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Abstract

Nowadays, adsorption desalination is one of the most attractive methods to obtain
fresh and potable water, especially because it is environmental-friendly and econom-
ically, compared to the other desalting systems. In this thesis work, a desalination
system based on sorption phenomena driven by solar thermal energy is investigated,
in order to evaluate its performance and how to optimize them. The study of the
plant under examination is divided into three macro-blocks: the first one is based on
the solar technology; the second one is the environment-block that is focused on the
evaporation temperature evaluation; the last one includes the major components
such as the adsorbent bed, the evaporator and the condenser. Hence, a thermal
and mass transfer numerical and mathematical model has been carried out. The
purposes of producing distilled water, having a thermochemical storage and, finally,
obtaining a cooling effect (similar to a heat pump able to set off a water purification
treatment) can be reached simultaneously. The performance of the cycle have been
calculated basically in terms of mass of fresh water generated after the desorption
process and coefficient of performance, including the cooling effect at the evaporator.

Subsequently, the results have been finally discussed.



Chapter 1
Introduction

Nowadays global demand for potable water is growing, due to agriculture, indus-
trial and domestic sectors and it is already higher than the sustainable level. It is
common knowledge that water is the most vital commodity and one of the most
abundant resources of the earth. About 97% of water that covers the earth’s surface
is saline and only 3% is fresh water. Of this fraction, about 0,5% is suitable for
human needs because the remaining portion is in the form of polar ice caps, glaciers
and atmosphere.

For many different reasons, regions once rich in water resources find it difficult to
meet the increasing demand. In line with this, rising water scarcity, that is becom-
ing a serious phenomenon, is most severe, especially in semi-arid and desert regions
and in countries with high population density or specialised in economic activities.
Indeed, the increasing gap between demand and supply can be related to inadequate
physical resources but also to the economical lack of techniques that make it possible

to obtain fresh and potable water. Figure 1.1 highlights the global background.

Even if it is neither easy nor affordable, lots of engineering challenges aim to seek
sustainable water supply alternatives. To better understand why, it might be useful
to discuss the water quality and scarcity in drought areas. To make up an exhaus-
tive and brief list of the main causes of water scarcity, first of all one can consider
climate change, drought or low precipitations events, forest fires and floods. Sec-
ondly, another important factor is the overuse of water due to population growth,
urbanization and economic development; this excessive use is also related to high
living standards (electronic devices or luxurious tourism). Furthermore, environ-
mental pollution, that involves, for example, domestic sewage, efluents originating

from agriculture, animal feed operations, illegal discharges of wastewater or pollu-



CHAPTER 1. INTRODUCTION 3

tants from different activities, contributes to increase this critical phenomenon.

B Little or no water scardity
I Physical water scarcity
! Approaching physical water scarcity
- Economic water scarcity

D Not estimated

Figure 1.1: Area of physical and economic water scarcity. Picture taken from
IWMI report, Insights from the Comprehensive Assessment of Water Management
in Agriculture, Stockholm World Water Week, 2006 (Ref. [44])

Additionally, as reported by the International Water Management Institute (IWMI),
Figure 1.2 shows a projection of World’s water scarcity in 2025; in this perspective,
implementing desalination technologies is a reasonable choice among the various

possible and realizable solutions to mitigate the effects of water shortages.

Over the last few years, different desalination methods, defined as separation of
salt and minerals from seawater molecules, have been developed as a practical solu-

tion to overcome this problem.

The major current traditional desalination processes in the World are:

e Membrane Distillation (MD): a thermal membrane separation process, in which
water vapour molecules and volatile compounds are transferred from saline
water through a microporous hydrophobic membrane because of the partial
pressure difference created by the temperature difference on both sides of the

membrane;

o Multistage Flash Distillation (MSFD): a thermal process carried out in a series
of closed tanks, set at progressively lower pressures; when preheated seawater
enters the first stage, some of it rapidly boils, forming vapour that is condensed

into fresh water on heat-exchange tubes. So, fresh water is collected in tanks
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and the remaining seawater flows into the next stage, where it flashes and the

process is continued;

e Multieffect Distillation (MED): a technique in which the liquid simply passed
from a container under high atmospheric pressure to one under lower pressure;
so, the reduced pressure causes the rapid liquid vaporization and the resulting

vapour is then condensed into distillate;

e (C'rystallization: a method that utilizes the phase change of water from liquid
to solid; it is based on the separation of the ice crystals from the brine, in
order to remove any salts on the crystals surface, then ice melts to get lastly

fresh water;

e Mechanical Vapour Compression (MVC): a process where the feed, after pass-
ing through a heat exchanger, is converted to vapour and then compressed by
mechanical means. The compressed vapour, as fresh water, has high tempera-
ture and pressure and is circulated through the initial heat exchanger to heat

the incoming feed;

o Flectrodialysis: a membrane process which uses an high electrical potential
energy to separate cations and anions from the stream; this electrical potential
forces the salt particles to move through a membrane, leaving behind fresh

water as a product;

e Reverse Osmosis (RO): a process based on the forced passage of water through
a membrane against the natural osmotic pressure to separate water and ions.
In these high pressures, the water molecules can pass through the membranes

and the salts are left behind as a briny concentrate.

However, these methods are energy intensive, not environmental-friendly and have a
number of other drawbacks, including high maintenance costs arising from fouling,

corrosion, salt deposition and high working temperatures.

With this in mind, the aim is to seek an alternative and novel desalting system that
ensures to obtain a significant amount of fresh water on one side and to consume

less chemicals, thermal energy and electricity on the other.

One solution to this issue is the Adsorption-based desalination (AD) that, compared

with the conventional techniques, has several advantages:
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e Reduction of fouling and corrosion, as the result of the low operating temper-

atures and the confinement of saline water in a fraction of the total system;

e Reduction in maintenance costs, due to fewer moving parts;

e Double distillation;

e Possibility to treat or desalinate waters containing organic compounds;

e Two useful effects: co-generate potable water and cooling (using waste heat

or renewable energy).

Projected Global Water Scarcity, 2025

‘Boundary representation is

ot necessarly authoritative.

@ Physical water scarcity: More than 75% of river flowsare @) Economic water scarcity: Water resources are abundant

allocated to agriculture, industries, or domestic purposes. relative to water use, with less than 25% of water from rivers
This definition of scarcity — relating water availability to withdrawn for human purposes, but malnutrition exists.
water demand — implies that dry areas are not necessarily  guuy | jttle or no water scarcity: Abundant water resources
water-scarce. relative to use. Less than 25% of water from rivers is
Approaching physical water scarcity: More than 60% of withdrawn for human purposes.

river flows are allocated. These basins will experience physical Not estimated

water scarcity in the near future.

Source: International Water Management Institute.

Figure 1.2: A prediction of global water scarcity in 2025; Source: International

Water Management Institute website

1.1 Desalination, thermochemical storage and

co-generation

In this thesis, three remarkable key words are desalination, thermochemical storage

and co-generation.
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1.1.1 Desalination

Water desalination is the process of separating the salts from a saline solution, for
example brackish water or seawater, in order to obtain water suitable for industrial
or agricultural uses and for human consumption.

The process of desalination takes place in desalination plants. It involves differ-
ent phases: the first one is the collection of brackish water; secondly, with a pre-
treatment, physical, chemical and biological properties of the water are modified
and suited for the treatment in the desalination plant; then, the main phase is the
desalination itself, that occurs using one of the available techniques like distillation,
evaporation or membranes processes. Finally, the desalinated water in output is
post-treated with the purpose of correcting its hardness and low alkalinity.

Most of the modern interest in desalination is focused on developing affordable ways
of providing fresh water for human use, especially in regions where the availability
of water is limited. Large-scale desalination often requires large amounts of energy,
specialized and expensive infrastructure, making it very costly compared to the use
of fresh water from rivers or groundwater. Keeping in mind the overview of the
most common desalination techniques listed at the beginning of this chapter, the
following table (Figure 1.3) could be a good way to summarize what has been said

so far.

1.1.2 Thermochemical storage

Overall, thermal energy storages are based on the internal energy variation (in the
form of latent heat, sensible heat or thermochemical energy) of a specified material.
From a properly energetic point of view, in a thermal energy storage there are the

following phases.

