the apparent heat capacity Cappp and the second
one employs the Enthalpy method.

Energy equation for HTF (Water)

The global energy conservation for water is expressed as follow:

(1−ε)ρwCw(
∂Tw

∂t
+u

∂Tw

∂z
) = λw

∂2Tw
∂z2

+hw−pc Sc(T
p(r = rext)−Tw)+haSext(T

w−T∞)

(4.3)
The coefficient ha is estimated using the correlations reported by Ledesma et

al. (Tores et al., 2013). Moreover, the value of the convection coefficient hw−pc was
estimated during times when the fluid is stationary i.e. no flow through the tank
using basic correlations for vertical and horizontal surfaces (Bergman and Incropera,
2011) and during times with net flow, using correlations for parallel flow around a
sphere (Esen, Durmuş, and Durmuş, 1998; El-Wakil, 1971).

Using an explicit scheme, the energy balance for water in the ith water layer can
be written as:

(1− ε)ρwCw
∂Twi
∂t

= Qhwin +Qcwin +Qw−wi−adv +Qw−wi±1−cd+Qw−∞i−cv +Qw−∞i−cv−l+Qw−pi−cv +Qw−pi−cv
(4.4)

The expressions of different terms in Eq. 4.4 are the following:

• Energy transfered to water from collector: Qhwin = ṁcollCw(Twfout − Tw1 )

• Energy injected to water from charging load: Qcwin = ṁloadCw(Twin − TwN )

• Advection between layers: Qw−wi−adv =| ṁcoll − ṁload | Cw(Twi±1 − Twi )

• Conduction (top/bottom layers): Qw−wi±1−cd = λwSb
Tw
i±1−Tw

i

dz where Sb = πD2

4 , dz
the space step.
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• Convection heat loss (bottom and top layers, i = 1 and i = N ): Qw−∞i−cv =
haSb(T

w
i − T∞)

• Convection heat loss (lateral side): Qw−∞i−cv−l = haSl(T
w
i −T∞) where Sl = πDdz.

• Convection (PCM/water in the same layer): Qw−pi−cv = hw−pc Sc(T
p
i − Twi ).

• Convection (PCM/water in top/bottom layers): Qw−pi−cv = hw−pc Sc(T
p
i±1 − Twi )

Sc is the exchange area between water and PCM capsule.

Specific apparent heat capacity Cappp model

The Cappp method describes the melting/solidification processes through the specific
heat capacity function. Most PCMs are not pure, as a result the phase change is not
carried out at a constant temperature but over a range of temperature. In our case,
(NaOAc, 3H2O) is selected as a PCM which its properties are given in Table 4.2. The
apparent specific heat capacity function of this PCM is presented in Fig. 4.5.

FIGURE 4.5: Evolution of the specific heat Capp
p model for the com-

posite PCM (Talmatsky and Kribus, 2008)

The apparent specific heat capacity Cappp is based on the monitoring of the phase
change interface. The energy balance can be written explicitly for the ith PCM layer
as:

ρpC
app
p

∂T pi
∂t

= Qp−pi±1−cd +Qp−wi−cv−mid +Qp−wi−cv (4.5)

The expressions of different terms in Eq. 4.5 are the following:

• Conduction (upper/bottom layers): Qp−pi±1−cd = λpSc
T p
i±1−T

p
i

dz , where Sc is the
contact area of PCM element, if it exists in the relevant layer, dz the space step.

• Convection (PCM/water in layer i): Qp−wi−cv−mid = hp−wi−cvSc(T
w
i − T

p
i )

• Convection (PCM/water in top/bottom layers): Qp−wi−cv = hp−wc Sc(T
w
i±1 − T

p
i )

During the phase change phenomena, the global heat transfer coefficient hgSc =
1/(R1 + R2) through the shell of PCM capsule times the capsule area Sc can be ob-
tained by applying thermal resistance method (see Fig. 4.4) whereR1 = 1/(4πhcr

2
ext)
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represents the thermal resistance by convection and R2 = (rext− rint)/(4πλprextrint)
is the thermal resistance by conduction. It’s interesting to note that rint and rext
represent the interior and exterior radius, respectively, of the spherical capsules sep-
arating the PCM solid liquid interfaces during solidification and melting processes
(see Fig.4.4). The external convective heat transfer coefficient hc = λwNu/dext was
obtained from an empirical correlation for Nusselt number proposed by Beek, 1962.
This correlation is valid for big diameter, spherical particles layer of cubic arrange-
ment suitable for energy storage applications and for Re > 40:

Nu = 2.42Re1/3Pr1/3 + 0.129Re0.8Pr0.4 + 1.4Re0.4 (4.6)

where Pr = µwCw/λw is the Prandtl number, Re = ρwudext/µ is the Reynolds
number and u = ṁload/(ερSb). The model adopted in this work is the result of an
experimental study on a PCM (NaOAc, 3H2O) as reported by Zalba et al., 2003.

Even though it is not a question here of criticizing the type of modeling chosen,
one can nevertheless specify that this method of apparent Cappp is relevant when
the whole phenomenon of melting (or solidification) is accomplished. The major
problem of this method is encountered when the change of state is only partially
realized, the approximation is then much larger.

Enthalpy method

This method introduces a source term in the energy equation to describe the pro-
gression of phase change in the PCM. Using this approach the liquid fraction of the
PCM can be determined during the melting/solidification processes. In this work,
the temperature and liquid fraction inside the PCM capsule were varying only in
radial direction. The energy equation of the PCM can be expressed as:

ρpCp
∂T p

∂t
= λp(

∂2T p

∂r2p
+

1

rp

∂T p

∂rp
)− ρpLf

∂f

∂t
(4.7)

where f and Lf represent the liquid fraction and the latent heat of melting of the
PCM, respectively. The melting temperature Tm is chosen as the arithmetic mean
between the solidus temperature TS and the liquidus temperature TL of the PCM.
To determine the liquid fraction in the energy equation, the new source algorithm
proposed by Voller et al. Voller, 1990 is used.

Initial and boundary conditions

The initial and boundary conditions were expressed as follows:

• Fluid: Tw(z, 0) = Tini, ∀z ∈ [0, L], Tw(0, t) = Tin and λ
∂Tw(L,t)

∂z = haSext(T
w(r =

R)− T∞), ∀t > 0

• PCM : T p(r, 0) = Tini, ∀rp ∈ [0, rext],
∂T p(rp=0,t)

∂rp
= 0 and − λp

∂T (rp=rint)
∂r =

hg(T
p(rp = rint)− Tw), ∀t > 0

As climatic conditions are required in the simulations, the average values of the
incident solar irradiation on the solar collector system and the ambient temperature
of the Moroccan climate zone 5 (Marrakech, 31◦0.38′ N 7◦0.59′ W) is presented in
Fig. 4.6. Meteonorm platform (Version, 2010) was used to obtain the meteorological
data which are intrinsic to the city of Marrakech in terms of ambient temperature
and solar radiation flux.
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FIGURE 4.6: Marrakech’s weather data considered in the simulations
(Bouhal et al., 2018a)

We have estimated a domestic hot water consumption profile for a typical family
of 5 occupants’ residence. Our estimation is based on a simple user load profile that
concentrates hot water consumption during three periods per day as shown in Fig.
4.7. For this profile, the overall daily requirement was normalized to 180l/day of
water at a temperature of 45◦C. The load profile corresponds to a consumption of
30 liters at 6 am for a 10 minutes of draw at a flow rate of 0.05 kg/s, 30 liters at 12
am for also 10 minutes of draw at a flow rate of 0.05 kg/s and 120 liters at 17 pm
which represents 20 minutes of draw at a rate of 0.1 kg/s. The water from the tank is
cooled with a cold water when its temperature is more than 45◦C, and the auxiliary
booster must be turn on whenever the opposite situation prevailed. All part models
were performed in Fortran and the full system models were integrated in time for
an entire year.

FIGURE 4.7: Hot water load profile
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4.4.3 Numerical procedure

Basically, solidification and melting in the PCM transient phenomena, where the
explicit schemes are too restrictive owing to stability limitations. Consequently, im-
plicit schemes are usually privileged and the basic choice is the first order Euler
scheme. The cell face values appearing in the convective fluxes were obtained by
blending the central difference scheme and the upwind differencing scheme using
the differed correction method. The sum of the fluxes through all the faces of a given
control volume results in an algebraic equation which links the value of the depen-
dent variable at the control volume center with the neighboring values. The energy
equation may be expressed in a conventional manner as:

APφP +AEφE +AWφW = Bφ (4.8)

The coefficients AE and AW consist of the contributions of the neighboring con-
trol volumes, arising out of diffusion fluxes and convection as defined in equations
bellow. On the other hand, the central coefficientAP includes the contributions from
all the transient term and the neighbors. In some of the cases, where sources term
linearization was applied, it also contained element of the source terms. Bφ contains
all the terms those are treated as known (differed corrections, source terms and part
of the unsteady term).


AE = πR2λw/dz + εCw(ṁload − ṁcoll)
AW = πR2λw/dz + εCw(ṁcoll − ṁload)
AP = ρwCwV/dt+AE +AW + ha(πR

2 + 2πRL) + hgSc
Bφ = (ρwCwV/dt)Tini + ha(πR

2 + 2πRL)T∞ + hgScTp(r = rext)

(4.9)

In each control volumes, the values of the flow variables (liquid fraction, tem-
perature,) at the outlet section of each control volume, are obtained by solving Eq.
4.8 from the known values at the inlet section and the boundary conditions. The
solution method is carried out in this manner, moving forward by step in the flow
direction. At each control volume, solutions for fluid flow and heat transfer in the
PCM at particular time step were assumed converged if the relative errors between
temperatures in two consecutive iterations for each layer of PCM capsule and for
fluid were below convergence criterion given in Eq. 4.10:

|φ
k+1 − φk

φk
| < 10−5 (4.10)

where φk+1 represents the dependent variables (temperature, liquid fraction) it-
eration (k + 1) and φk refers to their values at the previous iteration. The physical
model was implemented based on Fortran platform. Environmental data for a typ-
ical meteorological year in selected Zone 5 (Marrakech, Morocco) were taken from
the meteorological software Meteonorm. The overall solution procedure scheme is
presented in Figs. 4.8.
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FIGURE 4.8: The overall solution procedure scheme for determining
the HTF and PCM temperatures and liquid fraction

4.5 Mesh and time steps independence test

Transient numerical simulations were performed to compare the enthalpy method
results against the technique of the specific apparent heat capacity to simulate the
PCM melting process and its interactions with water inside the storage tank. The
Runge Kutta 4 scheme is used for Cappp method and the finite volume is employed in
Enthalpy method for the discretization of the energy equation.

4.5.1 Grid independent test results for different grid sizes

A structured grid has been used to mesh the inside of the vertical thermal storage
tank. The mesh independence test has been carried out to limit the number of the
grid elements and thus the CPU calculation time (Almohammadi et al., 2013). In the
multinode approach, the tank is modeled as N fully mixed volume layers (nodes) as
it was used in the current implementation of Transient System Simulation Tool (TRN-
SYS). The mesh topology of the discretized fields is presented in Fig. 4.9. The storage
tank segments are enough small to catch the flow structure.
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FIGURE 4.9: Structured mesh grid of the storage tank

A one-dimensional dynamic mode of solar water heating system with PCM was
simulated which consists of a tank at an initial uniform cold temperature of 25◦C.
The hot water at 45◦C and flow rate of 0.1 kg/s is delivered at the top of the tank
as the discharging started according to load profile in Fig. 4.7. Thus, a thermocline
formed along the hot and cold region interface and was advected downwards at the
mean fluid flow rate within the tank. The tank height and diameter were set to 1.2
m and 0.4m respectively, and the heat losses through the tank were considered via
the heat transfer coefficient ha. The fluid properties used for the simulations were
determined at the average water temperature, 25 ◦C. The results of the simulations
for a varying number of nodes are shown in Fig. 4.10. The top layer temperature vs
time for various number of nodes were plotted for 48 hours. The temperature pro-
files indicate that the number of elements has a large effect on the numerical results
and on divergence of temperatures values especially when N = 20 segments while
forN ≤ 15 we can observe a good trend in temperature values (a difference less than
1 ◦C especially during night). A maximum number of 15 nodes can be chosen in the
current implementation of Transient System Simulation Tool (TRNSYS). Indeed, Klein-
bach, Beckman, and Klein, 1993 have investigated several one-dimensional storage
tank models. Relationships for determining the recommended number of nodes
regarding the respect of stratification condition were determined from comparison
with experimental data for a wide range of conditions. The tank was divided into 20
equal-height layers which is enough to obtain a rational accuracy.
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FIGURE 4.10: Effect of nodes number on the temperature evolution
inside the storage tank without PCM

According to the literature reports, the degree of stratification is determined by
the choice of the number of elements N . Higher values of N (N > 20) result to a non
respect of thermal stratification where the temperature values increase from bottom
to top of the storage tank. In the current investigation, a maximum number of 20
layers (N = 20) is chosen to respect the condition of stratification inside the storage
tank as recommended by Kleinbach, Beckman, and Klein, 1993.

4.5.2 Time independent test results for different time steps

To conduct a rationally precise statement of the time step condition, it is required
to define a time step which describes the evolution of the PCM liquid fraction and
the temperature evolution inside the storage tank for 24 hours in dynamic mode.
In all the simulations that were carried out, the storage tank was divided into 15
equal-height layers. According to a relevant opinion a great number of stratified
segments required in order to get high accuracy. Thus, unsteady simulations were
conducted to model the heat transfer phenomena inside the vertical storage tank
filled with PCM and its melting process. However, before starting the numerical
investigations, a time step sensitivity analysis was performed in order to provide its
independency from the simulation results. To conduct this independence test, five
time steps were used: ∆t = 15s, ∆t = 30s, ∆t = 45s, ∆t = 60s and ∆t = 75s.

In order to check the influence of the time step on the accuracy of simulation
results, simulations with several time steps were carried out. The setup of ε = 30%
PCM was used to perform a complete annual simulation with 15, 30, 45, 60 and 75 s.
The top layer temperatures were plotted in 48 hours for Cappp and Enthalpy methods
for different time steps. Comparison is shown using the tank’s top layer temperature
and two days results for top layer storage tank with PCM (including both Cappp and
Enthalpy methods) are shown in Fig. 4.11.
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FIGURE 4.11: Time step independence test for both Enthalpy and
Capp

p methods

The temperature profiles indicate that the time step size has a large impact on
the simulation accuracy especially during the night when there is no insolation. For
each simulation, the integrals of energy transport were computed to yield the total
amounts of energy delivered from the collector, delivered to the load, lost to a sur-
rounding and provided by the auxiliary heater. It was assumed that the temperature
values obtained in the case of 60 s are the most suitable because this time step allows
to simulate the behavior of full system over taking into account the meteorologi-
cal data and the interaction between water and PCM inside the storage tank. The
number of numerical iterations per physical time step was 60 (Balduzzi et al., 2016).
All subroutine models were performed in Fortran and the global system model was
combined with time for an entire year.

4.5.3 Numerical model validation

As previously mentioned, two numerical methods (Enthalpy method andCappp ) were
developed and compared to show their superiorities and limits when simulating
the phase change phenomena of PCM inside solar storage tank. Talmatsky and
Kribus, 2008 have performed a physical model to describe the heat storage tank
with and without PCM. Annual simulations were done to compare the performance
of a storage tank with PCM to a standard tank without PCM. Fig. 4.12 illustrates the
schematic layout of the physical model adopted by Talmatsky and Kribus, 2008 that
consists of a storage tank with PCM, collector, pump, controller and auxiliary heater.
The aim is to compare our developed numerical code with that one constructed by
Talmatsky and Kribus, 2008 to validate our numerical simulations. Thus, the mathe-
matical model based on the one reported in the work of Talmatsky and Kribus, 2008
is considered and the same realistic meteorological data and the typical end-user
needs are imposed.
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FIGURE 4.12: Layout of the solar hot water system with PCM
adopted by Talmatsky and Kribus, 2008

The specific apparent heat capacity Cappp technique has been successfully vali-
dated with the work of Talmatsky and Kribus, 2008 who have performed a physical
model to describe the heat storage tank with and without PCM. They carried out
annual simulations to compare the performance of a storage tank with PCM to a
standard tank without PCM. Annual simulations were carried out to validate our
numerical results against the achieved results of Talmatsky and Kribus, 2008. The
physical model of Fig. 4.12 is reproduced and the transient simulations are launched.
In order to illustrate the temperature evolution inside the storage tank, Fig. 4.13
presents the 2-days (January 30-31) temperature history of the top layer of the tank
filled with PCM (NaOAc-H2O). The temperature drops seen in that figure at 6 am,
12 am and 5 pm are due to the hot water consumption profile load. As expected,
during the afternoon, when there is no insolation, there is a reheating of water re-
sulting from heat transfer from the PCM to the water. A slight relative errors are
observed and a qualitative accordance is noticed which proves that our results are
in a good agreement with the numerical simulations carried out by Talmatsky and
Kribus, 2008.

FIGURE 4.13: Validation curve: Solar water heating system with PCM
(NaOAc, 3H2O, see properties Table 4.2), 2-day temperature evolu-

tion of the top layer in the tank

In another hand, the Enthalpy method has been used by Kousksou and Bruel,
2010 when they evaluated numerically the encapsulation of phase change material
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under cyclic pulsed heat load. We focus here on the comparison of the both nu-
merical methods (Enthalpy method and Cappp ) under realistic boundary conditions
involving the simulation of PCM integration inside the solar water heating systems
for solar cooling applications.

4.6 Results and discussion

In this section, the results of two numerical methods (Cappp technique and Enthalpy
method) described previously are presented. These methods were used to simulate
the PCM melting and the temperature evolutions inside the storage tank. Thus, a
set of important parameters such as temperature profiles and liquid fraction were
drawn as indicators to numerically compare these two methods and the predicted
enhancement of the energy storage tank and the possible increase in its thermal per-
formance.

4.6.1 Temperature evolutions

To examine the thermal behavior of the system, Figs. 4.14 present the temperature
evolutions inside the storage tank. Indeed, Figs. 4.14-(a) and (b) depict the tempera-
ture inside the storage tank filled with PCM using Cappp and Enthalpy methods and
Fig. 4.14-(c) show the temperature history inside the storage tank without PCM. For
a rational analysis, two successive days of winter (January 1-2) relative to the Mo-
roccan city Marrakech are considered. Representative numerical tank temperatures
plotted in these figures show very definite stratification for all configurations.

Indeed, Figs. 4.14 present the 48-hours evolution of the ambient temperature,
top, bottom and other layers temperatures of the solar tank and outlet temperature
from the collector for FPC technology. During these two days, it is interesting to
mention that the ambient temperature has a low annual values. During the night,
the ambient temperature decreases from 20◦C to 10◦C while during the morning it
goes up gradually to reach its maximum daily value of 23◦C and decreases during
the evening. In addition, the collector outlet temperature follows the trend of the
ambient temperature and the incident solar radiation. As illustrated in Figs. 4.14, it
is important to note that the solar water tank temperatures, i.e. outlet collector and
different tank layers, drops when the consumption profile load are present at 6h,
12h and 17h. This phenomena is clearly apparent in the case of Cappp and Enthalpy
methods at 12h. During the afternoon, the temperature of the top layers in the tank
with PCM (Cappp and Enthalpy methods) has approximately the same profile than
that observed without PCM (see Figs. 4.14-(a), (b) and (c)). After 17h, i.e. overnight
when there is no solar radiation, we observe that the top layer temperature in case
without PCM decrease roughly while there is an opposite situation in the both cases
with PCM as a result of heat transfer from the PCM to the water and the values
of temperature in the collector in the storage tank with PCM (Cappp and Enthalpy
methods) become slightly higher than in the case without PCM. A such situation
is in qualitative accordance with that reported by Kleinbach, Beckman, and Klein,
1993.

It is interesting to note that the introduction of PCM in solar domestic hot water
systems and their beneficial fact has to be considered with great attention. Indeed,
the PCM (NaOAc, 3H2O), used in the current work, has a melting point in a small
temperature range around 60 ◦C. During January 1-2 when the insolation and am-
bient temperature are low, the temperatures in the storage tank are often below the
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phase change temperature level and most of the time both systems (without and
with PCM) store energy as sensible heat only. Consequently, the PCM is far from
being completely utilized. It’s necessary to find a suitable PCM melting point taking
into account the specific weather climate of the site over the year.

FIGURE 4.14: Temporal evolution of temperatures inside the storage
tank for different cases

In order to examine the influence of meteorological data on the system perfor-
mances, another day of the year (July 1) is evaluated. Fig. 4.15 shows the evolution
of water outlet collector, top layer and PCM temperatures during the first day of
July in the same location (Marrakech-Morocco). Accordingly, simulations were car-
ried out with the same type of PCM whose melting temperature around 60 ◦C and
the Enthalpy method is used. The effect of PCM is well observed, which limits the
water temperature drop. It should be noted in this case that all of the PCM is melted
during the heating period and then again solidified over the high night period, the
changes of state corresponding to the temperature step presents at the melting tem-
perature of the PCM 60 ◦C. Fig. 4.15 indicates a reheating of water overnight even
if there is no solar radiation as a result of heat transfer from the PCM to the water
and the temperatures in the storage tank with PCM become higher than in the case
without PCM. As can be seen in Fig. 4.15, the top layer temperature is characterized
by a higher and a quasi-constant temperature level which is apparently due to the
stationary reheating of the water because of the solidification process follow up by
the PCM.
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FIGURE 4.15: Temporal evolution of collector, PCM (middle of the
tank in PCM center) and tank top layer temperatures

The results of the water temperature along the tank height for the studied cases
at t = 25 h under different heat losses coefficients (The reference value is ha = 1.133
W/m2K) are presented in Fig. 4.16. These figures (Figs. 4.16-(a), (b) and (c)) describe
the temperature variation along the longitudinal direction for three heat loss coeffi-
cients (1/2× ha, ha and 1/2× ha) for two cases of the tank filled by PCM using Cappp

and Enthalpy methods in addition to the case without PCM. For all configurations,
we can observe that the tank bottom temperature is lower than the top layer thanks
stratification effect. Moreover, the temperature decreases when the ha is increased
due to heat losses to the surrounding. Similar behaviour of internal temperature
maps is observed in both cases i.e. Cappp and Enthalpy methods even if we note a
slight difference in temperature values which is due to numerical scheme used in
the both methods. However, the temperature level inside the storage tank using
PCM is higher than the case without PCM which is due to reheating by the PCM
during the solidification process.
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FIGURE 4.16: Temperature evolution along tank height

4.6.2 Liquid fraction

One of the main limits of the method of apparent heat capacity Cappp is that doesn’t
allow access directly to the liquid fraction values. For this reason, we content to
present only the liquid fraction curves for the case of the Enthalpy method. Figs.
4.17-(a) and (b) show, respectively, the PCM temperature and the variation of the
liquid fraction (the percentage of the PCM which has been melted) and the impact
of PCM portion ε on melting process vs time. From Fig. 4.17-(a), we can observe
that at t = 0 min all the PCM inside the storage tank is in solid state so the melting
fraction is zero. As the time passes, the PCM gets melted because of water heating
from solar collector and the value of melting fraction increase with time from 16 h
when the water temperature achieved 60 ◦C which is the PCM melting point. The
value of melting fraction is 50% for the melting time of 18 h. At the end of the melting
cycle i.e. after 20 h, all the PCM inside the storage tank has been melted; giving a
melting fraction of 100%. As the PCM are considered as a spherical capsules, it is
noticed that the rate of melting is not the same inside the capsule (r = 0) and in the
PCM/water interface (r = rext). Indeed, the melting process increases for r = rext
faster than r = 0 because the PCM is in direct contact with hot water inside the
storage tank (see Fig. 4.17-(a)). Tores et al., 2013 also simulated the behaviour of a
packed bed latent heat thermal energy storage system connected to solar collector
located in south of Spain. Their obtained results show a similar melting trend of
PCM.

Fig. 4.17-(b) represents the PCM temperature (Tpcm) evolutions vs time (24 h)
for various proportions ε of the tank volume occupied by PCM. In the literature,
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the suggested amount of PCM in the storage tank varies greatly from about 5% to
near 75% of the tank volume (Mehling et al., 2003). It is seen in Fig. 4.17-(b) that,
when the temperature inside the storage tank reaches 60 ◦C, the PCM starts melting.
Moreover, the evolution of temperature decreases when the PCM quantity (ε) is en-
hanced. Indeed, the amount of PCM (10–50%) corresponding to an increase in heat
storage capacity relative to that of water alone and to an enhancement of heat losses.
As expected, the increase in amount of PCM leads to a decrease in melting velocity.

FIGURE 4.17: PCM liquid fraction and its temperature evolution for
different PCM portion ε in the tank’s middle

4.6.3 Impact of PCM proportion on storage top tank temperature

A point not to be overlooked is in the packaging of PCM. The PCM are encapsulated
in spherical nodules inside the storage tank. Indeed, the spherical encapsulation is
a geometric configuration, a priori, optimal insofar as it directly impacts the storage
capacity of the tank, so the amount of possible heat transfer and the exchange surface
between the water and the PCM.

The amount of PCM in the storage tank suggested in the literature varies greatly,
from about 5% to near 75% of the tank volume (Talmatsky and Kribus, 2008). As
previously mentioned, four volume proportions of PCM (20-50%) were examined
inside the storage tank connected to the solar collector in order to study their effect
on the latent energy storage improvement.

The evolution of the top layer temperature of the tank vs time (the first hot day of
July in Marrakech city) is presented in Fig. 4.18. Four volume proportions of PCM
were examined inside the storage tank connected to the solar collector in order to
study their effect on the latent energy storage improvement (Lu, Zhang, and Chen,
2018). The PCM amounts used are ε = 20%, ε = 30%, ε = 40% and ε = 50%.

As shown in Fig. 4.18, the top tank layer temperature connected to the consumer
load is enhanced for a PCM fraction equal to 20% for both the investigated models,
namely, the Cappp method besides to the Enthalpy method.

The melting time of the PCM is important when the volume it fills inside the tank
is important too (we are referring here to the used 50% of tank volume), because it
requires a supplement of energy from the storage tank, which in parallel tends to
decrease because of the loading demand performed by the consumer. On the other
hand, an optimized volume fraction of the PCM (30%) tends to melt faster, because
the hottest layer of water is located at the top according to the development of ther-
mal stratification occurring inside thermal storage tanks subjected to charging and
discharging cycles (Bouhal et al., 2017b). The optimized used PCM proportion will



4.6. Results and discussion 91

work as an energy booster, hence it is going to provide its latent heat when there is
no insolation. Indeed, this energy helps to heat the water during night or when solar
radiation is not sufficient. The Cappp method overestimates the top layer temperature
of tank, where various PCM amounts are located. In fact, between midnight and 8
am the temperature is decreasing from 40◦C to 28◦C, while it is maintained constant
at 28◦C during the same cold time interval for the Enthalpy method. The same re-
mark can be made regarding the other cold time interval that spans between 6pm
and 12pm, where the top temperature layer of the tank decreases from 75◦C to 60◦C
using the Cappp , and from 75◦C to 50◦C using the Enthalpy method.

Including 40% and 50% of PCM in the storage tank have a slight effect on the
performance of the solar water heating system. In addition, the cost of the PCM is
high and a high PCM fraction is not practical because the heat losses will increase.
The simulations in this work were carried out with 30% of the tank volume occupied
by PCM. A 30% of PCM amount is considered a reasonable compromise.

FIGURE 4.18: Effect of PCM quantity ε on top layer temperature evo-
lution

4.6.4 Impact of heat losses on storage tank temperature

The effect of three values of the heat loss coefficient, namely, 1/2ha, ha and 2ha on
the top layer temperature evolution of the storage tank is presented in Figs. 4.19,
according to the first hot day of July reported in Marrakech. The heat loss coefficient
(2ha) induces a significant loss compared to both 1/2ha, ha (see Fig. 4.19-(a)) in case
of Enthalpy method is applied. For instance, at 6pm the top layer temperature dif-
ference between 1/2ha and ha is estimated equal to 15◦C. On the other hand, the
Cappp method does not really affect the evolution of top layer temperature, as it is
presented in Fig. 4.19-(b) during the interval [12pm; 2pm]. After 2pm, the differ-
ence in the top layer temperature is not very large, whatever the heat loss coefficient
applied to the external circumference of the storage tank.
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FIGURE 4.19: Effect of heat losses ha on top layer temperature evolu-
tion

4.6.5 Impact of collector technology on its outlet temperature

The outlet temperature from the collector of the solar water heater during the first
hot day in July is presented in Fig. 4.20. The weather of Marrakech (Morocco) has
been used as solar boundary conditions inputs to assess the effect of the Cappp and
Enthalpy method on the melting of the PCM. It is noted that three collector tech-
nologies were studied, namely, FPC, CPC and ETC collectors.

It is noted from Fig. 4.20 that the Enthalpy method slightly overestimates the
outlet temperature Bejarano et al., 2018 between midnight and 8am. Indeed, this
temperature drops from 20 degrees to 5 degrees using the apparent specific heat
method (Cappp ). While it drops from 30 degrees to reach 20 degrees using the En-
thalpy method. When the solar irradiation becomes important (between 8am and
4pm), it is found that the outlet temperature of the heat transfer fluid from the col-
lector becomes important independently from the collector technologies. In fact, the
energy contribution of ETC collector is significantly greater than that of the FPC and
CPC collectors (Bouhal et al., 2017a). In addition, the Enthalpy method compared
to the apparent specific heat method (Cappp ) has several peaks identified during sev-
eral sub-intervals. In particular, between 1pm and 2pm, 3pm and 4pm and finally
between4pm and 6pm. At approximately 8pm, the outlet temperature from the col-
lector reached 35 degrees using the Enthalpy method, while it reached 30 degrees
using the Cappp method. It is concluded that the Cp method overestimates the heat
transfer fluid outlet temperature regardless of the collectors technology used, such
as FPC, ETC or CPC.
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FIGURE 4.20: Effect of collector technology on its outlet temperature
evolution

4.6.6 Optimization, models improvement and recommendations

Before even discussing possible ways to improve the both models, it is useful to
be interested in common sense issues. It should be noted that the good functioning
and the relevance of the models developed in this study depend on many conditions
such as the geographical areas of implantation of such systems (rate of sunshine), the
security and health standards (Hot water at 45 ◦C in Morocco, case of this study, but
60 ◦C in France for example), etc. Through this work, some possible improvements
are summarized in the following points:

Improvement of the models

A set of suggestions are drawn for improving the studied numerical methods. For
instance, the division of the tank inN layers is sufficient or not for a correct modeling
of the whole of the tank. In addition, the both methods are based on 1D model where
the water temperature depends only on the height (z) while it depends also on the
radius r especially when the shape ratio D/L is high.

Physically, the apparent heat capacity Cappp method is used to investigate the
phenomenon of phase change. Indeed, this method is not widely used insofar as it
is considered that when the phase change is not complete, the error on the Cp can
be important. In fact, the Cp varies enormously over the change of state interval.
Moreover, the exact melting or solidification temperature over this interval is prob-
abilistic. Thus, a systematic error exists on the estimate phase change temperature,
and this error, as small as it is, generates a not insignificant approximation at the
level of the specific heat. This is why the apparent Cp method is not unanimous.
We are therefore entitled to question the accuracy of this method of determination.
Other techniques such as the phase change interface tracking method exist, but are
they more relevant? The question is at the center of current research.

Load consumption conditions also play a major role in the efficiency of the sys-
tem. To resume the model, the hot water is drawn here at 45 ◦C. On the one hand,
the choice of PCM whose temperature of change of state occurs at 60 ◦C seems de-
batable. Thus, latent heat storage should be at a temperature close to that desired
for water distributing, so a choice of a melting temperature of about 35 ◦C would
have been preferable. On the other hand, the operation of an installation like the
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one studied certainly finds its full dimension in terms of efficiency for DHW distri-
bution temperatures rather between 60 ◦C and 90 ◦C. Indeed, the profitability of the
system for a DHW load temperature of only 45 ◦C seems limited.

PCMs conditioning and selection

It is necessary to study the characteristics of the different PCMs that exist to evaluate
the selection criteria that most suited to the operating conditions of the system. The
factors that playing a major role in the profitability of the installation are:

• Moderate cost;

• Phase change temperature range suitable for use;

• PCM that does not supercool (or very little) during phase change;

• High sensible and latent heats;

• High thermal conductivities in both solid and liquid phases;

• High mass heat capacities in both solid and liquid phases.

The challenge here is to find the best suited PCMs. Melting temperatures are
one of the most important parameters since they not only maximize energy storage
in latent form but also regulate the temperature of the water in the tank so as to
minimize the heat losses dissipation through it.

Systems operating with the simultaneous use of several PCMs in the tank appear
to be more effective than when there is only one. In fact, at the level of the tank load-
ing profile, the stack of different PCMs with different melting temperatures may
stratify the storage tank and obtain better yields than in so-called "conventional"
systems. Here, the gravity that causes the separation of hot and cold water. A tem-
perature gradient is then established within the tank. The temperature variations
that are established step by step are small, but in the case of small changes in tem-
perature, the latent storage is much more interesting than the sensible storage. In
addition, since the temporal evolution of temperature at the top of a stratified tank
is very small, it is thus possible to "stick" to the user’s temperature, thus limiting the
use of the auxiliary electrical resistance.

A study on the interest of a stratified system (Cabeza et al., 2006) shows an in-
crease in storage energy density from +20% to +45%, an increase in the duration
of thermal diffusion through the tank of +50% at +200%, and the significant water
heating related to the presence of PCM. It should be noted that the performance of a
stratified system essentially depends on:

• Position of the inlets and outlets of the tank

• Conditions at the inlet and outlet levels

• Conduction and losses in the tank

In addition, a reflection at the level of the distribution PCM within the tank layers
is to lead. In some type of systems, the entire PCM are put at the top of the tank.
This technique, different from our models in which the lower and upper layers are
considered lack of PCM, justifies the fact that an optimization of the system in terms
of proportion and positioning of the PCM is to be expected.
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Optimization and sizing of the system

Regardless of the sizing, the tank must be insulated to minimize heat losses. The
loading profile of the tank should ideally be chosen so as to optimize the ratio of the
volume of PCM to the volume of water contained in the tank. For a given volume
of the tank, what volume proportion of optimal PCM is to put in the tank? It is the
same with regard to the ratio of the volume of PCM on the exchange surface between
water and the PCM which conditions the heat exchange potential and therefore the
energy storage capacity. For a given volume of PCM and exchange surface, what is
the best choice: put in the tank hundreds of small nodules? Dozens of nodules of
average size? Some large nodules?