1. Charging phase: heat is transferred to the storage (containing a liquid or solid

material) in a fixed time range;
2. Storing phase: heat is stored as thermal energy, in the form of cool or warm;
3. Discharging phase: the previous energy is released when is required.

An example is the thermal energy storage with renewable energies, as the solar
one used in the plant here presented. In fact, due to the storage capacity, the

flux coming from the solar panels is available in a continuous manner, also during
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Desalination type Usage Advantages Disadvantages Companies
Distillation
Multi-stage flash distillation (M5F) Accounts MEF plants, High operating Dacesan Heavy
Desalnation procsss tat distls seawaier by | 'O 3% Of | especially amge | costs when waste | Industries (Sauth
fiashing 2 portian of the water Into steam in all ONES, Produce a heat s not avallable | Konea)
MURIplE StE0e6 of what are essentally desalinated | lot of waste heat for distiiation. Hign
FEQENEralE ha3t BXNANgETE. water, used | and can therefore | rates of comoslon
since early | often be paired
19506 Wit cogeneration
Multiple-effect evaporator (MED|ME) Widely High efMciency, # large heating Mo (United
Using the heat from steam to svaporafe water, | USS0.SINce | wille reiatvely | areals required States)
In @ muitiple-eTact evaporator, water is bolled In | 1845 Inexpenzive
3 saquence of vessals, aach held a3 lower
[prEssurs Man the last
Vapor-compression evaporation (VC) Mainky Technique copes Wacom, Water
aporation method owEr u=ad for well with high salt Desalnation
E;'“PT%WSJE[ Ejeynmht:guuw W“PTEH' wastewater | comtent in water Intemational
and thus, Increass the temperature of the vapor | EooveTy (Unhed States)
produced.
Evaporation/condensation Widely Easlest method of | Time-consuming -
Evaporation of seawater or brackish water ang | U520 distliaton and InefMcient in
consecutive condensation of the generated gl‘lﬂ“ﬂ'" tooiner
husmid air, mosty at amiolent pressurs. niques
Membrane processes
Electrodialysis reversal (EDR) Widety Long memorans High capital and General Electric
u=ad, since | Metime and high | operational costs [GE], Ryan Herco
Electrochemical separation procsss that h
remaoves lons and :Fs’gve" nhaplged specles rom | SonY 19808 | Mciancy (up 12 Fiow Salutions
water and other fulds. 94 water [Unifed Siates)
recowery, usually
around 80%)
Reverse osmosis (RO) Wiidely In water Requires more MTpEX-
u=ad, first | purfication, pretreatment of ihe | Degremont Joint
Separation process that usss pressurs to fame
] smmmfmm e e e the | Pt Effeciively Eeawater and more | Ventre
S0lUfE 0N one S48 ang Jllows e pure soven; | DSAlRdIn | removes all fpes | manienance man | [Ausirallz)
10 pass {0 e other side Saud| of contaminants MSF plants Consolidation
P : Amblain | tosome exent Water [Cayman
1979 Islands), GE
Nanofiltration [NF) Emenging Wery high High Stoneybrook
Wanoflitration membranes have 3 pore size In | [SSTNHOgy | eMciency unknown IFetime of | Purmication
the ceder of nanometers and are Increasingly I"“E"“W"'E "Dn [Unied Fates)
being used for waier desalination, ange-ECale pl
bullt yat
Forward osmasis (FO) Emerging Low of no Cannat produce Apaciara (United
CiEMmOtic process that, IS reVerss osmosis, technoiogy | Mydrauic pure water, only Kingdom)
uses a seml-permeable memiorane to effect PrESSUrES, N cancErirated
saparation of water from dissoived solutes. Enengy naeded soiutions
for SEperation
Membrane distillation (MO} Widely Low enengy KeppelZegners
In memiarane dstliation, the driving Torce for L=2a mprﬂm o [Beighum)
desalination |5 the dference In vapar presswe g
of water across the membrane, rather than total
prassurs.

Figure 1.3: Advantages and disadvantages of desalination techniques, Picture taken
from Water desalination — Tap into the liquid Gold, (Ref. [15]), Sources: FEuropean
Desalination Society (www.edsoc.com), International Desalination Association
(www.idadesal.org), Universities Council on Water Resources (www.ucowr.siu.edu)

night hours. In particular, dealing with thermochemical energy storages, it has a
relevant role the energy absorbed and released for the break and link of the chemical
bonds (bond reactions) of the material into the vessel. Here the surplus chemical
energy is transformed in heat and vice versa, depending on whether energy itself
is requested by users or it must be stocked. Taking this thesis work into account,
the adsorption process (silica gel — water or zeolite — water pairs) can be seen as a
great way to stock cool or warm. Figure 1.4 (R. Bubbico, B. Mazzarotta, C. Menale,
Settembre 2016) depicts the thermochemical storage connected with the adsorption
and desorption processes. During the charging period, water is desorbed by the

inner surface of adsorbent and then there is a period of transition, which represents
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Figure 1.4: Thermochemical energy storage: adsorption and desorption processes,
Picture taken from R. Bubbico, B. Mazzarotta, C. Menale, 2016 (Ref. [49])

the storing phase; subsequently, when the adsorbent bed adsorbs water molecules ,

the discharging period stars and so on.

1.1.3 Co-generation

Co-generation, also known as combined heat and power (CHP), is defined as the
sequential generation of two different forms of useful energy from a single primary
energy source, typically mechanical energy or thermal energy. Mechanical energy
may be used either to drive an alternator for producing electricity or rotating equip-
ment such as motor, compressor, pump or to drive a fan, useful for providing different
services. Thermal energy, indeed, may be used either for direct process applications
or for the indirect production of steam, hot water, chilled water for process cooling
or hot air for dryer.

Co-generation seems to have significant long-term prospects in global energy markets

due to its numerous environmental and economic benefits:

e Reduction in energy use affordably and improvement in security of energy

supply;

e Electrical grid losses reduction, when co-generation plants are located close to
consumers; in addition, co-generation is often well suited for use in isolated or

remote areas;
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e Heat losses, that are one of the main drawbacks of conventional electrical
systems, are reduced and efficiency is increased when co-generation is used to

supply heat to various applications and facilities, listed below;

e Co-generation can offer an attractive option for facilities with high electric

rates and buildings that consume large amounts of hot water and electricity;

e Co-generation provides a wide range of technologies for application in var-
ious areas of economic activities; in fact, the thermal energy product from
co-generation can be used for domestic hot water heating, space heating, pool
and spa heating, laundry processes or absorption cooling. Moreover, facili-
ties that use large amounts of thermal energy during all months of the year
are apartments, condominiums, schools, universities, other educational institu-
tions, hospitals, hotels, athletic clubs, assisted living facilities, nursing homes,

industrial and waste treatment facilities.

The overall efficiency of energy use in co-generation mode, defined as the percent of
the fuel converted to both electricity and useful thermal energy, is about 65% and
it can be up to 85% and above in some cases.

Moreover, co-generation is often associated with the combustion of fossil fuels but
it is interesting to highlight that it can also be carried out using other sources of
thermal energy, such as renewable energy resources, nuclear energy and burning
wastes. Recently the trend is to use cleaner fuels like natural gas for co-generation.
Additionally, as well as the saving of fossil fuels, co-generation also allows to reduce

the emission of greenhouse gases, particularly CO, emission.

1.2 A focus on the components and the working

principle of an adsorbed based desalination
(AD) system

It has long been known that a porous solid can take up relatively large volumes of
vapours until the equilibrium conditions are achieved. This process is a spontaneous
exothermic phenomenon called adsorption; in particular, the vapour adsorbed on the

surface and the solid surface on which vapour is accumulated are called adsorbate
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and adsorbent respectively. Adsorption of a gas by a solid is accompanied by the
release of heat, called heat of adsorption, whereas the reverse process, defined as
desorption, is an endothermic one. The performance of adsorption energy storage
systems depend principally on the availability of the optimal and most appropriate
adsorbent — adsorbate pair and, as a consequence, on its adsorption capacity, heat
of adsorption, thermal stability and reactivation ability with the available energy
sources.