In order to carry out a thermo-economic study, the optimization of the quantity
of PCM used is essential. This is indeed the key element of the system in terms
of energy storage capacity of the tank but also in terms of cost, the price of PCM
is high or very high since it’s difficult to prepare. The ideal compromise is to be
determined (in ratio form for example) in order to be in possession of a tool to size
the best possible tank regardless of the parameters imposed. For instance, for a tank
of dimensions given by the manufacturer, we multiply the volume by the calculated
ratio and we obtain the volume of PCM to put in the tank. Then, we study the
best possible arrangement that combines both the diameter and the number of PCM
nodules.

4.7 Conclusion

In this chapter, two numerical heat transfer models were developed and compared
to investigate thermal storage tank filled with encapsulated PCM connected with
solar collectors for solar hot water production. These models were built to model
operating cycles of the solar water heating systems under a realistic climate zone
(Marrakech, Morocco). One of the methods was based on the technique of apparent
heat capacity Cappp while the second used the Enthalpy method which question the
relevance of the use of PCM as a medium of storing energy inside storage tank for
solar hot water production.

The main target was to compare both programs by studying different operating
conditions. The used numerical methods indicate that a margin of progression still
exists. The differences observed can be explained by the existing uncertainties in
the determination of certain operating conditions and the definition of the geome-
try of the physical model. Therefore, we have reformulated hypotheses and selected
substitution conditions by ensuring that they have an internal coherence and respect
the relevance of the model. Nevertheless, additional research will be needed to over-
come the inconsistencies of the model we have relied upon. The non-determinism
of the phase change phenomenon gives rise to many inaccuracies, such as the eval-
uation of the apparent specific heat capacity Cappp which needs experimental equip-
ments and measurements to find the shape of specific heat evolution. The solution
may lie in conducting dispersion studies on such phenomena.

In addition, we are indeed able to question the universality of such a system.
In the context of domestic use, it seems rude to assume that everyone would stock
and destock the solar hot water at the same time of the day. In this hypothesis, the
efficiency of the system becomes very variable according to the consumption load
profile. The introduction of automated "smart systems" to choose modes of opera-
tion or regulation, and the establishment of servo systems functions of operations
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conditions and meteorological data could constitute possible avenues of improve-
ment and technical solutions interesting to develop the system.

Based on the analyses of the results, the conclusions drawn from this numerical
study can be summarized as:

• The heat transfer model using Enthalpy method needed more computing time
than the apparent heat capacity Cappp model.

• The Cappp technique is relevant if the form of the specific heat capacity of the
PCM is known during the phase change process.

• Further studies need to be conducted to improve the optimal position of PCMs
inside the storage tank. In practice, some industrial companies choose the op-
tion to put the entire PCM at the top of the tank which is different from our
proposed models in which the lower and upper layers are considered lack of
PCM, justifies that an optimization of the system in terms of proportion and
positioning of the PCM is to be expected.

• It seems that the question of the interest of PCMs in domestic hot water pro-
duction systems does not admit of a trivial answer and that this will probably
be depending on the system and consumer habits. This work must neverthe-
less be continued to address the case of solar operation and the influence of
other parameters introduced in the model.

The presented models were used as a development tool for optimal selection
and improving the performance of solar cooling systems integrating PCM modules
under various operating conditions for thermal energy storage enhancement which
is the objective the next chapter (Chapter 5).
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Chapter 5

Energy analysis and thermal
performance assessment of solar
cooling systems integrating PCMs
in Morocco

5.1 Introduction

As highlighted in Chapter 4, two numerical methods were developed and used to
simulate the Phase Change Materials (PCMs) integrated in solar hot water produc-
tion systems. In Chapter 5, the developed numerical models are used now to simu-
late the role of PCMs addition inside solar cooling process. Accordingly, Chapter 5
focuses on latent thermal energy storage and the integration of PCMs within the so-
lar cooling systems and their thermal performance optimization. The role of PCMs
addition is investigated inside solar storage tank connected to the generator of the
absorption chiller in order to optimize the thermal energy storage in dynamic mode.

5.2 Background

Thermal energy storage has been shown to enhance the efficiency of solar hot water
and absorption air-conditioning systems by capturing excess radiation during peak
hours to meet cooling need in low insolation periods. The limited operating temper-
ature range of solar cooling systems limits the water energy density because it is the
most commonly used thermal storage medium in solar cooling applications. Con-
versely, Phase Change Materials (PCMs) keep a high energy density under small
temperature ranges, and are perfectly appropriate for such applications (Royon,
Karim, and Bontemps, 2013). Techniques to choose and size suitable thermal storage
technologies in solar cooling applications vary between investigations with no stan-
dard methodology being utilized across the literature. Our literature survey outlines
relevant studies dealing with the role of PCMs addition in the solar cooling process
i.e. solar collectors and/or storage tank for possible enhancement of thermal energy
storage efficiency. Thus, this section provides a review of recent studies related to
the benefit of the thermal energy storage using PCMs for solar cooling applications.

Relevant investigations are identified dealing with predicting the expected ben-
efit from both water and phase change materials based thermal storage for solar air-
conditioning applications with limited temperature ranges. Hirmiz, Lightstone, and
Cotton, 2018 examined the performance enhancement of solar absorption cooling
systems using thermal energy storage with phase change materials (PCMs). They
have given an engineering approach for predicting the expected benefit from both
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PCMs and water based thermal storage for applications with limited temperature
ranges. In addition, Kabeel and Abdelgaied, 2018 investigated a solar energy as-
sisted desiccant air conditioning system (three types A, B and C) with PCM as a
thermal storage medium. They found that the average percentage savings in the
electrical energy which consumed about 20.85% for Type B and 75.82% for Type C as
compared to the Type A. Accordingly, Gao et al., 2018 conduction an optimization of
pre-cooling with intermittent mode using a coupled cooling method and application
of latent heat thermal energy storage combined with pre-cooling of envelope. They
demonstrated the significant potential of intermittent operational mode application
in underground thermal energy storage systems. Wang et al., 2018 performed a ther-
modynamic performance analysis and comparison of a combined cooling heating
and power system integrated with two types of thermal energy storage. Their re-
sults indicate that the combined cooling heating and power system integrated with
the jacket water storage tank achieves a primary energy ratio of 83.8% and a ratio of
cooling to electricity of 2.24.

The scope of the PCMs is wide. Indeed, recent studies are interested in inte-
grating PCMs for solar cooling applications and possible improvement of thermal
energy storage of these systems. For instance, Pan et al., 2018 conducted a cost es-
timation and sensitivity analysis of a latent thermal energy storage system for sup-
plementary cooling of air cooled condensers. Research on the solar cooling systems
is numerous and diversified in the literature in terms of experimental and numer-
ical studies. Pop et al., 2018 conducted an energy efficiency of PCM integrated in
fresh air cooling systems in different climatic conditions. The evaluation of PCM
energy efficiency in fresh air cooling systems revealed that savings in the electric
energy consumption of (7-41) % can be achieved, depending on the particular lo-
cal conditions. Further, Agyenim, 2016 assessed the use of enhanced heat transfer
phase change materials (PCM) to improve the coefficient of performance (COP) of
solar powered LiBr/H2O absorption cooling systems. Overall utilization efficiencies
achieved for longitudinal and multitube finned systems were 82% and 83.2% respec-
tively. Under meteorological conditions of Shanghai, Zhou et al., 2017 performed a
performance assessment of a single/double hybrid effect absorption cooling system
driven by linear Fresnel solar collectors with latent thermal storage. They found that
the optimized solar cooling system can provide the average seasonal cooling capac-
ity of 102kW, the seasonal solar fraction of 27.2% and the seasonal thermal COP
of 0.88. Allouche et al., 2017 carried out dynamic simulation of an integrated solar-
driven ejector based air conditioning system with PCM cold storage. They identified
an optimal storage volume of 1000l and they found that the solar thermal ratio and
maximum COP were 0.097 and 0.193, respectively. In addition, the identification
and characterization of promising PCMs for solar cooling applications have been
studied by Brancato et al., 2017. Their results indicate that the commercial PCMs
ranging between 120 and 150 J/g, confirmed their stability which makes them ready
for practical applications.

The following part focuses on latent thermal energy storage and the integration
of PCMs within the solar cooling systems i.e. storage tank connected to the gener-
ator of the absorption chiller in order to optimize the thermal energy storage of the
system in dynamic mode.
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5.3 Physical model

5.3.1 Problem specification

The production of hot water for solar air-conditioning applications is considered
as one of solar energy’s favored use in the buildings sector due to the nature of
the needs. For instance, the range of hot water temperature requirement for solar
cooling applications is generally between 60 and 160◦C depending on the requested
cooling power. The solar cooling installation under investigation contains three cir-
cuits as shown in Fig. 5.1: Circuit 1, Circuit 2 and Circuit 3. Indeed, Circuit 1
produces the hot water at required temperature (up to 80◦C) and stores it inside the
thermal storage tank. In addition, Circuit 2 includes the absorption machine and
its accessories while circuit 3 is devoted to building for indoor space heating or air-
conditioning depending on the season.

FIGURE 5.1: Schematic of integrated solar central heating and absorp-
tion cooling system for indoor space air-conditioning

In this part, we will focus on the Circuit 1 as the aim is to produce solar hot water
to feed the generator of the absorption chiller with a required temperature (in the
range 80−95◦C) and a fixed flow rate (0.77kg s−1). In addition to the solar collectors,
the determinant equipment of a solar hot water production system connected to a
solar absorption cooling machine is the hot water storage tank. The energy stored
inside the tank is increased, if the stratification is well improved. Consequently, the
aim of the present study is to describe the thermal behaviour of the storage tank
filled by PCM in its interior by performing a numerical parametric and comparative
studies on a standard solar cooling process. Three PCMs types were selected and
three typical solar collectors were considered in this work which consist of a Flat
plate (FPC), Evacuated tube (ETC) and Compound parabolic (CPC), controller, a
storage tank of 300l integrating layers of PCMs. The storage tank is connected to the
generator of the absorption chiller and equipped with an auxiliary electric heater
and a pump as shown in Fig. 5.2.
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FIGURE 5.2: Layout of the solar hot water circuit integrating PCM
connected to the generator of the absorption cooling process

One of the determining points in this kind of modeling lies in the management
of the phase change phenomena of the PCM, with overall problems that they cause
(dissymmetry of the phase change, supercooling, etc.). For several years, numerous
studies have been carried out on these phenomena (Yamagishi et al., 1996; Hail-
lot et al., 2013 and Zalba et al., 2003). Part of these studies focusing on the phase
change modeling. There are now several numerical methods each having their ad-
vantages and disadvantages depending on the cases encountered. In particular, En-
thalpy methods and methods of monitoring the interface of phase change. The for-
mer are free from the evaluation of the evolution of the phase change front; the heat
exchanges are represented by a variation of enthalpy and more precisely simulated
by an equivalent specific heat.

In this work, a numerical approach is used to compare two numerical proce-
dures: a technique based on apparent heat capacity called in this study Cappp and the
second uses the enthalpy method typically used to model the PCM melting process
integrated inside a storage tank. Therefore, the PCM with a reference proportion
ε = 30% is occupied a storage tank volume as schematically presented in Fig. 5.2.

The geometric characteristics of the studied storage tank are presented in the
Table 5.1.

Volume (l) 300
Diameter (mm) 560
Length (mm) 1200
Environment temperature of the storage tank 20 [◦C]
Initial temperature of the storage tank 25 [◦C]
Tank heat loss coefficient 0.57− 1.133 [W m−2 K−1]
Insulation 40 mm cfc free Polyurethane

TABLE 5.1: Characteristics of the studied storage tank
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The aim is to investigate the effect of the introduction of PCM on the temperature
evolution and on the thermal performance of the solar hot water system operating
in dynamic mode. A point not to be overlooked is in the packaging of PCM. It’s
a topic that has sparked a lot of research (Marongiu, Berhe, and Fallon, 2000). The
latest ones seem to agree on the merits of encapsulating PCMs in cylindrical nodules
which is used in the current work. Indeed, it is a geometric configuration a priori
optimal insofar as it allows to maximize the ratio between the volume of PCM in
the tank (which directly impacts the storage capacity of the tank, so the amount of
possible heat transfer) and the exchange surface between the water and the PCM
(which affects the quality of thermal transfers occurring within the storage tank).
In this study, three PCMs were chosen as working fluids since they are the most
efficient for our application: (PCM1: Ba(OH)2, 8H2O, PCM2: NaOAc, 3H2O and
PCM3: Mg(NO3)2, 16H2O) with different melting tmperatures incorporated inside
the storage tank. The selection of an appropriate PCM for solar cooling application
requires the PCM to have melting temperature between 50 ◦C and 90 ◦C correspond-
ing to the set point temperature of the hot water storage tank. In Table 5.2, the main
physical and thermal properties of these PCMs are given.

Properties PCM1 PCM2 PCM3 Unit
Density (liquid) 1300 1937 1550 [kg m−3]
Melting tempearture 60 70 80 [◦C]
Thermal conductivity 5 0.653 0.49 [W m−1 K−1]
Latent heat of fusion 17300 184 149.5 [J kg−1]
Liquidus specific heat capacity 3860 - - [J kg−1 K−1]

TABLE 5.2: Physical properties of the studied PCMs: PCM1 -NaOAc,
3H2O, PCM2 -Na2P2O7, 10H2O and PCM3 -Mg(NO3)2, 16H2O (Tal-
matsky and Kribus, 2008, Cabeza et al., 2011, Khan, Saidur, and Al-

Sulaiman, 2017)

As previously mentioned, the objective is to investigate numerically the effect
of PCM integration on the water’s temperature distributions inside the tank under
various operating conditions. The investigation will also focus on the heat transfer
during the melting process of PCM within the storage tank. A relevant consideration
in such systems is the effective use of the storage tank filled by PCM in an optimal
disposition, location and size. Consequently, two numerical methods were used: the
Enthalpy and the Cappp methods, to model the PCM’s solidification and melting and
compared using a set of numerical results.

5.3.2 Mathematical model

Model description of the solar water heating systems with PCM (Circuit 1)

A number of phenomena are taken into account in terms of thermal processes that
take place within the system. Each phenomenon is described in the code by a phys-
ical equation. The set of equations forms a system to describe the evolution of the
temperature of the system as a function of time and along the storage tank’s height.
1D unsteady flow models in dynamic mode were built in the FORTRAN program-
ming code. The numerical code was accounting for two-dimensional effects. Indeed,
2D section passing throughout the half of the tank was modeled, since the storage
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tank geometry was symmetric. Working on a 2D section was adopted to optimize
the computational time and it was a suitable approach to model the PCM melting
process. Fig. 5.3 shows a schematic of storage tank divided into N layers. The cold
water comes in through the mains to solar collector by means of a pump. The tem-
perature of water in each node varies and it decreases gradually from the top of the
tank specified as node 1 to the bottom specified as node N . In order to maximize
the amount of water above 80 ◦C which is assumed to be the minimum water tem-
perature for a comfortable use, it is important to control the mixing between the hot
and cold water in the tank. In such modeling (see Fig. 5.3), 20 layers were used as
required in the works of Kleinbach, Beckman, and Klein, 1993; Oliveski, Krenzinger,
and Vielmo, 2003.

The tank storing hot water requires the stratification effect which means that
there will be temperature gradient increasing from the bottom to the top. This strati-
fication enables a better comfort for the user who will draw water from the top with
a temperature higher than at the bottom. Furthermore, a low temperature will in-
crease the coefficient of performance of the heat pump if this one is heating at the
bottom of the tank. To take advantage from the stratification, the storage tank is as-
sumed to be divided into N = 20 separate, thoroughly mixed and isothermal layers
of equal height. The schematic diagram representing hybrid water PCM numerical
model with stratified nodes of water and cylindrical PCMs capsules is depicted in
Fig. 5.3.

FIGURE 5.3: Schematic representing hybrid water PCM numerical
model with stratified nodes of water and cylindrical PCMs capsules

Model description of solar collector

The solar collector’s efficiency ηc is a determinant indicator to evaluate the thermal
performance of a solar water heater. The efficiency ηc is defined as the ratio of en-
ergy transferred from the collector to the heat transfer medium to the incident solar
radiation. Three typical solar collectors were used in the current study, Flat Plate
(FPC), Evacuated tube (ETC) and Compound Parabolic (CPC).
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In steady state for one single thermal collector, a mathematical modeling allows
to express the overall energy balance based on the standard second-order collector
performance Eq. 5.1:

ηc = η0 − k1X∗ − k2IcX∗2 (5.1)

where ηc is the collector operating efficiency, X∗ is the standardized tempera-
ture difference factor expressed as: X∗ = 1

Ic
(Tavg − T∞), Tavg = 1

2(TN + Tfout) is
the average temperature within the collector, η0 indicates the optical efficiency of
the collector, and k1 and k2 present the first and second order heat loss coefficients,
respectively, Ic is the solar incident radiation and T∞ is the ambient temperature.

As our work involves a set of collectors connected in series, the Eq. 5.1 is valid
only for a single collector. Indeed, the heated water after the first collector will go
slightly higher in the second one. As a result, the thermal performance in the second
module is decreasing according to Eq. 5.2. More accurate analytical formulas can be
found in the literature concerning the calculation of performance of a set of collectors
connected in series (Oonk, Jones, and Cole-Appel, 1979).

The technical characteristics of the selected thermal collectors are listed in Table
5.3.

Parameters
Value

Unit
FPC ETC CPC

Collector absorber area Ac 2.67 2.67 2.67 [m2]
η0 0.735 0.821 0.660 [-]
k1 4.6 2.82 0.82 [W m−2 K−1]
k2 0.0164 0.0047 0.0064 [W m−2 K−2]

TABLE 5.3: Solar collector’s characteristics (Viessmann - Solar thermal
systems)

The collectors constituting the solar field are connected in series (see Fig. 5.4) to
increase the temperature of the HTF and also to exploit the available surface of the
terrace available in Green Energy Park.

FIGURE 5.4: Solar collectors field connected to storage tank

The rate of heat extraction from the collectors may be measured by means of the
amount of heat transferred to the fluid passed through it which is expressed in Eq.
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5.2:

ηcIcAt = ṁcollCw(Tfout − TN ) (5.2)

At represents the total area of n collectors (At = n × Ac) constituting the solar
field which are connected in series. This connection between the different collectors
is performed to exploit the available surface of the terrace in order to ensure their er-
gonomic distribution. As the generator requires a water temperature up to 80 ◦C, the
installation with several collectors connected in series has the effect of increasing the
temperature of the heat transfer fluid. Eqs. 5.1 and 5.2 were solved simultaneously
to obtain the collector water outlet temperature. The pump with variable-speed sets
in motion the heat transfer fluid when it is hotter than the water tank. Its operation
is controlled by a regulating device acting on the temperature differences: if the tem-
perature of storage tank is hotter than the solar collector temperature, the controller
system stop the pump. Otherwise, the pump is restarted and the primary fluid heats
the water inside the storage tank. In our developed code, the pump will be activated
if:

• Tfout > 84◦C

• Tfout − TN > 4◦C

In winter or during long periods with no insulation, all of the hot water can’t be
provided by the solar energy, an extra device (an auxiliary electrical heater) is there-
fore the relay and reconstructs a hot water stock. In the current study, the electric
heater is placed outside the storage tank (Fig. 5.2). The electric heater integrates
a thermostat that measures the water temperature delivered to the use and when
this temperature decreases below 80◦C, the heater is activated at an average power
sufficient to bring the temperature back to 80◦C. This system enables a clear sepa-
ration between auxiliary heat and solar derived heat and definition of the minimum
amount of backup electricity that is needed to satisfy the user’s requests. Thus, the
electric supplement is triggered for two cases:

• if T1 < 80◦C, the backup electric energy is: Qaux = ṁloadCw(80− T1)

• Otherwise, the water is cooled by water at 20◦C with a flow rate of: ṁload =
ṁmax

80◦C−20◦C
T1−20◦C

The fluid motion in water is considered as laminar. Indeed, the laminar flow
regimes for water is firstly checked when forming the mathematical model. In-
deed, we have determined the Reynolds number of the flow using this formula:
Re = 4ṁmax

πDµw
. The calculation of Re number was performed where µw is the dynamic

viscosity of the heat transfer fluid (water) and ṁmax=0.77 kg.s−1 is the flow rate
feeding the generator of the absorption machine. As a result, it was determined that
the maximum value of Re = 1.74 × 103 which indicates that the flow in the storage
tank is laminar.

The same models developed in Chapter 4 were adopted (apparent capacity Cappp

heat tranfer model and Enthalpy method) in order to evaluate the temperature inside
the storage tank and performance of solar water heating system connected to the
absorption chiller with latent heat storage using phase change materials (PCMs). As
climatic conditions are required in the simulations, the average values of the incident
solar irradiation on the solar collector system and the ambient temperature of the six
Moroccan climate zones were considered (Bouhal et al., 2018c). Meteonorm platform
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(Version, 2010) was used to obtain the meteorological data which are intrinsic to
the Moroccan zones in terms of ambient temperature and solar radiation flux (see
Chapter 2).

The cooling demand profile depends on user’s behavior and the location where
the simulation is performed. Indeed, we have estimated the cooling consumption
profiles for typical residence. Our estimation is based on a simple user load pro-
file that concentrates air-conditioning consumption during three periods per day
(Morning, Evening and Day) as shown in Fig. 3.5.

5.4 Physical modeling of the absorption chiller (Circuit 2)

The process of the absorption cycle and its internal operation is given by Circuit 2
presented schematically in Fig. 5.5. The chiller works with Lithium Bromide (LiBr)
as sorbent and the water (H2O) as refrigerant. In the high pressure zone (condenser
and steam generator), when the temperature is high under equivalent pressure, the
refrigerant (H2O) is separated by expelling LiBr (steam generator (boiler) using a
source of motive heat necessary produced by solar hot water collectors (Agrouaz
et al., 2017). In the condenser, the refrigerant liquefies with the absorption of heat.
This step aims to reuse the refrigerant, namely water, in its pure form. The fluid
refrigerant then passes through pressure separation lines and is brought into the
low pressure zone (evaporator, absorber). It then evaporates at very low tempera-
tures between 5 and 15 ◦C. In the evaporator, the refrigerant evaporates with the
absorption of the ambient heat and the cold is obtained. The vapor of the refriger-
ant generated is absorbed into the absorber by LiBr and dissolved in the salt by the
release of heat pumped to the high pressure zone (boiler/condenser) by consuming
very little electrical energy. The operating cycle is maintained continuously.

FIGURE 5.5: Model of the absorption chiller (Shandong Lucy New En-
ergy Technology Co., Ltd.)

The modeling of the single effect machine working with the couple (H2O/LiBr)
was based on the thermodynamics laws for a real cycle and the following conditions
and assumptions were used:

• The temperatures in the exchangers (generator, condenser, evaporator and ab-
sorber) are assumed to be uniform over the entire volume under consideration.
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• The solution rich in refrigerant fluid at the outlet of the absorber is a saturated
liquid at the temperature and concentration in the absorber. Likewise, the re-
frigerant fluid solution leaving the generator is at a concentration linked by an
equilibrium relationship to the pressure and temperature of the generator.

• The refrigerant flowing out of the condenser is taken as a liquid saturated at
the temperature and the corresponding pressure.

• The refrigerant, at the exit of the evaporator, is in the vapor state saturated at
the temperature and low pressure of the evaporator.

• Relaxation is supposed to be isenthalpic.

• The thermal exchanges with the environment and the losses of loads are neg-
ligible.

5.4.1 Mass balance

At the absorber level, two mass balances can be performed as:

• Overall balance of the H2O/LiBr solution:

ṁcnd + ṁr = ṁp (5.3)

• The balance of LiBr:

ṁ1 ×Xr − ṁp ×Xp = 0 (5.4)

where

– Xp is the mass quality of the poor solution;

– Xr is the mass quality rich solution;

– ṁcnd is the mass flow rate of the refrigerant (H2O);

– ṁp is the mass flow rate of poor solution (LiBr);

– ṁr is the mass flow of the rich solution (LiBr);

From the two relations i.e. Eqs. 5.3 and 5.4, the expressions of mass flow rates
ṁr and ṁp were deduced:

ṁr = ṁ1 ×
ṁp

Xr −Xp
(5.5)

ṁp = ṁ1 ×
ṁr

Xr −Xp
(5.6)

5.4.2 Energy balance

The enthalpy balance is performed on each component exchanging heat or work
with the external environment:

Qabs +Qcnd = Qevp +Qgen (5.7)
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• Generator power (heat exchanged from the solar hot water to the LiBr-H2O
solution in the generator):

Q̇gen = ṁge.Cp(Tge,i − Tge,o) (5.8)

Tge,i and Tge,o are measured at the inlet and outlet entries of the generator,
respectively. It is interesting to note that the generator has a temperature range
between 60◦C and 80◦C depending on solar sunshine (Agrouaz et al., 2017).

• Chilling power (heat exchanged from the chilling circuit to the evaporator):

Q̇evp = ṁch.Cp(Tevp,i − Tevp,o) (5.9)

Tev,i and Tev,o are measured at the inlet and outlet entries of the evaporator,
respectively.

• The heat exchanged from the chilling circuit to the absorber:

Qabs = ṁcnd × (hevp,o − habs,i − (habs,i − habs,o)×
Xr

Xp −Xr
) (5.10)

where hevp,o, habs,i and habs,o are the enthalpy in the outlet of evaporator and
in the inlet and outlet of absorber, respectively.

• Cooling power (heat exchanged from the absorber and the condenser to the
cooling circuit):

Q̇cnd = ṁc.Cp(Tex,i − Tex,o) (5.11)

Tex,i and Tex,o are measured at the inlet and outlet entries of the absorber and
condenser loop.

• Solar power (incident solar radiation on the solar field surface of the installa-
tion):

Q̇rad = At.Ic (5.12)

where At the total area of the solar collectors field.

• Collectors power (solar heat supplied by the solar collectors):

Q̇sc = ṁsc.Csc(Tsc,o − Tsc,i) (5.13)

Tsc,i and Tsc,o are measured at the inlet and outlet entries of the solar field
collectors, respectively.

5.4.3 Generator of the absorption chiller

The generator of a LiBr-H2O absorption chiller is a pool type heat exchanger that is
capable of extracting heat from hot water available from solar water heater using an
evacuated tube collectors. As previously mentioned, the solar collector’s efficiency
is expressed as a function of incident radiation and temperature difference. To power
the generator of the absorption air-conditioning temperature required is in the range
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of 85 ◦C to 90 ◦C at certain flow rate ṁload = 0.77kg s−1. Single effect LiBr-H2O sys-
tems are ideal for air conditioning operations where the refrigerant flow normally
does not exceed 10 ◦C under normal conditions. The generator of these systems is
powered easily with a low grade energy source from solar hot water with evacu-
ated tube collectors. The hot water heats up the refrigerant-absorbent mix in a pool
boiling type heat exchanger. LiBr-H2O solution enters the generator at a particular
concentration and when heat is supplied, fraction of the water in the solution va-
porizes leaving behind a strong solution of water and lithium bromide in the heat
exchanger. The change in concentration of the solution affects its heat transfer co-
efficient. The heat transfer coefficient is found to increase as the heat flux increases
(Assilzadeh et al., 2005).

5.5 Assessment of system thermal performance

In this section, the results presenting the thermal behaviour of the absorption chiller
are presented. Annual simulations were carried out to simulate the PCM melting
and the temperature evolutions inside the storage tank for two cases with and with-
out PCMs. It’s interesting to note that the manufacturer of the absorption machine
(Shandong Lucy New Energy Technology Co., Ltd.) has set up a series of tests carried out
by the machine during its operation mode. If these criteria are not met the machine
will not start.

• 1st step: check that there is a request for cold using a thermocouple placed in
the building to be air conditioned.

• 2nd step: each circuit must respect a minimum incoming water flow, namely:

– 33.3 l/min for the evaporator;

– 46.6 l/min for the generator;

– 25 l/min for the absorber and condenser.

• 3rd step: the temperature of the water entering the generator must be at least
equal to 80 ◦C.

These steps are visible on the absorption chiller bulletin board and control panel.
Indeed, two action buttons are present, an "ON/OFF" button and a "restart" button.
Different indicators are present, indicating whether the motor is running or not and
whether the desired temperature in the solar circuit is reached. A screen that can
display codes corresponding to error messages is also present.

It’s necessary to note that the pressure gauges (display) are present on each cir-
cuit in order to fill the circuits properly, the filling pressure (before starting the in-
stallation) must be between 1.5 and 2 bar.

Annual simulations of the solar storage tank with and without PCM connected
to the absorption chiller via the generator were carried out. Those simulations in-
cluded ambient temperatures and solar insolation as a function of time at Marrakech
as it was received from Meteonorm data. Three different load profiles as shown in Fig.
3.5 were used. Thus, a set of important parameters such as temperature profiles, liq-
uid fraction, solar fraction and coefficient of performance (COP) of the absorption
chiller were drawn as indicators to numerically assess the predicted enhancement of
the energy storage tank and the possible improvement in the system thermal perfor-
mance.
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5.5.1 Impact of climatic conditions and PCMs integration on temperature
profiles

To examine the thermal behavior of the system, Figs. 5.6 present the temperature
evolutions inside the storage tank. Indeed, Fig. 5.6-(a) represents the temperature
history inside the storage tank without PCM while Figs. 5.6-(b) shows the temper-
ature inside the storage tank filled with PCM for two summer days (July). As the
cooling demand is required in summer period, two successive days of summer (July
1-2) relative to the Moroccan city Marrakech are considered. Representative numer-
ical tank temperatures plotted in these figures show very definite stratification for
the considered configurations (see Figs. 5.6-(a) and (b)). Indeed, Figs. 5.6-(a) and
(b) present the 48-hours evolution of the ambient temperature, top and bottom lay-
ers temperatures of the solar tank and outlet temperature from the collector for ETC
technology. During these two days, it is interesting to mention that the ambient
temperature has a low annual values. During the night, the ambient temperature
decreases from 42 ◦C to 20◦C while during the morning it goes up gradually to reach
its maximum daily value of 45 ◦C and decreases during the evening. In addition, the
collector outlet temperature follows the trend of the ambient temperature and the
incident solar radiation. As illustrated in Figs. 5.6-(a) and (b), it is important to note
that the solar water tank temperatures, and outlet collector drop when the cooling
profile loads is present at 12h (see Fig. 3.5). This phenomena is clearly apparent
in the case without PCM at 12h. During the afternoon, the temperature of the top
layers in the tank with PCM (Fig. 5.6-(b)) has approximately the same profile than
that observed without PCM (see Fig. 5.6-(a)). A such situation is in qualitative accor-
dance with that reported by Kleinbach, Beckman, and Klein, 1993. The, simulations
were carried out with the same type of PCM whose melting temperature around 60
◦C and the different behaviour is noticed. In fact, after 18h, i.e. overnight when there
is no solar radiation, we observe that the top layer temperature in case without PCM
decreases roughly while there is an opposite situation in the both cases with PCM as
a result of heat transfer from the PCM to the water and the values of temperature in
the collector in the storage tank with PCM become slightly higher than in the case
without PCM. The effect of PCM is well observed, which limits the water tempera-
ture drop. It should be noted in this case that all of the PCM is melted during the
heating period and then again solidified over the night period, the changes of state
corresponding to the temperature step presents at the melting temperature of the
PCM 60 ◦C. Fig. 5.6-(b) indicates a reheating of water overnight even if there is no
solar radiation as a result of heat transfer from the PCM to the water and the temper-
atures in the storage tank with PCM become higher than in the case without PCM.
As can be seen in Fig. 5.6, the top layer temperature is characterized by a higher and
a quasi-constant temperature level which is apparently due to the stationary reheat-
ing of the water because of the solidification process follow up by the PCM. As the
generator requires a temperature up to 80 ◦C, the absorption chiller generates cool-
ing charges during the day between 11 am and 6 pm according to Figs. 5.6 for both
cases with and without PCMs. During the night hours, the top temperature from the
tank exceeds 80 ◦C for the case with PCM during the two days 30-31 of July.
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FIGURE 5.6: Temporal evolution of temperatures inside the storage
tank with and without PCM

5.5.2 Impact of storage tank volume, technology of collectors and their
surface on generator temperature

This part focuses on the impact of storage tank volume, technology of collectors and
their surface on generator temperature. The top layer temperature from the tank in-
tended to feed the generator during the first hot days in July (1-2) is presented in Fig.
5.7. The weather of Marrakech (Morocco) has been used as solar boundary condi-
tions inputs to assess their effect on generator thermal performance. It is noted that
two collector technologies were studied, namely, FPC and ETC collectors. Indeed,
Figs. 5.7 show the evolution of the temperature intended to be loaded at the inlet of
the generator as function of the first two days of July in Marrakech. Three parametric
studies were carried out in order to describe the effect of the collector technologies,
either by using evacuated tube collectors (ETC) or by flat plate collectors (FPC) on
the temperature to the generator (see Figs. 5.7-(a) and (d)). In addition, the effect of
the overall area of the solar collector panel on the temperature to the generator has
been investigated using three areas, namely S = 15m2, S = 22m2 and S = 25m2 (see
Figs. 5.7-(b) and (e)). The third parametric study aimed to assess the volume effect
of the hot water storage tank on the charged temperature at the inlet of the genera-
tor. In fact, three storage volumes were used: V = 200l, V = 300l and V = 500l (see
Figs. 5.7-(c) and (f)). It should be noted that for each considered parametric study
previously presented, two cases were distinguished according to the integration of
PCMs (see Figs. 5.7-(d), (e) and (f)), or without integrating the PCMs inside the stor-
age tank (see Figs. 5.7-(a), (b) and (c)). For instance, the ETC technology increased
the temperature to the generator compared to the FPC technology from 102.5 ◦C to
113 ◦C at t= 2 pm for the storage tank with no PCMs (see Fig. 5.7-(a)). While it has
increased the temperature to the generator from 100 ◦C to 105 ◦C at the same instant,
but for the storage tank integrating PCMs (see Fig. 5.7-(d)). Moreover, increasing the
overall area of the collector field tend to increase the temperature to the generator. In
fact, for the case of the storage tank without PCMs, and at t=2 pm the temperature to
the generator has been enhanced from 85 ◦C to 115 ◦C (see Fig. 5.7-(b)). While it has
increased from 70 ◦C to 110 ◦C at the same instant, namely t=2 pm for the configura-
tion of the storage tank filled with a volume fraction of 30% PCMs (see Fig. 5.7-(e)).
As can be seen, changing the storage tank volume from 200 l to 500 l has not affected
the temperature to load to the generator during the considered hot two days of July,
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where the COP of the chiller has to be maximal in order to produce the required
amount of cooling energy. This result was noticed for both configuration, namely
with and without integrating the PCMs inside the storage tank (see Fig. 5.7-(c) and
(f)).