In AD cycles, the principle of adsorption-desorption, by the adsorbent-adsorbate
pair, is applied for the evaporation of the saline water and condensation of the
vapour at lower temperatures, typically between 5 °C and 45 °C. Briefly, the saline
solution evaporates and then the water vapour is adsorbed on the pore surfaces, due
to the high vapour affinity of the adsorbent.

The most basic model of any practicable production system, capable of producing
fresh water in an essentially continuous manner, is a two-bed adsorption-based de-
salinator. Generally speaking, the major components of this kind of system are:
two (or more) adsorber/desorber beds, an evaporator-condenser device, a seawater
tank and a potable water collection tank. The beds contain adsorbent materials (for
example silica gel or zeolite or anyway hydrophilic and highly porous materials with
huge surface area) and constitute the plant’s reactor or core; this could communicate
with the evaporator or the condenser during the half-cycle periods via a series of
dedicated valves. Figure 1.5 (Wu, Biggs, Hu, 2014 ) shows a schematic of a two-bed
adsorption-based desalinator.

First of all the whole system is degassed and the saline water is charged into the
evaporator; the valve 1 is opened and the source water, at temperature Teyap, evap-
orates, travels as a vapour into the bed 1 and it is adsorbed on the silica gel (or
zeolite); the heat generated during the adsorption is removed by cold water (at T¢y)
circulating in the manifold of bed 1. Once bed 1 is saturated with vapour, valve 1
is closed and, at the same time, the water circulating in bed 1 is switched to hot
water (at Ty ) and the pressure in bed 1 is increased.

At the condenser pressure, valve 2 is opened and the hot water circulating through
bed 1 drives off the water adsorbed on the silica gel to the condenser; the silica
gel in bed 1 is then regenerated and the water in the condenser forms pure water
(at Teona). Valve 2 is closed, cold water is circulated through bed 1 to reduce the
pressure and then the cycle is ready to re-start.

Bed 1 and bed 2 are operated alternatively in the way descripted to produce fresh
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Figure 1.5: Schematic of a two-bed AD system. Picture taken from Wu, Biggs,
Hu, 2014, (Ref. [1])

water in a continuous way.

Notice that in Figure 1.5:

e (a) Bed 1: Process from point 1 to point 2;

point 4;

e (b) Bed 1: Process from point 2 to point 3;

point 1;

e (c¢) Bed 1: Process from point 3 to point 4;

point 2;

e (d) Bed 1: Process from point 4 to point 1;

point 3.

Bed 2:

Bed 2:

Bed 2:

Bed 2:

Process from point 3 to

Process from point 4 to

Process from point 1 to

Process from point 2 to
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Now, considering the cycle for one single bed and referring to the thermodynamic
diagram in Figure 1.6 (Wu, Biggs, Hu, 2014 ), four different processes, two isosters

and two isobars, can be outlined:

e Process 3 — 4: ISOSTERIC COOLING
Assume the process starts at point 3: the silica gel (or zeolite) has its maxi-
mum temperature (T}, about 80-90°C) and minimum rate of adsorbed water
(X3 = Xuin)-The bed is isolated from the evaporator and the condenser, the
cold water starts to circulate through the bed so the silica gel (or zeolite) tem-
perature decreases until point 4. At point 4, the bed temperature is about
60-70°C and its pressure is equal to the saturated pressure of pure water at

Tevap- Valve 1, between bed and evaporator, is now opened.

e Process 4 — 1: ISOBARIC COOLING/ADSORPTION
Once valve 1 is opened and cold water continues to circulate, saline water
in the evaporator starts to evaporate: the vapour travels to the bed and the
silica gel or zeolite bed adsorbs it. Pressure in bed and evaporator is constant
(Pevap) and the temperature continues to decrease until point 1. At point 1,
the bed temperature is equal to the temperature of the cold water circulating
in the manifold through the bed (T.,) while the amount of water adsorbed by
the silica gel or zeolite is the maximum value possible (X; = X;ax). Valve 1,

between bed and evaporator is now closed.

e Process 1— 2: ISOSTERIC HEATING
Once valve 1 is closed, the cold water circulating through bed is switched to
hot water to increase bed temperature and pressure. This process continues
until point 2; at point 2 the pressure is equal to the saturation pressure of
water at the condenser temperature (P.,,q) and then valve 2, between bed

and condenser, is opened.

e Process 2— 3: ISOBARIC HEATING/DESORPTION
Once valve 2 is opened, the vapour starts to be desorbed from the adsorbent
bed and travels to the condenser, when it condenses. During this process,
pressure in bed and condenser is constant and equal to P.,,q until point 3; the
amount of adsorbed water at the end of the process is equal to the minimum
value X3. This process is the silica gel regeneration/ condensing process and

fresh water production process.
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Figure 1.6: P-T-X working principle diagram of an AD cycle. Picture taken from
Wu, Biggs, Hu, 2014 (Ref. [1])

It should be highlighted that the fresh water is distilled twice. At the same time, a
cooling effect is generated at the evaporator, which can be used for air conditioning
purposes, as in a normal adsorption chiller, or can be fed back to the bed or con-
denser. Moreover, the core works as a thermochemical storage. This means that
an adsorption desalination system has the ability to perform as a chiller and double

distilling desalinator simultaneously.

1.3 Adsorption working pairs

The choice of adsorbent-adsorbate combination is one of the significant problems in
the investigation of AD systems. In particular, focusing on physical adsorption, this
is caused by van der Waals forces and the electrostatic force between the molecules of
the adsorbent and the surface atoms adsorbate. Physical adsorbents with mesopores
can adsorb consecutive layers of adsorbate, the ones with micropores have the volume

of the pores filled with the adsorbate.

1.3.1 Adsorbent

The common physical adsorbents used for this kind of systems are activated carbon,
activated carbon fibre, silica gel and zeolite. In this thesis work, silica gel and zeolite

have been compared.
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Commercial adsorbents are porous solids with internal surface areas much greater
than external ones, so their total surface areas are almost equal to their internal
surface ones. Adsorbents are classified into three basic types according to their pore

sizes:
e Micropores (ultramicropore or supermicropore): pore size < 2 nm;
e Mesopores: pore size 2-50 nm;

e Macropores: pore size > 50 nm.

Silica gel

The silica gel is a type of amorphous synthetic silica. As shown in Figure 1.7 ( Wang
L.W., Wang R.Z., Oliveira R.G., 2009), it is a rigid, continuous net of colloidal
silica, linked to very small grains of hydrated SiO4. The hydroxyl in the structure
is the adsorption centre because it is polar and can form hydrogen bonds with polar
oxides, such as water and alcohol. One hydroxyl can adsorb one molecule of water.
Moreover, silica gel looks like irregular crystal, with an extremely high surface’s area
that makes it a perfect desiccant. It has very stable thermal and chemical character-
istics, it is non-toxic, odorless, non-corrosive, non-flammable and it can absorb up
to 40% of its own weight. Additionally, silica gel has low generation temperatures
and it can be reused after a regeneration process; it can be conveniently packed and
is available in a many sizes for various applications. Each kind of silica gel has only
one type of pore; typically, the pore diameters are 2-3 nm (A type) and 0,7 nm (B
type), while the specific surface area is about 100-1000 m?/g. Type A silica gel
could be used for all desiccation conditions, but type B silica gel can only be used

when the relative humidity is higher than 50%.

Zeolite

Zeolite is a type of hydrated alumina silicate (of group I and group II elements)

crystal composed of alkali or alkali soil. The chemical formula of zeolite is
My/n[<A102)y(SIOQ)m]ZHQO

where y and m are all integers and m/y is equal or larger than 1. n is the chemical

valence of positive ion of M, z is the number of water molecules inside a crystal cell



CHAPTER 1. INTRODUCTION 15

Figure 1.7: Zoom on SiOy in silica gel. Picture taken from L.W. Wang, R.Z.
Wang, R.G. Oliveira, 2009 (Ref. [9])

unit.

A crystal cell unit of zeolite, that is very regular in its pore size, is shown in Fig-
ure 1.8 (Wang L.W., Wang R.Z., Oliveira R.G., 2009). The electric charge of the
positive ion and the electric charge of aluminium atom must be balanced (note that
the net electric charge of each aluminium atom is -1). The alumina silicate skeleton
has a porosity between 0,2 and 0,5, is similar to a cage and it is usually connected
by six sections, which can adsorb a large amount of extra molecules. Then, water

eventually adsorbed can be removed by heating.