FIGURE 5.7: Effect of storage tank volume, technology of collectors
and their surface on generator temperature
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5.5.3 Impact of PCM types and their amount on generator temperature

The introduction of PCM in solar heating/cooling systems and their beneficial fact
has to be considered with great attention (Tyagi and Buddhi, 2007). In order to evalu-
ate the effect of PCM type on thermal performance, three types of PCMs with differ-
ent melting temperatures were chosen, namely: PCM1 (Tm = 60 ◦C), PCM2 (Tm = 70
◦C) and PCM3 (Tm = 80 ◦C). The annual simulations were carried out and the results
for the case with Morning profile are shown in Figs. 5.8. Indeed, Figs. 5.8-(a), (c) and
(d) depict the PCMs temperatures and liquid fractions for PCM1, PCM2 and PCM3.
We notice that each time the temperature within the solid PCM reaches the melt-
ing temperature the corresponding PCM changes phase until the complete melting
(f = 100%). From Figs. 5.8-(a), (c) and (d)), we can observe that at t = 0 min all the
PCM inside the storage tank is in solid state so the melting fraction is zero. As the
time passes, the PCM gets melted because of water heating from solar collector and
the value of melting fraction increase with time from 16 h, 20 h and 22 h when the
water temperature achieved 60 ◦C, 70 ◦C and 80 ◦C which is the PCM melting points
for PCM1, PCM2 and PCM3, respectively. For instance, the value of PCM1 melting
fraction is 50% for the melting time of 18 h. At the end of the melting cycle i.e. after
20 h, all the PCM1 inside the storage tank has been melted; giving a melting fraction
of 100%. As the PCM are considered as a spherical capsules, it is noticed that the
rate of melting is not the same inside the capsule (r = 0) and in the PCM/water in-
terface (r = rext). Indeed, the melting process increases for r = rext faster than r = 0
because the PCM is in direct contact with hot water inside the storage tank (see Fig.
5.8-(a)). Tores et al., 2013 also simulated the behaviour of a packed bed latent heat
thermal energy storage system connected to solar collector located in south of Spain.
Their obtained results show a similar melting trend of PCM. Fig. 5.8-(e) shows the
temperature history inside the storage tank, i.e. outlet collector, top layer and PCM1
temperatures. In addition, Fig. 5.8-(b) represents the PCM temperature (Tpcm) evolu-
tions vs time (24 h) for various proportions ε of the tank volume occupied by PCMs.
In the literature, the suggested amount of PCM in the storage tank varies greatly
from about 5% to near 75% of the tank volume (Mehling et al., 2003). It is seen in
Fig. 5.8-(e) that, when the temperature inside the storage tank reaches 60 ◦C, the
PCM starts melting. Moreover, the evolution of temperature decreases when the
PCM quantity (ε) is enhanced. Indeed, the amount of PCM (10%–50%) correspond-
ing to an increase in heat storage capacity relative to that of water alone and to an
enhancement of heat losses. As expected, the increase in amount of PCM leads to a
decrease in melting velocity. Fig. 5.8-(f) shows the top layer temperature of the tank
intended to feed the generator of the absorption chiller for different PCMs (PCM1,
PCM2 and PCM3) in order to check the sensitivity of simulation results to the PCM
melting temperatures. These temperatures follow the evolution of the solar radia-
tion. During the day, they are almost up to 100 ◦C while during night when the in-
solation and ambient temperature are low, the temperatures decrease to reach 45 ◦C.
In fact, during the day, the temperatures are often below the phase change temper-
ature level and most of the time both systems (without and with PCM) store energy
as sensible heat only. Consequently, the PCM is far from being completely utilized.
It’s necessary to find a suitable PCM melting point taking into account the specific
weather climate of the site over the year. PCM1 provides the higher temperature
during the day and night while PCM2 and PCM3 used in simulations go through
phase change in a higher temperature range around 70 or 80 ◦C (see Fig. 5.8-(f)). The
temperatures in the storage tank during the day are lower than this phase change
temperature, hence most of the time both systems store energy as sensible heat only,
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and the potential of the PCM is not fulfilled. It should be possible to find an optimal
PCM melting temperature considering the specific climate of the site. According
to our parametric study, the composite graphite H2O-NaOAc mixture (PCM1) was
found as the appropriate PCM energy storage medium for the solar water heating
system for cooling applications. Since including ε = 20% of PCM1 in the storage
tank did not improve the annual performance of the solar water heating system, it
was decided to increase the PCM amount in the storage tank. Since the cost of the
PCM is high, we assume that a high PCM fraction is not practical. The simulations
in this section were carried out with ε = 30% of the tank volume occupied by PCM.
This is still a relatively high fraction (leading to an expensive system). However, we
expected to obtain a significant improvement in system’s performances using this
volume fraction. Therefore it is considered a reasonable compromise.

FIGURE 5.8: PCMs melting process, liquid fraction and water tem-
perature evolutions
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The evolution of the top layer temperature of the tank vs time (1-2 July in Mar-
rakech city) is presented in Fig. 5.9. Four volume proportions of PCM were exam-
ined inside the storage tank connected to the solar collector in order to study their
effect on the latent energy storage improvement (Lu, Zhang, and Chen, 2018). The
PCM amounts used are ε = 20%, ε = 30%, ε = 40% and ε = 50%. As depicted
in Fig. 5.9, the top tank layer temperature connected to the consumer load is en-
hanced for a PCM fraction equal to 20% for both the investigated models, namely,
the Cappp method besides to the Enthalpy method. The melting time of the PCM is
important when the volume it fills inside the tank is important too (we are referring
here to the used 50% of tank volume), because it requires a supplement of energy
from the storage tank, which in parallel tends to decrease because of the loading de-
mand performed by the consumer. On the other hand, an optimized volume fraction
of the PCM (20%) tends to melt faster, because the hottest layer of water is located
at the top according to the development of thermal stratification occurring inside
thermal storage tanks subjected to charging and discharging cycles (Bouhal et al.,
2017b). The optimized used PCM proportion will work as an energy booster, hence
it is going to provide its latent heat. Indeed, this energy helps to heat the water
if solar irradiations are not sufficient. The Enthalpy method overestimates the top
layer temperature of tank, where various PCM amounts are located. In fact, between
midnight and 8 am the temperature is decreasing from 67◦C to 43◦C, while it is main-
tained constant at 42◦C during the same cold time interval for the Cappp method. The
same remark can be made regarding the other cold time interval that spans between
6 pm and 12 pm, where the top temperature layer of the tank decreases from 115◦C
to 80◦C using the Enthalpy, and from 120◦C to 70◦C using the Cappp method.

FIGURE 5.9: Effect of PCM proportion ε on top layer temperature
evolution

5.6 Energy analysis of system performance

5.6.1 Heat losses and auxiliary heater consumption

Annual simulations using the Morning load profile (see Fig. 5.6) were done and
the results for the two systems, with and without PCM in a solar water heating
system connected to the absorption chiller via the generator are shown in Fig. 5.10.
The integrals of energy transport were computed to yield the monthly and annual
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amounts of energy delivered from the collectors, delivered to the absorption chiller
load, lost to the surrounding, and provided by the electrical heater to compensate
for insufficient stored heat. The results are shown in Fig. 5.10.

Fig. 5.10-(a) represents the electrical consumption of the auxiliary system con-
nected the hot water storage tank of the chiller during the year. Marrakech city,
which belongs to the climatic zone 5, has been considered as a case study to as-
sess the effect of its weather conditions on the annual efficiency of the absorption
machine. Moreover, “Morning” load profile has been selected to carry out this as-
sessment and to analyze and discuss its effect on the thermal yield of the chiller,
because it is the consumption profile of hot water which corresponds the most to
the daily need of the Moroccan consumer (Dîn Fertahi et al., 2018a). It should be
noted that two configurations were considered in this parametric study, namely a
first configuration where PCMs were integrated inside the storage tank and a sec-
ond configuration where no PCMs were submerged in the tank. In addition, Fig.
5.10-(b) shows the annual evolution of the energy losses from the tank by convec-
tion to the external surrounding medium for two configuration with and without
PCMs also integrated in the solar storage tank.

The consumption of the electrical backup during the cold season of the year
(November, December, January, February and March) is much more important than
the hot season (May, June, July and August), because of the weak amplitude of
the solar radiations incident on the solar collector field of the chiller (Buonomano,
Calise, and Palombo, 2018b). For instance, in January, the auxiliary heater could
consume up to 420 MJ for the tank’s configuration without PCMs. While it is 410
MJ for the tank with PCMs during the same month. In comparison with June, the
electrical backup is consuming up to 10 MJ for a tank with submerged PCMs and
almost 8 MJ for a tank without PCMs. The use of PCMs decreases the consump-
tion of the electric back up, hence the price of the total annual energy bill, because
they can be considered as a free heat sources, which releases its latent heat useful for
heating domestic hot water. In fact, the latent heat is released when the temperature
of the tank becomes slightly lower than the melting temperature of the PCM, and
conversely it stores the excess of solar energy transferred from the solar loop when
the temperature of the tank becomes slightly higher than its melting temperature.

The losses from the tank are maximum during the summer period and minimum
during the cold season of the year (Talmatsky, 2007). For example, the tank losses
recorded during July for the storage tank with PCMs are 635 MJ. While they are
nearly 615 MJ for the same storage tank which is integrating PCMs. Meanwhile,
during November and December, the averaged losses from the tank without PCMs
are assessed to be slightly below 160 MJ. Besides, the tank losses are evaluated at
170 MJ for the configuration with PCMs. Hence, it can be concluded that the fact of
submerging PCMs inside the tank could be an alternative solution to enhance their
thermal efficiency. Because, as shown in Figs. 5.10-(a) and (b) the annual consump-
tion of the electric backup and the energy losses from the tank are reduced during
the year, which lead to the enhancement of the thermal yield of the absorption ma-
chine.

The most striking observation is that the differences between the system with
PCM and the one without PCM are very small even through the amount of PCM is
significant. The system with PCM delivers more energy annually to the load than
the system without PCM, instead of less, as was expected. As a result, the sys-
tem with PCM requires less electrical power from the backup heater. The annual
thermal losses from the storage tank are also higher for the system with PCM. The
collector efficiency is almost the same for both systems. All the differences between
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two systems are very small (less than 2%) which is well within the uncertainty of the
simulation, and are therefore negligible.

FIGURE 5.10: Annual auxiliary electrical consumption and tank heat
losses in different zones for the cases with and without PCMs

Figs. 5.11 show the results of the annual simulation for ε = 30% of PCM in Mar-
rakech and stepwise Morning load profile is considered. The gain is the difference in
annual energy between the system with PCM and the system without PCM, divided
by annual energy required to the load. Fig. 5.11-(a) represents the evolution of the
electric backup as function of two different seasons of the year: winter and sum-
mer. The climatic Zone 5 represented by Marrakech has been considered as a case
study, in order to investigate the thermal efficiency of the storage tank according
to two cases: with and without submerging the PCMs. In addition, three different
load profiles have been used to evaluate the contribution of the electric booster to
generate the necessary energy needed to meet the requirement of the consumers in
terms of the produced hot water. The selected load profiles were Morning, Evening
and Day profiles. A general overview of the bar diagrams presented in Fig. 5.11-(a)
show that integrating PCMs within the solar storage tank decreases the consump-
tion of the auxiliary heater either for winter or summer periods, because they work
as autonomous heating sources that release their latent heat if their temperature be-
came slightly below the solidus temperature Kee, Munusamy, and Ong, 2018. The
loading profile also affects the amount of the averaged consumed energy by the
electrical backup, because each load profile is defined by a specific amount of the
charged water at some specific hours and intervals during the day Bouhal et al.,
2017a. For instance, during winter season and considering the Evening profile, it
has been found that the electrical booster has consumed 415 MJ for the storage tank
without PCMs and only 410 MJ for the same tank with PCMs. While in the month
of July, the electrical backup consumed 105 MJ for the tank that is not submerging
PCMs and approximately 30 MJ for the same tank with PCMs. Moreover, Fig. 5.11-
(b) shows the evolution of the energy losses from the tank of the chiller located at
the climatic Zone 5. The convective energy losses from the tank to the surrounding
medium were assessed during two months, namely January and July. It is noted that
three profiles were used to describe the pattern of consuming hot water, while two
parametric studies were investigated to present the effect of PCMs addition within
the storage tank of the absorption machine. In fact, the storage tank integrating
PCMs tends to release less energy to the external medium compared to the storage
tank without PCMs. For instance, the solar tank without PCMs releases only 600
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MJ during summer for Morning loading profile, while it is 620 MJ for the tank with
PCMs.

FIGURE 5.11: Auxiliary electrical backup and tank heat losses in dif-
ferent zones for the cases with and without PCMs

It is seen in Fig. 5.11-(a) that, unlike our expectations, most of the year there is
a slight difference between the two systems. During the winter the system without
PCM delivers even less solar energy to the load than the system with PCM. As a re-
sult, more electrical energy from the backup heater is required in this case. The tank
losses to the surrounding are also alike for both systems during the year. Fig. 5.12-(a)
shows that the annual performances of both systems which are not almost identical.
The main conclusion from the results is that an addition of small amount of PCM
(ε = 30% of PCM) improves the annual system performance as was expected from
previous experiments with the static storage. The evolution of the annual chiller’s
solar fraction is presented in Fig. 5.12-(a). Two configurations were studied in or-
der to depict the effect of filling 30% of the tank with PCMs. Besides, the Morning
profile has been considered as the loading profile of reference. As described in Fig.
5.12-(a), submerging PCMs inside the tank enhances the solar fraction of the chiller,
especially during the coldest season of the year. For example, the solar fraction has
increased from 31% to 33% due to the uses of PCMs during February. Further, it has
increased from 27% to 29% during November. In addition, Fig. 5.12-(b) shows the so-
lar fraction evolution for two periods, namely January (winter) and July (summer).
Three load profiles were tested in the fifth climatic zone of Morocco (Marrakech).
Moreover, two configurations of the thermal storage tank were studied: a storage
tank with and without submerged PCMs. As can be seen from the general pattern of
the bar diagrams, the solar fraction of the chiller (Ge et al., 2018) is enhanced with the
integration of PCMs inside the solar storage tank. For instance, during winter, and
if the Morning profile is selected, solar fraction has increased from 25% to 28% due
to the use of PCMs. While during the summer period, solar fraction has increased
for Day profile from 50% to 52%.
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FIGURE 5.12: Effect of PCMs integration on solar fraction evolution

Results of the annual simulation for 30 % of PCM1 under Marrakech city (Z5)
and morning load profile have been evaluated. Table 5.4 shows that the annual per-
formances of both systems are not almost identical. The main conclusion from the
results is that an addition of small proportion of PCM (30 % of PCM1) can improve
the annual system performance as was confirmed from the gain obtained which is
the difference in annual energy between the system with PCM and the system with-
out PCM, divided by annual energy required to the load.

Energy rates [MJ] Without PCM With PCM Gain [%]
Useful energy 12353 12456 0,8
Thermal losses 3910 3965 1,4
Electrical backup 1820 1705 -6,3
Collectors efficiency [%] 46,5 46,7 0,43

TABLE 5.4: Results of the annual simulation for 30 % of PCM1, in
Marrakech Z5

Fig. 5.13-(a) represents the evolution of the electrical backup assessed during
sumer period (July) for the six climatic zones of Morocco. The Morning load profile
has been used to describe the consumption pattern of solar hot water. In fact, two
configurations were studied, namely a thermal storage tank with/without PCMs.
Fig. 5.13-(b) shows the evolution of the energy losses from the tank during the same
month of the year (July) and for the same load profile (Morning). For instance, the
auxiliary heater connected to the storage tank where no PCMs are integrated con-
sumes up to 5 MJ per month for the climatic Zone 1, 3.8 MJ for the climatic Zone 3,
4.5 MJ for the climatic Zone 5 and 3.5 MJ for the climatic Zone 6. Meanwhile, the
storage tank where PCMs are submerged tends to decrease the consumption of the
electric booster. For instance, the electric energies consumed during July for the cli-
matic Zones 2 and 4 are assessed at 4.8 MJ and 4.9 MJ, respcetively, while it is 4.4 MJ
for the climatic Zone 5. The energy losses from the tank by convection to the external
surrounding medium present some discrepancies for the considered two configura-
tions (with/without submerging PCMs). These results can be explained by the fact
that, during the hot season, the energy transferred to the storage tank is sufficient to
heat the water and melt the PCMs generating more thermal losses inside the storage
tank.
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FIGURE 5.13: Auxiliary electrical backup and tank heat losses in Mar-
rakech (Zone 5) during summer months for the cases with and with-

out PCMs

If the amount of solar energy transferred from the solar loop to the storage tank
is enough to achieve the heating requirement of the consumer during the summer
period (see Fig. 5.14-(b)), then the PCMs submerged in the tank will store the sup-
ply of energy. Hence, the magnitude of the tank losses will be different from the
case where PCMs are integrated and the other one without PCMs. Furthermore, Fig.
5.14-(a) represents the annual solar fraction during the summer season for six dif-
ferent climatic zones, with the same loading profile (Morning). The electric backup
provides more energy to the storage tank, which is integrating PCMs in order to heat
water, compared to the second configuration of the solar tank where PCMs are not
submerged. In fact, if the climatic Zone 5 is considered as example, thus it can be
noticed that the solar fraction is 30 % in winter while is has a value arround 60 %
for the case with PCM in summer period. To illustrate more the positive effect of
submerging PCMs inside the tank, the climatic Zone 6 can be considered as example
which is the region that has the high energy potential. Indeed, the solar fraction has
an approximatelly value of 70% thank to the use of PCMs while it has only 68 % for
the other case (without PCM) in summer season.

FIGURE 5.14: Solar fraction in different Moroccan regions with and
without PCMs for winter and summer months

5.7 Conclusion

In Chapter 5, parametric studies were conducted dealing with the PCMs integra-
tion within solar storage tank connected to the generator of the absorption chiller.
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The simulations focused on numerical approachs to assess the benefit of thermal
energy storage using PCMs on the performance of solar absorption machine. The
framework is used to compare thermal energy storage without and with PCMs of
different types. The simulation results allow a great understanding of the dynamic
discharging and charging processes of the PCMs and prescribe efficiently the op-
eration of the storage tank filling PCMs capsules and its integration with the solar
cooling systems. The overall results show that Morocco with its great solar potential
is a promising field to the application of solar cooling technologies for both sensible
and latent energy storage.

It should be noted that the current solar cooling absorption machine adopted in
our project provides solar hot water as well as space heating which can be seen as
additional economic gain and a source of energy savings. A technico-economic eval-
uation of the combined solar heating/cooling applications is of major importance to
assess the viability of these systems which is the purpose of the Chapter 6.
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Chapter 6

Potential of a combined solar
DHW, heating and air-conditioning
processes: Technico-economic
evaluation under Moroccan
conditions

6.1 Introduction

This chapter focuses on the potential of a solar installation combining heating, DHW
production and air-conditioning processes intended for mass use in building sector
in Morocco. The objective is to measure the relevance of the investment in such
systems through a technico-economic assessment based on classic economic choice
criteria. Then, a sensitivity study was conducted to analyze the impact of the major
characteristics of a solar plant project (amount of investment, operation cost, solar
sunshine, etc.) on the decision-making in various environments to conclude the tech-
nical feasibility and economic viability of these systems under Moroccan conditions.
Parametric optimization, including the solar collectors’ technology and field area in
addition to the storage tank volume, was carried out to design the solar plant and
to ensure its optimization during the dynamic mode operation. Several recommen-
dations were drawn from the profitability study to identify the sensitive points and
to consider avenues for improvement with a view to future industrialization of the
combined solar thermal installation in Morocco.

6.2 Simulation procedure and methodology

The current work aims to derive a knowledgeable data base for the energetic perfor-
mance parameters concerning the use and implementation of dynamic solar plant
projects combining air-conditioning, heating and DHW systems in Morocco. In-
deed, this paper aims to provide useful guidelines about the dynamic mode opera-
tion of solar air-conditioning and heating systems under Moroccan conditions based
on technical and economic aspects. In this sense, the combined effects of collector’s
area and technology, climatic conditions and storage tank volumes on the perfor-
mance of solar heating, DHW and air-conditioning systems were carried out. The
novelty of the present work consists of conducting not only a techno-economic as-
sessment but also a risk analysis study, which is less published despite its major
importance especially for decision making, to evidence the effect of the operating
and design parameters on the solar systems performance. On this way, dynamic
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simulations were conducted for a typical modern residence located in Ben Guerir
city and the energy analysis, economic viability and investment risk analysis related
to the implementation of these systems were performed, and the system’s optimal
design and recommendations were as well addressed. The dynamic simulations
were performed using Transol software which used to size thermal solar systems
using the transient simulation tool TRNSYS power (Transient System Simulation Tool
(TRNSYS)).

6.2.1 Building characteristics

The building sector accounts for 35% of Morocco’s energy consumption, with an av-
erage increase of 41% over the last 8 years, as previously mentioned. Demand for
electricity peaks during the summer months due to the widespread use of vapor-
controlled air-conditioning systems. In addition, these systems, because of the re-
frigerants used can negatively influence the environment. In this vision, this section
aims to outline the integration of solar air-conditioning, heating and DHW produc-
tion systems in the Moroccan residential sector according to the new climate zoning
established by Moroccan Agency for Energy Efficiency (AMEE). It is interesting to draw
the energy situation of our country. In fact, Morocco are facing increasingly signif-
icant electricity consumption (with an average rate of increase of 5.2%). Moreover,
this electricity is largely of fossil origin. In addition, the kingdom suffer from a very
high energy dependence rate of about 93% (Bouhal et al., 2018c). Although, Mo-
rocco has a huge potential in solar energy with more than 3000 h/year of sunshine
and an average solar irradiation of 5 kWh/m2/day (Moroccan Agency for Sustain-
able Energy (MASEN)). Therefore, this potential can be exploited to ensure the com-
fort needs while reducing our energy bill and respecting the environment. In this
framework, this study aims to carry out a technico-economic evaluation of solar air-
conditioning, heating and DHW production systems at the national level and the
potential for energy saving based on the socio-economic attributes of Morocco. Ac-
cordingly, popular Moroccan residential building typologies were established based
on the statistical data of Haut Commissariat au Plan (HCP). It turned out that the ty-
pology most met is the category "Modern Moroccan House" which represents the
majority in the country with a percentage of 61%. Therefore, our investigation is
based on this category of building which is located in the research platform in the
green town of Ben Guerir as shown in Fig. 2.22-(a). It was developed by the Research
Institute for Solar Energy and New Energies (IRESEN) with the support of the Ministry
of Energy, Mines and Sustainable Development (MEMSD), Morocco and the Groupe Office
Chérifien des Phosphates (OCP). Then, the air-conditioning, heating and DHW system
was defined based on the metrological data of this city (Ben Guerir) and two other
cities (Agadir and Tangier) representative of the new zoning established by Moroccan
Agency for Energy Efficiency (AMEE).

In the current study, the reference building is a one floor building with a reference
area of 300 m2 including walls and windows. The building is oriented east–west axis.
Fig. ??-(b) represents the examined building which is located in the platform Green
Energy Park in the Moroccan city Ben Guerir (Latitude: 32.23◦, Longitude: -7.95◦,
see Fig. ??-(a)). This building is oriented along the north axis. The main building
characteristics involved in the simulation procedure are given in Table 6.1.
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Parameter description Characteristics of the building
Walls Cement mortar 2 cm, Hollow brick 10 cm, air cavity 10 cm,

Hollow brick 10 cm, plaster 2 cm
U (W m−2 K−1) 1.25
The type of window Clear, single
U (W m−2 K−1) 1.25
Floors number 1
Windows (%) South 19, north 20, west 0 and east 0
Infiltration (h−1) 0.8
Specific gains (W m−2) 15
Occupation rate (m−2) 0.06
Specific lighting (W m−2) 10

TABLE 6.1: Parameters used for the reference building

6.2.2 Weather data

In Morocco, six climate zones were defined by Moroccan Agency for Energy Efficiency
(AMEE) where each zone is represented by a reference city in order to establish a
new thermal building regulations.

Three characteristic regions are considered in the present work which are Ben
Guerir, Agadir and Tangier. The main weather data are described below:

• Ben Guerir (31◦0.37′ N 8◦0.00′ W) representing climate zone 5, is located to the
north of the foothills of the snow-capped Atlas Mountains. It enjoys a semi-
arid climate with mild damp winters and hot dry summers. Its population in
2010 was 909 000 inhabitants.

• Agadir (30◦0.25′ N 9◦0.36′ W ) representing zone 1, is a city in the southwest of
Morocco with a population 570 000, located on the Atlantic coast, in the region
of Souss. The sunshine is more than 340 days per year. Generally, the ambient
temperatures vary between 14-23 ◦C.

• Tangier (35◦0.46′ N 5◦0.48′ W) representing zone 2, is a northern Moroccan city
with a population of about 850 000. It is located on the North African coast at
the western entrance to the Strait of Gibraltar. Summers in Tangier are hot
while winters are mild and occasionally wet.

The main meteorological data concerning the average values of the incident solar
irradiation on the solar collector’s field, the ambient temperature and the cold water
temperature of the climate zones Ben Guerir, Agadir and Tangier are presented in
Fig. 6.1 as they generated by Meteonorm Software 7.0.
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FIGURE 6.1: Meteorological data for simulations (Moroccan Agency for
Energy Efficiency (AMEE))

The cold water temperature depends on the location where the simulation is
performed. Fig. 6.2-(a) shows the average monthly cold water temperature for Ben
Guerir city. As the domestic hot water loads is required in the simulations, Figs.
6.2 ((b) and (c)) represent the daily and the annual consumption profile of domestic
hot water. Indeed, a MORNING profile that represents high DHW consumption in
the morning is selected as the input of our model in all cases. Indeed, the typical
Moroccan load profile presented in Fig. 6.2-(b) could be described as a morning
profile (Transient System Simulation Tool (TRNSYS)), where the daily consumption is
concentrated in the morning between 7 am and 9 am, besides to the first three hours
of the afternoon, namely 12 pm, 1 pm and 2 pm. The hourly coefficients of 4th-5th
hours are reported to be null values, because water is not consumed during this two
hours period. In fact, the hourly coefficientHcoeff is determined using the following
equation: Hcoeff =

Vc,h
Vt
∗ 24 while the multiplier coefficient Mcoeff is calculated as

follows: Mcoeff =
Vc,m
Vt,m
∗12. In these equations, Vc,h and Vt are the consumed volume

per day and the total volume of DHW, Vc,m and Vt,m represent the consumed volume
per month and the total annual volume of DHW. Moreover, the multiplier coefficient
allows the calculation of the consumed amount of the DHW during the month Fig.
6.2-(c). The sum of the hourly and multiplier coefficients are equal respectively to 24
which is corresponding to the average number of hours per day while 12 referring
to the number of the months of the year (Transient System Simulation Tool (TRNSYS)).

FIGURE 6.2: (a)- Average monthly cold water temperature for each
Moroccan zone, (b)- Daily and annual consumption profile of domes-

tic hot water

The valuable solar potential of each region will be exploited in order to satisfy the
cooling requirements of the building. The calculation of the cooling loads Qload for
air conditioning aims to determine the power of the installation which will be able to
meet the requested criteria. This calculation is based on real gains, i.e. when calorific
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contributions reach their maximum in the local. The choice of sizing elements of so-
lar cooling system and its design are strongly dependent on the region’s climatic
conditions and the thermal load of the building. The calculation of the loads must
be done under the basic conditions which lead to the maximum loads and which al-
low to know the powers to be installed. As reported in the work of (Pedersen, Fisher,
and Liesen, 1997), the building thermal loads dynamically changing with time and
can be classified in 2 categories: external loads (insolation, air infiltration, outdoor
ambient temperature, outdoor humidity, windblown, etc) and internal loads (occu-
pants, lighting, office equipment, ancillary facilities, etc.).

A safety factor is generally adopted after having made the calculation of air-
conditioning for the considered building. This coefficient varies between 0 and 5%
depending on whether one knows more or less the elements entering during the
establishment of the thermal balance (Florides et al., 2002b; Eicker, 2006).

Fig. 6.3 presents the estimated cooling loads which take into account several
factors such as both external and internal gains, occupancy and climatic data as it
was generated from Meteonorm database.

FIGURE 6.3: Cooling requirements for the three regions

It can be shown from Fig. 6.3 that the cooling loads vary according to the months
of the year and the climate; the maximal cooling loads in all the climatic regions
are observed during the July month. In Zone 5 (represented by Ben Guerir city
characterized by extremely hot summer months), the cooling loads exceed a value of
1750 kWh. From Fig. 6.3, it is observed that the cooling demand of Tangier is higher
than Agadir for most the summer. The cooling loads are generally negligible during
winter months independently on the region. As we studied the heating/cooling
production, it’s interesting to present the estimated cooling and heating loads for
Marrakech city (Z5) that are generated from Meteonorm database as shown in Fig.
6.4. The comfort temperatures Tc for the three options:

• Air-conditioning : Tc,con= 26 ◦C

• Heating : Tc,hea= 19 ◦C

• DHW : Tc,dhw= 45 ◦C
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FIGURE 6.4: Cooling/heating demands and DHW profile for the
studied city Marrakech (Z5)

In order evaluate the performance of the solar cooling and heating systems un-
der Moroccan conditions, the dynamic simulation software Transol has been used.
This tool is based on dynamic simulation and has been developed with the TRNSYS
simulation tool which is a well-known academic and commercial software. The soft-
ware includes a large library of built-in components, often validated by experimen-
tal data (Transient System Simulation Tool (TRNSYS)). From this study, we deduce the
economic performance indicators to finally generalize it throughout the Moroccan
territory.

6.3 Economic approach

An economic approach is applied to the solar installation of Fig. ?? combining air-
conditioning, heating and DHW production. The solar plant consists of an absorp-
tion machine which is the most present on the solar refrigeration market. Their com-
bination with flat plat and vacuum thermal solar collectors is fairly well known in
the field of large installations. However for small systems, which is the case of this
work (11.5 kW), the unsteady behavior of these machines is not yet well known due
to all the transient parameters influencing the functioning of these machines, such as
the solar resource, the environmental conditions and the refrigerating charge of the
building. A set of economic indicators were used to assess the economic viability of
the system.

6.3.1 Cost of energy saving Kes

The cost of energy saving Kes is considered as the first economic indicator. In our
case, it compares economic gain when the solar absorption system replaces a con-
ventional cooling unit (a vapor compression machine). The Kes is expressed as fol-
lows:

Kes = Kcv −Ksol (6.1)

where Kcv is the cost of the consumed electric energy in the case of the conven-
tional system and Ksol is the cost of the consumed electric energy in the case of solar
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cooling system. The cost of annual electricity consumption Kel can vary during the
lifetime, so the inflation rate of electricity must be introduced, as in Eq. 6.2:

Kel = K0(1 + i%)T (6.2)

In Eq. 6.2, K0 is the cost of annual electricity consumption at the first operation
year, i% the inflation rate (%) which is the change in energy prices relative to general
inflation or energy inflation in the country and T is the lifetime period.

6.3.2 Payback period P

The payback period P that refers to the required time of recovering the cost of the
initial investment paid in the whole thermal installation. P is expressed as:

P =
log(1 + I0.i%

100.Kes
)

log(1 + i%
100)

(6.3)

In Eq. 6.3, i% is the electricity inflation rate, and Kes is the cost of energy saving
in (e/yr). The term I0 presents the capital cost of the investment which is the sum
of the separate costs. More specifically, the solar collectors (Ccoll, Ac), the storage
tanks (Ctank, V ), the absorption chiller (Cch, Qe,m) and the mechanical compression
refrigerator (Cmc, Qch), are the main parts of the system that have to be taken into
account in the cost analysis. The other costs are assumed to be included in these
quantities. Eq. 6.4 describes the way that the investment cost is calculated in every
case:

I0 = Ccoll.Ac + Ctank.V + Cch.Qe,m + Cmc.Qch (6.4)

6.3.3 Net Present Value (NPV)

The Net Present Value (NPV) is the benchmark for investment choice which is an
economic criteria used to evaluate the present value (t = 0) of a number of future
cash flows at a given interest (Henry, 1974).

NPV = −I0 +
T∑
t=1

CFt
(1 + r)t

(6.5)

where I0 is cost investment of installing solar cooling equipments (e), r is the
market discount rate, T is the project life time (yr). CFt is the cash flow or the
net yearly benefit (e/yr) that represents the difference between the operation and
maintenance cost in addition to insurance of solar cooling and conventional electric
cooling system. Indeed, CFt is calculated as the income from the cooling production
minus the cost of the electrical consumption and minus the costs for operation and
maintenance, according to Eq. 6.6. It is important to state that the yearly cooling
production (Qprod) and the yearly electrical consumption (Qaux) are calculated with
integration during the entire year period.