There are about 40 types of natural zeolites and the ones mainly utilized in adsorp-
tion applications are chabazite, sodium chabazite, cowlesite and faujasite. Further-
more, about 150 types of zeolites can be artificially synthesized and they are named
by one letter or a group of letters, such as type A, X, Y, ZSM and so on. 4A, 5A,
10X and 13X zeolites are the main types used for adsorption system. Artificially
synthesized zeolites are more expensive than natural zeolites but they have higher

bulk specific weight and better heat transfer performance.
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(a)

Figure 1.8: Crystal cell unit of zeolite: (a) crystal cell unit of type A zeolite; (b)
crystal cell unit of type X, Y zeolite. Picture taken from L.W. Wang, R.Z. Wanyg,
R.G. Oliveira, 2009 (Ref. [9])

The adsorption ability of zeolites is related to the proportion between Si and Al and
the adsorption ability is higher, smaller this proportion is. The pore size of zeolites
(0,3-1 nm) determines the selectivity for different adsorbates. Artificially synthe-
sized zeolites have micropores with uniform size and different sizes can be obtained
by different manufacturing methods. The adsorption and desorption heat of zeolite
pairs and their desorption temperature are high; at the same time, most zeolites can
be destructed at temperatures higher than 600-700 °C so they are usually employed

in adsorption systems that have heat source between 200 and 300°C.

1.3.2 Refrigerant

The choice of the type of refrigerant depends on the different application (for exam-
ple air conditioning, refrigeration or the upgrade of heat with thermal transformers).
An optimal refrigerant should have high latent heat of vaporization per volume unit
or mass unit, thermal stability, saturation pressure between land 5 atm in the
working temperatures and should be environmental harmless, non-flammable and
innoxious; unfortunately, there are no refrigerants that have all the characteristics
above concomitantly.

Focusing on this thesis topic, for adsorption system the common refrigerants are
water, ammonia and methanol. Ammonia can be used with chlorides, activated
carbon or activated carbon fibre while methanol is normally employed in pair with
activated carbon or activated carbon fibre. Instead, water could be considered as a

perfect refrigerant; even if it has an extreme low saturation pressure and it is not
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able to produce temperatures below 0°C, water presents excellent physical and ther-
mal properties such as high latent heat of evaporation, low viscosity, high thermal
conductivity, thermal stability in a wide range of operating temperature and a com-
patibility with several materials. Due to all these advantages, water is typically used
in association with silica gel or zeolite, so it is the kind of adsorbate here considered.
Moreover, in order to complete the discussion, hydrogen and oxygen are examples
of other refrigerants that can be adopted; in particular, hydrides are the adsorbents
for hydrogen, that comes from the decomposition of water, but because of its in-
flammability and explosiveness, it requires extremely precaution to be handled. The
types of oxygen that can be adsorbed by oxides are Oq, O5™, O” and Oy". The reac-
tion between oxides and oxygen has large enthalpy and for this reason, it is usually
employed in chemical heat pumps, but it is also suitable for cryogenic system with
temperatures below 120 K. Finally, other refrigerants, as R134a, R22, R407c¢c and

ethanol can be utilized with activated carbon or activated carbon fibre.

1.4 Evacuated solar panels

Keeping in mind what has been said above about the thermodynamic AD cycle
and in particular that the adsorption continues until the silica gel saturated with
water vapour and closing the valve between the adsorbent bed and evaporator, it is
important to notice that, in this thesis project, during the desorption process, the
saturated silica gel (or zeolite) is regenerated using hot water coming from a solar
collector.

So, it is evident that the aim of this work is to analyze the performance of a solar
powered adsorption cooling and desalination system. To better understand the
major components of the system and, generally, what has been described until now,
Figure 1.9 (Raj, Baiju, 2019) depicts an exhaustive and clear scheme of this kind

of desalination plant.

1.5 Previous studies

As reported by Leong and Liu (2004) in their numerical model for an adsorption-
cooling system based on the combination of heat and mass transfer, in recent years,
many scientists have studied various layout of such systems. The aim was to inves-

tigate the parameters that have a great influence on the thermal performance and
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Figure 1.9: Schematic diagram of an adsorption desalination system. Picture taken

from Raj, Baiju, 2019 (Ref. [18])

to understand how to improve the plants itself.

Many investigators have studied the increment of thermal conductivity of adsorbent
bed; others have presented numerical studies to optimize heat and mass transfer
properties of adsorption systems. In most of these numerical studies, it was as-
sumed an adsorptive equilibrium and neglected the internal mass transfer resistance
between the solid and the adsorbate gas; in fact, in actual systems, it was stated
that the solid and the gas do not reach equilibrium instantly, so the internal resis-
tance is effectively negligible only considering long cycle process times. Moreover,
the performance can be significantly reduced because of internal mass transfer that
can be described by a linear driven force model. Several papers have developed a one
(or two) dimensional dynamic mathematical model of an AD system, describing the
combined heat and mass transfer in adsorbent bed (including gas flow in adsorbent
bed model, lineal force driven model and equivalent heat transfer conductivity of
adsorbent bed model).

To study the thermal performance of the system (in terms of fresh water produc-
tion rate, energy consumption, COP), many researchers investigated the effects of
parameters such as the heat and mass transfer coefficients, thickness of the bed,
diameter of the particles, porosity and so on; generally there are lumped AD models
where transport phenomena are ignored or not modelled explicitly and models that

include spatial gradients and related transport processes. So, one can find in liter-
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ature 1-D, 2-D or 3-D models, which may or may not be experimentally-validated

using simplified or more detailed approaches.



Chapter 2

Numerical Model and Methods

Considering what has been said in the Introduction about the working principle
of an adsorption-based desalinator, now it is possible to draw up the prototypical
single-bed AD system studied in this thesis work. It can be noticed that the plant
described here is very similar to the one depicted in Figure 1.9 (Raj, Baiju, 2019)

in the previous chapter.

2.1 AD system considered

First of all, here it is presented a method of desalination that has the ability to pro-
duce both potable water and cooling effect. In Figure 2.1 is represented a schematic
plant of the major components of the system, that uses a low-grade heat from the

solar collector to generate water vapour from the adsorber.

e Fvaporator: saline water is charged in it and evaporates under low pressure;
at the same time, chilled water is circulated in it, to maintain the evaporator

process (notice that it can be used for chilling purposes);

o Valve between the adsorbent bed and the evaporator: when it is opened, water
evaporates and travels into the bed; after the adsorption process, when silica

gel saturated with water vapour, the valve is closed;

e Thermochemical storage: it is the plant’s core, namely the adsorbent silica gel

(or zeolite) bed; it adsorbs water coming from the evaporator;

o Valve between adsorbent bed and condenser: when it is opened, water generated

from the desorption process travels into the condenser;

20
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Figure 2.1: Schematic plant of the major components of the system

e Sensible or latent storage: it is located between the thermochemical storage
and the solar panels and it may be useful when there is too much heat, which
is not used in the thermochemical storage; so this surplus is stored as sensible

heat;

e (Condenser: cooling water is circulated through it and the condensate is col-
lected as pure water; it can be highlight that in this plant, the condenser and
the evaporator are not a single integrated device, but they are separated in

order to obtain the co-generation effect;

e Solar evacuated panels: they are characterized by an heat flux, used to ob-
tain hot water that regenerates the saturated silica gel and so to drive the

desorption process;

o Hydraulic pumps: in this scheme, they are used to better understand the

direction of water or steam.

2.2 Model details

The model of the adsorption-based desalination system developed here is basically a
one single-bed AD system, very similar to the one shown in Figure 2.2 (Wu, Biggs,
Hu, 2014). The core, also defined as the thermochemical storage, is of a hollow

cylindrical shape, which is the most usual geometry used for this kind of application;
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Figure 2.2: The prototypical single-bed adsorption-based desalination system
considered here. Picture taken from Wu, Biggs, Hu, 2014 (Ref. [1])
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a stainless-steel material is used for this device. Therefore, the adsorbent bed lies

between a thin outer tube of radius r, and a perforated inner pipe of radius r;; this

one is connected to the evaporator or the condenser, alternatively, by the two valves

already discussed. The bed is heated and cooled by a water jacket, located around

the outer tube, receiving the heat flux from the evacuated solar panels.