CFt = Cref .Qprod − CO&M − I0 − Cel.Qaux (6.6)

The cooling cost (Cref ) can be calculated as the ratio of the electricity cost (Cel) to
the equivalent COP of the single stage mechanical compressor refrigeration system
Cref = Cel/COP (Mroz, 2006).
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6.3.4 Internal Rate of Return (IRR)

The Internal Rate of Return (IRR) is also an important parameter which shows the
real efficiency of the investment. IRR is the discount rate for which the NPV of the
project is nil as expressed in Eq. 6.7:

NPV = −I0 +

T∑
t=1

CFt
(1 + IRR)t

= 0 (6.7)

The review of the literature indicates a wide difference on the costs of the thermal
components. In fact, these costs vary according the country, the power range and the
manufacturer. Accordingly, some assumptions are considered and justified through
the literature review and the market considerations (Tsoutsos et al., 2003).

In this chapter, two major optimization studies were carried out. The first study
focuses on the thermal performance of the solar plant project combining air-conditioning,
heating and DHW. The volume of the storage tank was varied and its impact on solar
fraction as well evaluated. The effect of the collector’s field was also studied. Indeed,
the system performances were compared by adopting an evacuated tube collector
(ETC), and a flat plate collector (FPC). The second study focuses on the cost benefit
and investment risk analysis of the studied solar plant project based on classic eco-
nomic indicators such as IRR and NPV. Then, a sensitivity study was performed to
analyze the impact of the major characteristics of the solar plant project (amount of
investment, operation cost, solar sunshine, etc.) on the decision-making in various
environments to conclude the economic viability of such solar plant projects and
their generalization in Morocco.

6.4 Effects of ETC collector’s area and storage tank volume
on the annual solar fraction

The impact of ETC ollector’s technology on solar fraction for DHW, heating and
cooling was studied. Fig. 6.5-(a) shows the evolution of the monthly solar fraction
regarding domestic hot water production. Then, Fig. 6.5-(b) describes the evolu-
tion of the monthly solar heating fraction. Finally, Fig. 6.5-(c) presents the evolution
of the monthly solar fraction of cooling. These parametric studies were conducted
taking into account the evolution of the annual solar irradiation in the city of Mar-
rakech for the solar collector technology ETC. In addition, the number of the collec-
tors constituting the solar field has been varied to evaluate the effect of their area
on the various solar fractions, whether for the hot water production, heating or air-
conditioning. Indeed, the initial number of the collectors used to satisfy the need of
this application is 16 m2, and an increment step of 8 m2 was used to constitute the
new collector panels. In fact, a maximum number has been constituted in this para-
metric study in which the total collector’s area is 40 m2. However, it is interesting to
note that the optimization objectives of a solar thermal system aren’t usually linked
to maximum collect of energy throughout the year but avoiding overheating to se-
cure the solar system lifetimes as long as possible (Duffie and Beckman, 2013). The
optimization of the assessed solar fractions can be ensured by increasing the number
of collectors, independently of their technologies either ETC or FPC collectors. For
example, for the month of January, the solar fraction for the production of domestic
hot water has been improved from 82% to 100% by increasing the ETC collectors
from 16 to 40 m2. It is the same for the solar fraction of the heating which increases
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up to 88% by combining an ETC collector’s area of 16 m2 (see Figs 6.5-(b)). The an-
nual solar fraction of air-conditioning (see Figs 6.5-(c)) shows that the solar fraction
is zero for a independently on the collector’s area. This behavior is explained by
the fact that there is no needs for the air-conditioning during winter. Otherwise, the
solar fraction for cooling reaches more than 80 % in summer period for an important
collector’s area.
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FIGURE 6.5: Effect of the ETC collector’s areas on the monthly solar
fraction for DHW, heating and cooling loads in Marrakech city
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To assess the impact of climate zones on thermal performance of the solar plant,
the meteorological data of Agadir and Tangier cities are considered. The same ten-
dencies have been observed as those of Ben Guerir city as shown in Figs. 6.6.

FIGURE 6.6: Effect of the ETC collector’s areas and climate zones
on the monthly solar fraction for DHW, heating and cooling loads

in Agadir city
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The effect of storage tank volumes on solar fraction for DHW, heating and cool-
ing was studied. First, Figs. 6.7-(a) shows the evolution of the monthly solar frac-
tion regarding hot water production. Then, Fig. 6.7-(b) describes the evolution of
the monthly solar heating fraction. Finally, Fig. 6.7-(c) presents the evolution of the
monthly solar fraction of cooling. These parametric studies were carried out taking
into account the evolution of the annual solar irradiation in the city of Marrakech
for ETC collectors. In addition, the volume of the storage tank has been varied to as-
sess its impact on the investigated solar fractions, whether for hot water production,
heating or air-conditioning. Indeed, the initial storage tank volume used to satisfy
the need of this application was 500 liters, and an increment step of 500 liters was
used to constitute the new vertical thermal storage tank volume. In fact, a maxi-
mum volume has been reached in this parametric study in which the total volume
was 2000 liters. The volume of the storage tank does not greatly affect the solar frac-
tion of the heating as shown in Fig. 6.7-(b). On the other hand, its effect remains
notable with regard to the improvement of the solar fraction relative to the produc-
tion of domestic hot water during winter and solar cooling during summer. For ETC
technology, the solar domestic hot water fraction was improved from 80% to 100%
by decreasing the volume of the storage from 2000 to 500 l. It should also be noted
that the volume of the storage tank is inversely proportional to the improvement
of the solar fraction of cooling because of the increase of thermal losses inside the
storage tanks when their volume would be increased (see Fig. 6.7-(c)). A similar
study under Malaysian climatic conditions can be found in the literature in which
Assilzadeh et al., 2005 have performed the simulation and the optimization of a LiBr
solar absorption cooling system with evacuated tube collectors.
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FIGURE 6.7: Effect of the tank’s volume on the monthly solar fraction
for DHW, heating and cooling loads in Marrakech city
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To examine the impact of climate zones on thermal performance of the solar
plant, the meteorological data of Agadir and Tangier cities are selected. The same
tendencies have been observed as those of Marrakech city as shown in Figs. 6.8.

FIGURE 6.8: Effect of the storage volumes and climate zones on the
monthly solar fraction for DHW, heating and cooling loads in Agadir

and Tangier city

Solar fraction for DHW, heating and cooling production as function of different
ETCs collecting areas and tank’s volumes are presented in Figs. 6.9. Two months
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were considered to describe the evolution of the solar thermal coverage, namely
February defined by [M-2] and June described by [M-6] (see Fig. 6.9-(a)). Moreover,
the weather effect of the previously selected cities was also taken into considera-
tion to establish this parametric study, which investigates the effect of the collector’s
number on the solar coverage during the cold and the hot period of the Moroccan
weather. Solar fraction for DHW remains between 65% and 90% during February,
while it is between 90% and 100% during July for a solar collector field that inte-
grates between 8 and 20 ETCs. Moreover, as shown in Fig. 6.9-(a) the fact of using 18
ETCs allow to achieve high solar thermal performances. In fact, the solar coverage
for Agadir during February is 88%, also it is 82.50% for Ben Guerir and finally it is
83% for Tangier. Further, solar fraction for heating as presented in Fig. 6.9-(c) has
been assessed at zero which is an obvious result (Mateus and Oliveira, 2009). In ad-
dition, the solar coverage concerning heat production is increasing with the increase
of the ETCs number. Indeed, using 14 ETCs help to achieve a solar fraction of 40%
for Agadir during February, while it remains 23% if 8 ETCs are used to constitute
the solar collector field. Finally, the solar fraction for cooling is also affected by the
number of the ETCs as illustrated on Fig. 6.9-(e). The fact of using 16 ETCs tends
to increase the solar coverage intended for cooling application to 90% for Tangier,
knowing that it was 8% while considering a solar panel composed of 8 ETCs. It
can be concluded from this parametric study that the optimal number of ETCs is 16
evacuated tube collectors, because the solar coverage for DHW, heating and cooling
is enhanced and could achieve an average value during the cold period of the year
above 38%.

The effect of the storage tank volume on the solar coverage for DHW, heating and
cooling production has been assessed under the weather conditions of Ben Guerir
city. Five storage volumes of the vertical thermal tank were considered, namely 1000,
1500, 2000, 2500 and 3000 liters to investigate the monthly solar thermal efficiency
according to two periods: February defined as [M-2] and June described as [M-6]
(see Fig. 6.9-(b)). As shown in Fig. 6.9-(d) the storage tank volume do not affect the
solar fraction for DHW during June, where the magnitude of solar irradiations are
important Dîn Fertahi et al., 2018a. However, an additional incremental increase of
500 liters on the storage tank volume affects the solar coverage for DHW. In fact, it
was 49% while using 1000 liters and it has increased to 63% by doubling the storage
capacity to 2000 liters. Moreover, it can be seen that heat production is enhanced
during February with the increase of the storage volume to 2000 liters, because the
solar fraction for heating has achieved 46%. Indeed, slight changes were noticed
above this volume (see Fig. 6.9-(d)). Furthermore, the solar coverage for heating
during hot periods such as June are described with null values, as it is reported in
the study of Ge et al., 2017. Concerning solar fraction for cooling, the effect of the
storage tank volume does not seem to have an effect on the solar coverage intended
to produce cooling during hot periods of the year such as June Fig. 6.9-(f), because
solar fraction for cooling remains between 19% and 23%. However, the storage tank
volume does affect the solar coverage for cooling during the coldest period of the
year in Morocco such as February. Indeed, it has decreased from 100% related to a
storage volume of 1000 liters to 24% related to the use of 2500 liters. Similar results
were achieved in the study of Mateus and Oliveira, 2009.
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FIGURE 6.9: Impact of ETC collecting areas and tank’s volumes on so-
lar coverage during the winter and summer months for DHW, heat-

ing and cooling in different regions

The annual solar cooling production for Ben Guerir, Agadir and Tangier is pre-
sented in Fig. 6.10-(a). Regarding Fig. 6.10-(b), it helps to assess the amount of
the annual booster consumption during the year. It has been found that, solar cool-
ing production is maximized during the summer season considered as a significant
sunshine period (Agrouaz et al., 2017). For instance, for July, the cold production
reached 400 kWh for the city of Agadir, 620 kWh for the city of Tangier and 600 kWh
for the city of Ben Guerir. An interest was brought to maximizing the production
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of cold in the summer to ensure the comfort of the inhabitants, while reducing the
bill for electricity/hydraulic deployed to meet the needs of the consumer when solar
radiations are not sufficient (Dîn Fertahi et al., 2018a). As shown in Fig. 6.10-(b), the
electric auxiliary heater does not work during the months of June, July, August and
September due to significant solar irradiation. On the other hand, it is maximized
during the winter season. For example for the month of January it reaches 1250 kW h
for the city of Agadir, 1875 kW h for the city of Tangier and 2225 kW h for the city of
Ben Guerir. Relevant studies have been done in other countries. For instance in Eu-
rope, solar cooling systems were also tested and validated. Accordingly, energy and
economic aspects of an integrated solar absorption cooling and heating system in
different building types were evaluated under different locations Berlin (Germany),
Lisbon (Portugal), and Rome (Italy) (Mateus and Oliveira, 2009).

FIGURE 6.10: Solar cooling production and auxiliary energy con-
sumption in different regions

Fig. 6.11 presents the contribution of the annual solar energy to produce hot
water, heating and air conditioning for the considered cities, notably Ben Guerir
presented in Fig. 6.11-(a), Agadir shown in Fig. 6.11-(b) and the city of Tangier
presented in Fig. 6.11-(c). The difference in the solar contribution recorded with re-
spect to each studied city is caused by the climate effect in terms of solar irradiation
incident on the collector panel. Regarding solar air conditioning, and if June is con-
sidered to conduct the comparison study in terms of the solar contribution. Hence,
it was recorded that the solar contribution reaches 950 kW h, 690 kW h and 890 kW h
respectively for the three cities of Ben Guerir, Agadir and Tangier. Regarding the
production of hot water, the field of solar collectors ensures a contribution, assessed
during the month of June, equal to 650 kW h, 690 kW h and 650 kW h for the cities of
Ben Guerir, Agadir and Tangier. Last but not least, concerning the thermal heating,
the solar contribution that has been recorded for the month of January is assessed to
450 kW h, 550 kW h and 570 kW h for the cities of Ben Guerir, Agadir and Tangier.
Finally, it has been concluded that the field of solar collectors have to be sized ac-
cording to the amount of incident solar radiation which is available per city, besides
to the consumer needs in terms of heating, cooling or daily hot water production. In
addition, it has been noticed that the solar contribution of the absorption machine
is zero during the summer season, but it is maximized for the production of cooling
(Agrouaz et al., 2017).
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FIGURE 6.11: Solar contribution in different regions

In order to make clearer what energy flows (DHW, cooling, heating, auxiliary)
are greater in the studied cities, summer and winter months were selected as shown
in Fig. 6.12. Thus, the solar contribution for DHW, heating and cooling has been as-
sessed for Ben Guerir, Agadir and Tangier as presented in Fig. 6.12. Two significate
months were considered to evaluate the auxiliary consumption and the solar cov-
erage expressed in kWh (Desideri, Proietti, and Sdringola, 2009), because the effect
of higher and lower solar irradiations measured respectively for January and June
were taken into account. For instance, the assessed solar contribution for Ben Guerir
(see Fig. 6.12-(a)) during January achieved 48 kWh and almost 950 kWh during June.
Further, according to Fig. 6.12-(c), that describes the pattern’s evolution of the so-
lar coverage for Tangier, it was reported that the solar contribution has increased
from 605 kWh in January to 705 kWh in June. In addition, the heating requirements
in Agadir Fig. 6.12-(b) are satisfied with a solar coverage of 540 kWh during Jan-
uary, which is the cold period of the year accordingly to the Moroccan weather. The
booster consumption has also been assessed during January and June for the three
studied cities, in order to depict the effect of the weather conditions on the thermal
efficiency of the current investigated solar heating/cooling system intended to be
integrated in Morocco. For example, the auxiliary consumption has achieved re-
spectively 1450 kWh, 1875 kWh and 2300 kWh for Agadir, Tangier and Ben Guerir
during January Fig. 6.12-(d). It is noted that the operating mode of the booster equip-
ment remains off during June, because the amount of solar radiations is sufficient to
meet the requirements of DHW, heating and cooling (Eicker and Pietruschka, 2009).
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FIGURE 6.12: Energy flows of DHW, cooling, heating and auxiliary
in different cities in winter and summer months

In many parts of the world, similar studies have been carried out and several
researchers are interested in the technical feasibility of the solar air-conditioning and
heating systems and their performance. In Jordan, the potential of utilizing solar
cooling in residential sector such as universities has been assessed by Fasfous et al.,
2013. Under different climates of Algeria, Bahria et al., 2016 carried out a parametric
study of solar heating and cooling systems and conducted a comparison between
high-energy-performance and conventional buildings. The studied countries have
approximately similar geographic and cultural properties to Morocco and the trends
in these countries are in qualitative accordance to our achieved results.

6.5 Economic and investment risk analysis applied to solar
plant combining air-conditioning, heating and DHW pro-
duction

6.5.1 Investment profitability of the solar plant project

The solar installation combining heating, air-conditioning and domestic hot water
production remains one of the relevant options for the exploitation of solar energy
potential in Morocco. The flow diagram for the development of such solar plant
project is presented in Fig. 6.13.
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FIGURE 6.13: Tasks planing during the development of solar plant
combining heating, air-conditioning and domestic hot water produc-

tion

At the beginning of the development period (at time t0 = 0), the question for
the project manager is whether or not should enter the development period. As the
decision is very crucial in this framework, a study of the intrinsic profitability of the
project (including the development period) has been done. The Business Plan of the
solar cooling, heating and DHW project provides the following information which
we have considered as certain in this first part:

• The development phase of the project ends in t1 = 25 months.

• We assume that the financing of the investment is made half by equity (shares
paid 8%), half by bank loan (at the rate of 4%).

• The duration of the works (installation of equipment and connection to the
hydraulic/electrical network) is 12 months (t2 = t0 + 3 years).

• The production of cooling, heating and DHW starts at the commissioning of
the plant (t2) and is identical each year over an economic life of 20 years (t3 =
t0 + 22 years = last year of operation).

• The solar field is estimated at 3000 hours per year (more than 3000 h/year
of sunshine on average in Morocco (Moroccan Agency for Sustainable Energy
(MASEN)).

• Given the solar potential and Moroccan legislations (Office National d’Electricité
et de l’Eau Potable (ONEE)), the price per kWh will be 0.09 e during the full
years of operation.

• Operating expenses (maintenance, operation, insurance) are estimated at 1%
of the initial investment cost (Allouhi et al., 2015b).