2.2.1 Model assumptions

The mathematical model drawn up in this thesis follows the hypothesis below. It

should be pointed out that the numerical study carried out is not be experimentally-

validated yet.

The assumptions are:

1. The vapour phase is an ideal gas, so its properties can be evaluated using the

Ideal Gas Law;

2. The adsorbent bed is composed of uniformly-sized particles and has isotropic

properties;
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10.

11.

12.

. Mass flow is assumed to occur in the radial direction only because of resistance

to flow through the bed is much greater than along the inner tube; so mass

transfer in the axial and circumferential direction of the bed is negligible;

. Similarly, heat transfer in the axial and circumferential direction of the bed is

negligible, because the ends of the cylinder are well insulated and heat transfer

can only occur in radial direction;

. Mass transfer from the vapour phase into the particle is described by a linear

driving force model,

. The thermal resistance between the vapour phase and the bed particles is

small, so the local temperature of steam and silica gel is supposed to be the

same;

. At the same time, the thermal resistance between the outer metal wall of

the cylinder and the water jacket is small, so it is assumed that the wall
temperature is equal to the temperature of the water circulating through the

water jacket;

. During the cooling and heating bed processes, the water jacket temperature

is constant;

. The heat transfer between the system and the water jacket is the only one not

negligible;

Heat losses from the adsorbent bed, the evaporator and the condenser are

neglected;
The adsorption isotherms are assumed to be equal to the desorption ones;

The properties of all solid materials are temperature independent.

As a result of these observations, particularly of point 3 and 4, to study the transport

phenomena, in order to reduce the computational cost, the core of the system is

considered as a circular annulus with an infinitesimally small height, rather then a

cylinder. Figure 2.3 (Wu, Biggs, Hu, 2014) shows a cross-section of the adsorbent

bed.
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Figure 2.3: The cross-section of adsorbent bed considered here. Picture taken from
Wu, Biggs, Hu, 2014 (Ref. [1])

2.2.2 Mathematical Modeling

Adsorption equilibrium and Mass transfer

As reported by J.W. Wu et al. (2014), in AD system is usual to describe the overall

mass transfer in the silica gel bed by the equation

dpu 0X _ 10(rpyu)

ot +(1- Et)psgg Ty or (2.1)

In (2.1) py and ps, are the density of the vapour and the silica gel particle, respec-
tively; €; = €ped + (1 — €ped) - €pa is the total porosity of the adsorbent bed, including
the fraction of the bed volume that is occupied by the voids (€.q) and the fraction
occupied by the silica gel particles (e,,); w is the vapour velocity in the bed and it
can be evaluated by Darcy’s Law, considering the vapour viscosity, the pressure, the
bed permeability and the particles diameter.

%—f is the rate of water uptake and, finally, r is the radial coordinate used to analyzed
the transfer problem. In order to reduce the computational cost, intraparticle mass
diffusion is not explicitly resolved; in particular, referring to the linear driving force
equation (LDF) proposed by Sakoda and Suzuki (1984), surface diffusion dominates
intraparticle mass transport, which means that the adsorption rate is controlled by

the adsorbate gas diffusion in the adsorbent particle. Therefore, to model the mass
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transfer within silica gel, the rate of water uptake is given by

aX 15Dso _Ea *
o = Ip P ( T ) (X" —X) (2.2)
2%pa

where D, is the pre-exponential constant, d,, is the average adsorbent bed particles
diameter, E, is the activation energy of diffusion, R is the universal gas constant, T’
is the temperature, X is the mean adsorbed concentration within the particle and
X* is mass fraction of adsorbed water at equilibrium and it is a function of a given
temperature and bulk phase pressure (X* = f(7, P)). To find out the X* value
of the rate of water uptake at equilibrium, various studies employ a methodical
approach based on the experimental consideration of linear adsorption isotherms.
In this thesis work it has been used a numerical approach as follows.

As a first approximation to better understand the problem physics and order of size,

the adsorption equilibrium is described by

eo(2)” o

as reported in Sakoda and Suzuki (1984) research. In (2.3), X* is the amount of
water adsorbed in equilibrium with pressure P, P; is the saturation vapour pressure
and k£ and n are two constants that depend on the adsorbate-adsorbent pair.

In particular, the relation given by Eq. (2.3) can be expressed as a function of the

temperature of adsorbate in the liquid phase, T),, and the temperature in the bed,

Ty
s ()

where Py(T,,) and Py(Ty) are the saturation vapour pressures at the temperatures

T, and Ty, respectively; they are calculated by using the Antoine’s equation.
The limitation in Eq. (2.4) is that there is not explicitly highlighted the total
pressure of the system. Thus, X* is calculated by the Dubinin-Astakhov (D-A)

equations, which are:

X Ko+ (1) o5

PN\"
X* = Xpexp [—D (Tlnf) } (2.6)

where Xy, & and D are coefficients, different for the various working pairs but

also different according to the brand and type of the adsorbent chosen; T is the
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adsorption temperature; T, is the saturated temperature of refrigerant; P, is the
saturated pressure of refrigerant; P is the pressure of the system.

To conclude this discussion, considering the cycle diagram shown in Figure 1.6 and
the study of J.W. Wu et al. (2010), the mass of fresh water generated in a single

cycle from one bed can be evaluated as
Muyater = Amg_g = Mo — M3 = Xstg - XSmsg (27)

where my, is the mass of adsorbent material in one single bed; Ams_3 is the water
productivity and so the water obtained at the end of the process; X5 and X3 are the
adsorbed phase concentration at equilibrium for state 2 and 3, respectively, which

can be calculated by using Eq. (2.5) or (2.6).

Heat transfer

To continue the analysis of the system, it is relevant to focus on the thermal energy
that is required for the regeneration of the adsorbent bed and, at the same time,
the one released during the adsorption process. Consequently, considering always
the assumptions listed below, here is reported the expression for heat transfer in the

radial direction through the bed:

oT T ke OT |
eqa - keqw + T : E + q (28)

(0C)
where k., is the effective thermal conductivity of the bed and ¢ is the rate of heat
generation due to sorption. Moreover, the term (pC')., is the effective total heat
capacity of the bed, calculated as the mass-weighted average of the heat capacities

of the single components of the bed, so silica gel, adsorbed water and vapour:
(PCeqg = (1 — €)psgCsg + (1 — €)X psgCoy + €10,Cy (2.9)

Additionally, considering again the cycle diagram shown in Fig. 1.5 and the study
of JW. Wu et al. (2010), the total heating requirement of a single cycle is expressed
by:

Qheating(bed) = Q12 + Q23 (2.10)
In particular,
Q12 = (Xims,Cyy + msyCsy) (1o — T'1) (2.11)
and
Xo + X3

Q2—3 = |:msgcsg + ( > msgCSg:| (T3 - T2) + (X2 - X3)m59Qdes (212)

2
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In Eq. (2.11) and (2.12) T3, Ty, T3, X1, Xo, X3 are the temperatures and the ad-
sorbed phase concentration at equilibrium for state 1, 2 and 3, respectively; C,, and
Csq are the specific heat of water and silica gel, respectively; Qg5 is the amount of
heat required per kg of water to activate the desorption process.

()23 describes the heat required for the isobaric heating/desorption process; it con-
sists of two parts: firstly, the heat necessary to increase the temperature of the bed
and the water adsorbed on it, secondly, the latent heat indispensable to drive the
water off the silica gel.

In a similar manner, the cooling requirement of a single cycle for the bed is expressed

by:

Qcooting(ved) = Q34 + Qu—1 (2.13)
In particular,
Q34 = (Xams,Cy + msyCsy) (T5 — T4) (2.14)
and
Xy +Xy

Q4—1 = |:mngsg + ( ) msngg:| (T4 - Tl) + (Xl - X4)mSgQads (215)

2

In Eq. (2.14) and (2.15) Ty, T3, Ty, X3, X3, X, are the temperatures and the
adsorbed phase concentration at equilibrium for state 1, 3 and 4, respectively; Qqqs
is the amount of heat released per kg of water. In this study, Quqs, Qaes and Qg
(which is the isosteric heat of adsorption) are assumed to be equal to each other.
As @y_3, also @41, that is the heat involved in the isobaric cooling/adsorption
process, consists of two parts; firstly, the heat necessary to increase the temperature
of the bed and the water adsorbed on it, secondly, the latent heat to drive the water
evaporating from liquid to vapour form.

Finally, to quantify the benefit obtained in the chiller mode, the cooling effect in

the evaporator can be expressed as

Qevap = msg(Xl - X4)h;109 (216)

where h;lc , 1s the specific phase change enthalpy at the evaporator pressure.

Coefficient of performance

One of the indicators commonly used to evaluate the efficiency of such a system is the

COP or Coefficient of Performance for the process described; in thesis work, COP
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is calculated including the cooling effect at the evaporator; recalling that the cold
production that takes place in the evaporator is given by Eq. (2.16) and referring
to Eq. (2.10), Eq. (2.11) and Eq. (2.12),
COP = _ Qo (2.17)
Qheating(bed)
and it can be seen as the useful energy effect divided the energy required to obtain

it.

Initial and boundary conditions

Considering the AD cycle diagram in Fig 1.5, that starts at point 1, the initial

conditions are:

T(t=0,r) = Th, (2.18)
P(t=0,r)=F (2.19)
X(t=0,r)=X" (2.20)

where T, is the cooling water temperature and Fy is the initial bed pressure.
Instead, the first boundary condition for pressure is

or

=0 2.21
Or lr=Rq ( )

Then, depending on whether the core is connected to the condenser (process 2 —

3) or the evaporator (process 4 — 1), one has
P(t,r = R;) = Puona (2.22)

P(tﬂn = Rz) = Pevap (223)

respectively.

Moreover, the two boundary conditions for temperature are

oT,,
— =0 2.24
@T T:Ri ( )
oT,
—ky,—2 = homso(Trn — T 2.2
i 52| . = Pss(T = Toy) (2.25)

Then, during the process 1 — 2 — 3 (heating phase)
T = Tha (2.26)
and during the process 3 — 4 — 1 (cooling phase)

Ty = Ty (2.27)
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In the Equations above, ks, is the silica gel thermal conducivity; h,, 54 is the metal
to silica gel heat transfer coefficient; T,,, is the cooling water temperature while Tj,,
is the hot water one; Ty is the temperature of the fluid circulating in the water
jacket; T, is the metal wall temperature.

In addition, another boundary condition is imposed on the heat flux generated by
the evacuated solar panels, at the outer radius Ry; it is considered as an heat external

source of a given variable value HF, as follows

q|,_p, = HF (2.28)

2.3 Tools and solution methodology

The model described above is numerically solved using Matlab & Simulink. As a
general rule, Matlab solver uses finite differences methods for the differential equa-
tions and first or second order forward difference schemes to discretise the time
derivatives and boundary conditions; moreover, the spatial derivatives are discre-
tised using second order central difference schemes.

In this thesis work, the Matlab Partial Differential Equation Toolbox is used, par-
ticularly to study the heat transfer problem: a thermal analysis model is created,
including all the elements listed in the previous paragraphs (geometry, thermal prop-
erties, initial and boundary temperature conditions, heat flux through the bound-
aries and mesh). The first step is to import the geometry and plot it; then, starting
from the default toolbox setup, the parameters must be modified and adapted to

the problem in question:

e Thermal properties: Indicate the thermal conductivity, the mass density and

the specific heat of the material;

e Boundary conditions: Specify the temperature and the heat flux on each edge

or face of the geometry object;
e Initial conditions: Set the initial value of the bed temperature;

e Mesh: Generate a mesh with triangular elements, then plot it using pdemesh

and pdeplot functions;

e Solution times: Define a cycle time and specify time steps to calculate solution;
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e Solution: Use the solve function to obtain the thermal results of the discussed
problem; note that the solution can be a steady-state or a transient one, ac-

cording to the initial hypothesis;

e Temperature profile: Plot the solution at the final time step and the temper-

ature distribution, using the contour and colormap plot.

Figure 2.4 and Figure 2.5 depict the geometry of the thermal object created; cell
and edge labels are shown to better understand where the boundary conditions are

applied.

14

12

0.8 ~

0.6

Figure 2.4: Hollow cylindrical thermal object, representing the core of the system,
cell labels on
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0.8 +

0.6 ~

Figure 2.5: Hollow cylindrical thermal object, representing the core of the system,
edge labels on

From this geometry, mesh is generated and plotted, as illustrated in Figure 2.6; then,
considering that heat (and mass) transfer is a radial phenomenon, the 3-D problem

is switched to a 2-D one and related mesh is shown in Figure 2.7.
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Figure 2.6: Mesh with triangular elements, 3-D problem
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Figure 2.7: Mesh with triangular elements, 2-D problem

In this way, considering a 2-D problem, rather than a 3-D one, there is a reduction
in computational costs and in terms of time required to reach the solution for a
single numerical simulation.

As regards the adsorption equilibrium and the mass transfer, they are solved using
simultaneously Matlab and Simulink, with the ode45 solver function. Figure 2.8
displays a screenshot of the Simulink layout, with an evidence on the main subsys-

tems in which the mathematical model is divided.

%_SIN‘
««««««
""”"
‘Adsorption equaton Mass of frash water generated
i
hesting bed
nergy consur
e
i heatng
Q_heating_bed
Q_cooling_bed
aaaaaaaaaaaaaaaaaa

Figure 2.8: Simulink layout for solving the adsorption equations

To conclude this chapter and to sum up all the numerical values, Table 2.1 lists the
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major constant parameters assumed for the problem. Notice that, in respect with
the assumptions of the considered equations, the total pressure of the system may

be varied between 1000 and 1500 Pa; it is proved that this thesis project numerical

model works correctly.

Property Symbol Value
Number of time steps nt 200
Number of radial subdivisions n 200
Silica gel bulk density Psg 2027 kg/m?
Zeolite bulk density 0= 620 kg/m3
Water vapour density P 0,15 kg/m?
Silica gel specific heat Csg 920 J/(kgK)
Zeolite specific heat C, 836 J/(kgK)
Water vapour specific heat C, 1920 J/(kgK)
Water specific heat Cu 4185,5 J/(kgK)
Effective bed thermal conductivity keq 0,175 W/(mK)
Heat transfer coefficient P, sg 36 W/(m?K)
Silica gel 4 water system heat of adsorption Qg s 2800 kJ/kg
Zeolite + water system heat of adsorption Qs 3110 kJ /kg
Pre-exponent constant Dy, 2,5 x 107 m?/s
Silica gel activation energy of diffusion Eq g 4,2 x 10* J/mol
Zeolite activation energy of diffusion E, . 4,55 x 10* J /mol
Core inner radius R; 0,2 m
Core outer radius R, 0,5 m
Average silica gel particle diameter pa,sq 3,4x 10 m
Average zeolite particle diameter dpa, - 2x107* m
Silica gel bed porosity €bed,sg 0,37
Zeolite bed porosity €bed, 0,25
Bed initial temperature T 15 °C
Cycle time Teyele 3000 s
D-A equations parameters
For silica gel n 1,7

D 6 x 1076

xo 0,35
For zeolite n 1,73

k 5,36

Zo O, 261

Table 2.1: Model parameters
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Results

Basing on the methods enunciated in the previous chapter, the results of the analysis
of the solar powered adsorption desalination and cooling system presented here are
reported below.

First of all, various simulations have been done and compared together, in order to
evaluate one of that geometric configurations, among the many, that allows to obtain
great performance, especially in terms of fresh water production and maximum

temperature at the external surface. Then,
Ri = 0, 2 m

R,=0,5m

Secondly, silica gel and zeolite have been compared too, in order to identify the
adsorbent material that fits better into the current case of study. After a lot of
simulations, silica gel has proven to be the best between these two. Therefore, all
the observations and results stated below are referred to silica gel as bed adsorbent

material.

3.1 Heat flux influence on the system

performance

For a given evaporation temperature and total pressure of the system, the mass of
fresh water generated in a single cycle from one bed, the total heating requirement
of a single cycle and, analogously, the cooling requirement of a single cycle are
investigated. In particular, it has been analysed how these quantities vary when the

heat flux, coming from the solar panels, changes; its value is set between 500 and

34
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1000 W/m? and it is supposed, for simplicity, a solar panels area of 1 m?.