The results of financial costs of the solar plant project are listed in Table 6.2.
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Parameter description Value
Prices (e) -
Absorption chiller 4048
Thermal collectors 6000
Cooling tower 750
Back-up chiller 300
Cold storage tank 300
Hot storage tank 720
Pumps 600
Installation costs 1526.16
Initial investment I0 14244.16
Maintenance cost of the solar system 142
Mean cost of energy saving 405.7
Payback period 25 years

TABLE 6.2: Financial cost of the solar plant project

We aim to determine the classic economic indicators such as gross return time
(i.e. undiscounted), the Net Present Value (NPV) and the Intern Rate of Return (IRR).
Financial and net cash flows CFt are determined using Eq. 6.6 for each year of the
solar plant project. In this case, the cumulative cash flows CFt become positive
after 10 years and then the gross return time is 10 years. In the Project Financing
approach, the discount rate to be considered is the weighted average cost of the
capital raised for the investment r = 1/2 × 8% + 1/2 × 4% = 6%. The IRR for this
case is 10.48%. Indeed, if the shareholders, like the bank, asked for a return on capital
invested of 11%, the project would not be retained because it would take a discount
rate of 11%. Therefore, the discount rate would be higher than the IRR, the NPV
would be negative and the project would not be profitable. Then, the NPV of this
reference project NPV is 3.16 ke (its IRR is 10.48%). These results are good. This is
partly explained by the important solar energy contribution and then the cash flow
generated. Also, it is mainly due to the fact that this result is based on a simplified
model that does not take into account the corporation tax.

6.5.2 Sensitivity analysis applied to solar plant for air-conditioning, heat-
ing and DHW production

It is clear from the views of the planning uncertainties that the developer has a vague
idea of the profitability of a solar plant project at the beginning of its development.
Thus, the classic indicators related to investment choice, the net present value (NPV),
the internal rate of return (IRR), the payback period (P ) and the cost of energy sav-
ing, are determined to examine the project profitability which depends on the project
environment. In particular, there is a risk on the amount of investment, the solar
sunshine, the operating expenses and the rate of inflation.

The annual cost of energy saving was defined as a monetary indicator to evaluate
the effect of the three cities, namely Agadir, Tangier and Ben Guerir. In addition, its
evolution has been presented using a diagram in a stick as shown in Fig. 6.14. Cost
of energy saving has been assessed using Eq. 6.1, and the curve of energy cost sav-
ing was highest during the summer period of the year, because the efficiency of the
absorption machine to generate cold was important (see Fig. 6.14). For July, cost of
energy saving recorded the following values: 312.5, 320 and 310 euros respectively
for the cities of Agadir, Tangier and Ben Guerir. However, for the month of January,
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cost of energy saving recorded the following values: 25, 30 and 22.50 euros respec-
tively for the cities of Agadir, Tangier and Ben Guerir. Thus, I can be concluded that
the solar contribution in the efficiency of the absorption machine, as well as the hours
of operation of the electric/hydraulic booster affect the total balance sheet that has
been quantified in euro of the monetary indicator cost of energy savings. In other
words, the higher the annual solar fraction of the absorption machine, the lower the
consumption of non-renewable energies, which generates a significant annual op-
timization of Cost of energy saving are recorded, especially since the demand for
air conditioning is increased during the summer period to ensure consumer comfort
(Wu et al., 2014).

FIGURE 6.14: Monthly cost of energy saving in different cities

The effect of inflation rate and reduction of initial investment on the payback
period have been assessed and presented respectively in Figs. 6.15-(a), (b). Indeed,
these indicators (Orioli and Gangi, 2017; Jung, 2017) are of extreme importance when
carrying out feasibility studies, as well as economic studies, especially on projects
that give a major interest to the integration of solar thermal energy technologies in
countries that are in economic emergence phase such as Morocco (Lybbert et al.,
2010). As presented in Fig. 6.15-(a), the payback period expressed in years is a
decreasing function of the inflation rate. For example, for an annual inflation rate of
2%, the payback period is equal to 26.25, while it is equated to 18.75 for 7% inflation
rate. Thus, an increase of 5% in the inflation rate generates a 7.5 years reduction in
the payback period. With respect to the discount effect of initial investment which
is presented in Fig. 6.15-(b). Moreover, it is noted that the payback period remains
a descending function of this indicator. For instance, the lack of a reduction in the
initial investment make the payback period evaluated at 25 years, while it is equal
to 20 years for 30% reduction of initial investment. Consequently, a reduction of 5
years can be recorded, if a reduction on the initial investment of 30 % is ensured.
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FIGURE 6.15: Effect of energy inflation rate (i%, (a)) and the reduction
of the initial investment (I0, (b)) on the payback period

As previously mentioned, a sensitivity study is conducted to evaluate the effects
of the solar project environment on its profitability. The study is based on the as-
sessment of the risk in the amount of investment, the solar sunshine, the operating
expenses and the rate of inflation. Fig. 6.16-(a) shows the result of the sensitivity
study according to the amount of investment regarding the implementation of the
solar plant project combining solar air-conditioning, heating and DHW production.
The average total investment amount for this project was about 20 ke. Regarding
the equipment themselves, their price varies according to constraints identified dur-
ing the technical evaluation (see Table 6.2). As expected, we note that changes in
the amount of the investment have a considerable impact. The gain of 10% of ini-
tial investment earn almost 2 ke on the NPV. The impact of solar sunshine on the
profitability of a solar plant project is presented in Fig. 6.16-(b). For this study, we
considered values between 2000 and 3500 hours/yr. The threshold of 2000 hours
corresponds to the low performance and then it is practically impossible to build a
solar plant project because it is not profitable (negative NPV). Regarding the value
of 3500 hours, it corresponds to particularly sunshine sites. We logically observe that
the solar potential has a high effect on the economic profitability of the solar plant
project. The difference between the NPVs for the two extreme cases was more than
14 ke (see Fig. 6.16-(b)).

Fig. 6.16-(c) shows that the cost variations including operation, maintenance and
insurance have a slight impact on the profitability of a solar plant project. The NPV
varying from 300 e from one extreme to another.

Fig. 6.16-(d) represents the effect of discount rate on the profitability of the stud-
ied solar plant project. A discount a rate higher than 10% makes the project un-
profitable because the NPV becomes negative. The IRR of the reference project was
10.48% and when it’s higher than the company’s discount rate, the investment must
be realized, the profitability of the committed funds being greater than their oppor-
tunity cost. It’s interesting to note that the classification between several projects is
carried out in descending order of the IRR with as the lower limit the discount rate
of the company.
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FIGURE 6.16: Sensitivity study of the profitability of the solar plant
project: (a)- Effect of the amount of investment, (b)- Effect of the solar
sunshine, (c)- Effect of the operating expenses and (d)- Effect of the

discount rate

6.6 Conclusion

This chapter investigated through a parametric study the thermal performance of
a combined solar air-conditioning, heating and DHW production systems and out-
lines their economic viability and risk analysis under Moroccan conditions. The
combination of heating/cooling configurations is considered as additional economic
gain and energy savings. Indeed, the classic investment choice criteria (NPV and
IRR) are used for measuring the relevance of an investment in such integrated solar
plant project in Morocco. Then, a sensitivity analysis is performed to analyze the
impact of the major characteristics of the studied solar plant project on the decision-
making in various environments. The major finding of this work is that increment-
ing the collector’s field area to 30 m2 optimizes the thermal efficiency of the solar
plant, and the electric booster consumption is reduced. Furthermore, it would be
advantageous to use a number of collectors of 14 (a total surface of 22 m2) to satisfy
the cooling, heating and hot water needs over the year since the overall system solar
fraction remain above 55% when the optimum parameters are considered. The re-
sults indicated also that solar cooling systems in hot climates are an attractive option
to increase energy savings and to mitigate CO2 emissions. In addition, the solar con-
tribution has increased from 605 kWh to 705 kWh in winter and summer periods,
respectively, while the auxiliary consumption has achieved 1450 kWh, 1875 kWh
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and 2300 kWh for Agadir, Tangier and Ben Guerir, respectively. However, accord-
ing to the economic assessment, the high solar plant cost is a main barrier facing
their implementation in Morocco. It is found also that the investment could be feasi-
ble if the Moroccan government enacts a new law for renewable energy that grants
exemptions, incentives and subsidizes projects that invest in solar energy applica-
tions in building by about 20% of initial investment cost of the system, as various
countries in the world are acting nowadays.

Through this work, we recommend the following policy measures to enhance
the integration of the studied solar plant projects in Morocco. Government has to
encourage the implementation of solar plants on buildings and to introduce vari-
ous financing tools supported by commercial banks to decrease the initial central
cost of the solar installations. Also, the industries engaged in the manufacturing of
such solar technologies must be motivated to decrease the sale prices, taxes. Further,
conferences, electronic and print media must be used to promote the utility of this
solar innovative technology among masses and to encourage their involvement as a
national energy policy. Moreover, extraneous investors, manufacturers and experts
should be invited to transfer the technology and knowledge to Moroccan homo-
logues for the efficient manufacturing and economic competitiveness of solar plant
combining air-conditioning, heating and DHW production and accessories on local
scale. In addition, particular financial resources have to be afforded to the prototypes
development projects for education, practical training and the technology transfer of
solar thermal systems. These points are highly suggested to be executed to bring the
commercial, industrial companies and citizens to have a foothold in such solar inno-
vative technologies.

Several suggestions and relevant policy directions are recommended in order
to improve the adoption of solar heating/cooling technologies in the last chapter
(Chapter 7).
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Chapter 7

Conclusions and recommendations
for future work

7.1 Conclusions

The main aim of this thesis was to analyze the thermal performance of solar cool-
ing systems and their feasibility under Moroccan conditions. Thermal performance
of the solar thermal systems are estimated using numerical methods and software
since the solar processes are transient in nature been driven by time dependent forc-
ing functions and loads. The system components are defined with mathematical
relationships that describe how components function. They are based on first princi-
ples (energy balances, mass balances, rate equations and equilibrium relationships)
at one extreme or empirical curve fits to operating data from specific machines such
as solar thermal collectors and absorption chillers. Through numerical simulations
are determined the long-term system performance i.e. data are obtained for the en-
ergy consumption, solar fraction, collector efficiency also it is performed parametric
analysis to determine the influence of specific parameters like collector area, storage
tank capacity, mass flow rate, etc.

Solar absorption air-conditioning machine are a promising and an innovative
alternative to reduce the peak energy consumption generated by excessive use of
vapor compression systems, especially during summer months. The attractiveness
of utilizing solar energy is mainly due to the demand and supply of energy coin-
cides. In fact, cooling is required when the solar radiation is abundantly available.
Moreover, great majority of solar techniques employs harmless working fluids. In
this thesis, the topic of solar air-conditioning was treated from four aspects:

• The first is general, in which the objectives were: providing a clear picture of
the different solar DHW, heating/cooling options, reporting the most relevant
cycles, describing the market status, presenting the recent developments of the
most promising technologies and discussing the main performance indicators
figuring in the literature (Chapter 2). Chapter 2 describes also the experimen-
tal aspect of the solar air-conditioning installation adopted in the project of
Solar Cooling Process in Morocco (SCPM) funded by Research Institute for So-
lar Energy and New Energies (IRESEN). The aim of this section is to identify the
important technical characteristics of the installation, the sensitive points and
to consider avenues for improvement with a view to future implementation
and industrialization of the solar absorption cooling process in Morocco. Fur-
ther, the difficulties encountered during the realization of the project are as
well discussed.

• The second dimension concerns The second dimension concerns the techni-
cal feasibility of solar air-conditioning system and its integration in Moroccan
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building sector. Therefore, Chapter 3 focuses on the modeling, design and
performance optimization of solar absorption cooling systems using energy
and economic indicators taking into account the combined effects of climates,
building categories and cooling demands under Moroccan conditions.

• The third aspect presents the latent thermal energy storage using Phase Change
Materials (PCMs). In this way, Chapter 4 concerns the investigation of numer-
ical methods used in the modeling of phase change phenomena. To this end, a
numerical comparative approach and optimization of thermal energy storage
by means of PCM integration within solar hot water production system oper-
ating in dynamic mode is presented. Besides, Chapter 5 focuses on PCMs addi-
tion in the solar cooling process integrated inside solar storage tank connected
to the generator of the absorption chiller to evaluate the possible enhancement
in the system efficiency.

• The fourth dimension of this thesis outlines the technico-economic and risk
analysis applied to the development of a combined processes of solar DHW,
heating and air-conditioning in Morocco. In fact, the economic aspect is a de-
terminant parameter deciding on the adoption of solar cooling technologies for
air-conditioning requirements in residential buildings (Chapter 6). A technico-
economic assessment of a complete solar DHW, heating and air-conditioning
plant using an absorption chiller and operating under Moroccan climates was
carried out based on adequate indicators. Thus, annual dynamic simulations
of the optimal configuration were lunched for various Moroccan climatic re-
gions. A scenario evaluation was conducted based on economic, social and
Moroccan policy attributes. The overall analysis via a generalization of the re-
sults to the national level was carried out in addition to a risk analysis related
to the investment in these systems in order to assess the potential of replacing
traditional technologies with the solar systems and the possible risks related
to their implementation in Morocco.

7.2 Recommendations and policy directions

Despite the benefits of the combined solar air-conditioning, heating and DHW pro-
duction systems, several barriers (technological, financial) hamper the development
of these systems. According to our works performed through this thesis, the imple-
mentation of such systems is not directly feasible in the present investment climate
in Morocco. The investment could be feasible if the Moroccan government enacts
a new law for renewable energy that grants exemptions, incentives and subsidizes
projects that invest in solar energy applications in building by about 20% of initial
investment cost of the system, like that done by various countries in the world to en-
courage investors and citizens to use renewable energy resources and attract invest-
ment in such fields. Through this contribution, we recommend the following policy
measures to enhance the adoption of solar plant projects combining air-conditioning,
heating and DHW production in Morocco:

• Government is obliged to encourage the implementation of solar plants com-
bining air-conditioning, heating and DHW production on residential and pub-
lic buildings;

• Electronic and print media must be exploited to promote the utility of this solar
innovative technology among masses;
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• Government must introduce various financing tools supported by commercial
banks to make the initial central cost of the solar installation more accessible to
the citizens;

• Conferences and workshops in remote zones may also help the request of pro-
motion of this specified technology;

• Government is also required to encourage entrepreneurs through policy ac-
tions taking into account the enormous earnings of solar air-conditioning, heat-
ing and DHW production. For instance, the industries engaged in the man-
ufacturing of such solar technologies must be motivated for their activities
through exemptions/reduction in the sales taxes and import duties;

• Afford particular financial resources to the prototypes development projects
for education, practical training and the technology transfer of solar thermal
systems;

• Public authorities should implement clear actions to provide financial sup-
ports and incentives for the practical prototypes of solar air-conditioning, heat-
ing and DHW applications to sensitize and ensure the public;

• To seize the potential earnings of solar air-conditioning, heating and DHW
production, long term initiatives must be established to integrate these solar
technologies in the national energy strategy;

• R&D institutes and laboratories with main activity on sustainable energy tech-
nologies must be implemented in school of engineering at all higher national
educational centers and students must be motivated to perform research projects
on innovative renewable technologies;

• Public authorities must provide suitable financial forms to all R&D institutes
to transform lab-scale solar prototypes into industrial products;

• Loans/grants must be offered to the public users of solar installations combin-
ing air-conditioning, heating and DHW production;

• Professionals should take advantages from program sharp internship through
extern cooperation, because the implementation of such solar plant at a spe-
cial site belongs to various parameters and that’s quasi-impossible unless the
pertinent overview of experts;

• Extraneous investors, manufacturers and experts should be invited to trans-
fer the technology and knowledge to Moroccan homologues for the efficient
manufacturing and economic competitiveness of solar plant combining air-
conditioning, heating and DHW production and accessories on local scale.

These points are highly suggested to be executed to bring the commercial, indus-
trial companies and citizens to have a foothold in such solar innovative technologies.

7.3 Suggestions for future work

Although, the present thesis has given worthy contributions in the solar DHW, heat-
ing and cooling issue. It has been pointed out that more effort should be paid in
future research works. In order to extend the knowledge in this field, suggested
perspectives appropriates are listed below:
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• Experimental realization of the prototype of solar cooling system by absorp-
tion in order to validate the numerical simulations.

• Elaborate a more systematic comparative analysis of the available solar DHW,
heating and cooling alternatives based on relevant exergetic, economic and
environmental indicators.

• The integration of thermal storage technologies (sensible and latent options
using PCMs) in order to provide DHW, heating and air-conditioning continu-
ously.

• Further research is also required into the simulation and modeling of PCM’s
solidification and melting processes integrated in solar systems (storage tank)
especially numerical models including supercooling and expansion contrac-
tion problems.

• The study of the other solar cooling options particularly solar adsorption and
desiccant cooling technologies (liquid and solid systems) as they have recently
gained particular attention due to their growing market potential in the build-
ing sector.

• it is interesting to develop systems with a supplementary energy source such
as biomass in order to maximize the service availability.

• Concerning the absorption technology, several types of research works can be
proposed: the performance improvement throughout the innovation of effi-
cient working pairs, enhancement of the heat transfer inside the absorber, the
research of optimal designs (technologically and economically) and the devel-
opment of novel high-efficient options eventually based on hybrid configura-
tions.

• At the Moroccan level, a demonstration pilot of solar DHW, heating and cool-
ing system has been implemented under the project of Solar Cooling Process
in Morocco funded by Research Institute for Solar Energy and New Energies (IRE-
SEN). This solar heating/cooling process requires experimental assessment
and needs more dynamic analysis of its performances based on real Moroc-
can weather data in order to encourage a future national industrialization of
this mature technology.
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