Now, assuming

Tovap = 20°C

and

P =1000 Pa

the following figures depict the results.

Mass of fresh water generated, P=1000 Pa, Tev =20°C
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Figure 3.1: Mass of water generated in a single cycle from one bed, as a function of
the Heat Flux

As shown in Figure 3.1 and Figure 3.2, the amount of water generated at the final
time (3000 s), called from now as Myater  OF amount of water after the transient gap,
increases with the increment of solar flux; in other words, the bigger is the heat flux,
the higher is the water production rate. The same comment is valid for the quantity
of heat supplied for the desorption process and released during the adsorption one; it
can be noticed that, obviously, heat supplied is greater than heat released. Moreover,
theoretically, even if the evolution shape of the two forms of heat is qualitatively the
same, the slope of the two curves is slightly different: in fact, during the desorption
process, starting from cooling initial conditions, firstly the dynamics of the system is
slower and then more rapid; on the contrary, when heat is subtracted, starting from
hot initial conditions and high temperature gradients, firstly the dynamics is faster
and then, due to heat transfer, gradually the system cools down. This phenomenon
is not clearly evident because of the the working temperature range considered here.
Considering the coefficient of performance of the process, including the cooling effect

from the evaporator, the trend is the opposite compared to what has been said just
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Figure 3.2: Total heating and cooling requirement of a single cycle, as a function of
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Figure 3.3: Coefficient of performance of the process, as a function of the Heat Flux

now, as shown in Figure 3.3. So, the bigger is the heat flux, the smaller is the system

COP and this is reasonable because, when the solar flux increases, under the same

useful energy effect, energy required to obtain it increases too.

As a consequence, one has to choose a proper trade-off between the two useful effects,

in terms of water production and efficiency of the process (Figure 3.4).
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Mass of fresh water generated as a function of the COP of the system, Tev =20°C
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Figure 3.4: Coeflicient of performance of the process as a function of the water
production

The same graphics have been derived varying the bed total pressure (from 1000 Pa
to 1400 Pa) and they are reported in the Appendix, for grater clarity. However,

numerical results are collected in the tables below (Table 3.1 and Table 3.2).

COoP Heat Flux [W/m?|

Pressure [Pa] 500 600 700 800 900 1000
1000 0,762098 | 0,758913 | 0,75312 | 0,745314 | 0,735979 | 0,725533
1100 0,759464 | 0,757032 | 0,751829 | 0,744498 | 0,735547 | 0,725409
1200 0,756763 | 0,75508 | 0,750454 | 0,743583 | 0,735003 | 0,725161
1300 0,753994 | 0,753062 | 0,749008 | 0,742587 | 0,734366 | 0,72481
1400 0,751154 | 0,750981 | 0,747496 | 0,741518 | 0,733648 | 0,72437

Table 3.1: Coefficient of performance, including the cooling effect at the
evaporator, at final time (3000 s) for a fixed evaporation temperature (20 °C),
varying heat flux and pressure of the system

Myater /Mgy Heat Flux [W/m?]

Pressure [Pa] 500 600 700 800 900 1000
1000 0,221995 | 0,255527 | 0,281489 | 0,300697 | 0,314346 | 0,323694
1100 0,219062 | 0,253597 | 0,28059 | 0,300744 | 0,315193 | 0,325177
1200 0,21587 | 0,251303 | 0,27924 | 0,300274 | 0,315478 | 0,326069
1300 0,212473 | 0,248713 | 0,27752 | 0,299377 | 0,315294 | 0,326465
1400 0,208905 | 0,245876 | 0,275486 | 0,298114 | 0,314708 | 0,326434

Table 3.2: Mass of fresh water generated, at final time (3000 s) for a fixed
evaporation temperature (20 °C), varying heat flux and pressure of the system

Finally, to summarize the results illustrated before, combining different total
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pressures and heat fluxes through the external cylindrical surface, it can be remark-
able to plot COP and my.e- value at the equilibrium or, in other words, at the final
simulation time (Figure 3.5 and Figure 3.6).

The bigger is the total pressure of the system, the smaller is the COP of the process
and the water production; this trend is more noticeable with the lower heat fluxes;
as a consequence, so much greater is the depression, so much better performs the

plants.
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Figure 3.5: Coefficient of performance at final time (3000 s), for different pressures
and heat fluxes, Teyap= 20°C
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Figure 3.6: Mass of fresh water generated at final time (3000 s), for different
pressures and heat fluxes, Teyap= 20°C
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3.2 Evaporation temperature influence on the
system performance

For a given heat flux and total pressure of the system, the mass of fresh water
generated in a single cycle from one bed, the total heating requirement of a single
cycle and, analogously, the cooling requirement of a single cycle are investigated. In
particular, it has been analysed how these quantities vary when the temperature of
water, charged into the evaporator device, changes; its value is between 5 and 40
°C.

Now, assuming

Heat Flux =500 W /m?

and

P = 1000 Pa
the following figures highlight the results.  As shown in Figure 3.7 and Figure

Mass of fresh water generated, P=1000 Pa, Heat Flux = 500 Wim?
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Figure 3.7: Mass of water generated in a single cycle from one bed, as a function of
the evaporator temperature

3.8, the amount of water generated at the final time (3000 s), differently from the
previous discussion, do not increase with the increment of evaporation temperature;
in other words, even if the temperature imposed at the evaporator is raised up, the
water production rate do not change significantly. The same comment is valid for
the quantity of heat supplied for the desorption process and released during the

adsorption one. The tangible difference between the various curves plotted is that
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Figure 3.8: Total heating and cooling requirement of a single cycle, as a function of
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Figure 3.9: Coefficient of performance of the process, as a function of the
evaporator temperature

the higher is the evaporator temperature, the lower is the time required to reach the
equilibrium values of the three physical quantities under investigation. Considering
the coefficient of performance of the process, including the cooling effect from the
evaporator, the trend is identical to what has been said just now, as shown in Figure

3.9. So, the bigger is the evaporation temperature, the smaller is the time required
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ng%ss of fresh water generated as a function of the COP of the system, Heat Flux = 500 Wim?
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Figure 3.10: Coefficient of performance of the process as a function of the water
production

Mass of fresh water generated as a function of the COP of the system, Heat Flux = 500 Wim?
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Figure 3.11: Coefficient of performance of the process as a function of the water
production, zoom of Fig. 3.10

to obtain the equilibrium COP value.

Hence, to vary the heat flux on the external surface of the core has a great influence
on the effective value of the quantities analysed, whereas the variation of the evapo-
ration temperature causes effects on the dynamics of the process. From Figure 3.10
and Figure 3.11 it is evident what has been previously said.

As well as before, the same graphics have been derived varying the bed total pres-
sure (from 1000 Pa to 1500 Pa) and they are reported in the Appendix, for grater

clarity; however, numerical results are collected in the tables below (Table 3.3 and
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Table 3.4).
COP Tevap [°C]

Pressure |Pa] 5 10 15 20 25 30 35 40
1000 0,753543 | 0,756573 | 0,75936 | 0,762098 | 0,764823 | 0,767538 | 0,770241 | 0,772931
1100 0,750936 | 0,753958 | 0,756735 | 0,759464 | 0,76218 | 0,764885 | 0,767579 | 0,77026
1200 0,748261 | 0,751576 | 0,754044 | 0,756763 | 0,759469 | 0,762165 | 0,764849 | 0,767521
1300 0,745519 | 0,748607 | 0,751285 | 0,753994 | 0,756691 | 0,759376 | 0,762051 | 0,764713
1400 0,742707 | 0,745707 | 0,748455 | 0,751154 | 0,75384 | 0,756516 | 0,75918 | 0,761832
1500 0,739814 | 0,742806 | 0,745545 | 0,748233 | 0,750909 | 0,753574 | 0,756229 | 0,75887
Table 3.3: Coefficient of performance, including the cooling effect at the

evaporator, at final time (3000 s) for a fixed heat flux (500 W/m?), varying
evaporation temperature and pressure of the system

mwater/msg Tevap [OC]

Pressure [Pa) 5 10 i5 20 25 30 35 40
1000 0,220677 | 0,221805 | 0,221981 | 0,221995 | 0,221995 | 0,221995 | 0,221996 | 0,221996
1100 0,217762 | 0,218875 | 0,219048 | 0,219062 | 0,219062 | 0,219063 | 0,219063 | 0,219063
1200 0,214589 | 0,215686 | 0,215856 | 0,21587 | 0,215871 | 0,215871 | 0,215871 | 0,215871
1300 0,211212 | 0,212291 | 0,212459 | 0,212473 | 0,212473 | 0,212473 | 0,212473 | 0,212473
1400 0,207665 | 0,208727 | 0,208892 | 0,208905 | 0,208906 | 0,208906 | 0,208906 | 0,208906
1500 0,203969 | 0,205012 | 0,205174 | 0,205187 | 0,205188 | 0,205188 | 0,205188 | 0,205188

Table 3.4: Mass of fresh water generated, at final time (3000 s), for a fixed heat
flux (500 W/m?), varying evaporation temperature and pressure of the system

Finally, to summarize the results illustrated before, combining different total pres-

sures and evaporation temperatures, it can be interesting to plot COP and myuser

value at the equilibrium or, in other words, at the final simulation time (Figure 3.12

and Figure 3.13). The bigger is the total pressure of the system, the smaller is the

COP of the process and the water production, for a given evaporation temperature;

moreover, for a given pressure, COP softly increases with the increase of evaporation

temperature, but this trend is not too noticeable for the amount of fresh water gen-

erated, that seems to be quite independent from evaporation temperature (except

in the case of Teyp equals to 5°C); as a consequence, as already explained before,

so much greater is the depression, so much better performs the plants.
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Figure 3.12: Coefficient of performance at final time (3000 s), for different
pressures and evaporation temperature, Heat Flux = 500 W /m?
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Figure 3.13: Mass of fresh water generated at final time (3000 s), for different
pressures and evaporation temperature, Heat Flux = 500 W /m?

3.3 Temperature distribution and Temperature

profile

As a result of the heat transfer problem, another important physical quantity is the
maximum temperature reached by the system.

Referring to the case studied in section 3.1,

Tovep = 20°C
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P =1000 Pa

and

Heat Fluz = [500 600 700 800 900 1000] W /m?

in Figure 3.14 are portrayed the six temperature distributions for different heat flux
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Figure 3.14: Temperature distribution for different heat fluxes: (a) 500 W/m?, (b)
600 W/m?, (c) 700 W/m?, (d) 800 W/m?, (e) 900 W/m?, (f) 1000 W /m?
Analogously, referring to the case studied in section 3.2,
Heat Flux =500 W /m?

P =1000 Pa
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and

Tevap = [5 10 15 20 25 30 35 40] °C

then, Figure 3.15 depicts the eight temperature distributions for different evapora-

tion temperature conditions.
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Figure 3.15: Temperature distribution for different evaporation temperatures: (a)
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Moreover, for all the simulations done, it has been extrapolated the temperature
profile at different radius value; this is a meaningful way to visualize how the tem-
perature evolves, from the inner to the outer cylinder radius, and what is the maxi-
mum temperature value, reached by the core of the system. For all the combination
of parameters examined, the curves result to have the same evolution; they differen-
tiate each other only for the numerical values. For instance is now, finally, reported

the typical temperature profile as a result of the heat transfer problem (Figure 3.16).

Temperature profile at different radius value, Tev = 20°C, Heat Flux = 500 Wim?

340
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w
N
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0 500 1000 1500 2000 2500 3000
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Figure 3.16: An example of one of the temperature profile at different radius value

In Table 3.5 the maximum temperatures reached on the external core surface, for
a fixed heat flux of 500 W/m?, are listed and, then, reported graphically in Figure
3.17. Moreover, in this figure is also pictured a linear approximation curve to better

underline the temperature evolution.

Tmax [K] Tevap [OC]

Pressure [Pa] 5 10 15 20 25 30 35 40
1000 338,893 | 338,893 | 338,893 | 338,893 | 338,893 | 338,893 | 338,893 | 338,893
1100 338,855 | 338,855 | 338,855 | 338,855 | 338,855 | 338,855 | 338,855 | 338,855
1200 338,815 | 338,815 | 338,815 | 338,815 | 338,815 | 338,815 | 338,815 | 338,815
1300 338,786 | 338,786 | 338,786 | 338,786 | 338,786 | 338,786 | 338,786 | 338,786
1400 338,759 | 338,759 | 338,759 | 338,759 | 338,759 | 338,759 | 338,759 | 338,759
1500 338,741 | 338,741 | 338,741 | 338,741 | 338,741 | 338,741 | 338,741 | 338,741

Table 3.5: Maximum temperature, reached on the external core surface, at final
time (3000 s) for a fixed heat flux (500 W/m?), varying evaporation temperature
and pressure of the system
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Figure 3.17: Evolution of the maximum temperature, reached on the external core
surface (outer radius), at final time (3000 s) for a fixed heat flux (500 W/m?),
varying evaporation temperature and pressure of the system

It is quite clear that, for a fixed heat flux (here 500 W/m?) and pressure, the max-
imum temperature, on the external core surface, is always the same, independently
from the evaporation temperature; in addition, when pressure increases, tempera-
ture decreases but in a evident negligible manner.
By now, in Table 3.6 the maximum temperatures reached on the external core sur-
face, for a fixed evaporation temperature (20 °C), are listed and, then, reported
graphically in Fig. 3.18.

It may be highlighted that, for a fixed evaporation temperature and system pres-

Tmax [K] Heat Flux W/m?

Pressure [Pa] 500 600 700 800 900 1000
1000 338,893 | 349,246 | 359,616 | 369,985 | 380,346 | 390,691
1100 338,855 | 349,205 | 359,674 | 369,943 | 380,304 | 390,651
1200 338,821 | 349,168 | 359,537 | 369,906 | 380,268 | 390,616
1300 338,792 | 349,136 | 359,503 | 369,874 | 380,237 | 390,587
1400 338,765 | 349,107 | 359,474 | 369,845 | 380,21 | 390,56

Table 3.6: Maximum temperature, reached on the external core surface, at final
time (3000 s) for a fixed evaporation temperature (20 °C), varying heat flux and
pressure of the system

sure, the bigger the heat flux is, the higher the maximum temperature reached on
the cylinder surface is (note that from 500 W/m? to 1000 W/m? there is an incre-

ment of approximately 50 K). At the same time, for a fixed evaporation temperature
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Figure 3.18: Evolution of the maximum temperature, reached on the external core
surface (outer radius), at final time (3000 s) for a fixed evaporation temperature
(20 °C), varying heat flux and pressure of the system

and heat flux, there is not a relevant maximum temperature variation varying the

pressure of the system.
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Discussion and Conclusion

In this thesis project, the thermodynamic cycle of the adsorption desalination system

is analyzed under defined equilibrium conditions, based on the study of various

operating and performance parameters. The results of the problem, reported in

Chapter 3, are in line with the ones elaborated in the previous studies by many

investigators. In addition, to summarize the findings of this work:

1.

6.

For a fixed evaporation temperature and heat flux and for variable pressures

of the system — no relevant maximum temperature variation;

. For a fixed heat flux and pressure of the system and for variable evaporation

temperatures — no maximum temperature variation;

For a fixed heat flux and pressure of the system and for variable evaporation
temperatures — mass of fresh water generated, heat supplied, heat released
and COP (all values calculated at equilibrium) do not change meaningfully;

the system dynamics is quicker when the evaporation temperature increases;

. For a fixed evaporation temperature and pressure of the system and for variable

heat fluxes — maximum temperature increases with a solar flux increment;

For a fixed evaporation temperature and pressure of the system and for variable
heat fluxes — mass of fresh water generated, heat supplied and heat released
(all values calculated at equilibrium) increase when heat flux increases too,

while COP decreases;

For a variable pressure of the system — performance parameters decrease.

It can therefore be concluded that the system presented here seems to have rea-

sonable efficiency; in fact, independently from how the various parameters under

49
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examination have been combined each other, the COP is between 0,72 and 0,78 and
the amount of fresh water generated is between 20% and 35% of the total silica gel
mass used in the model. Moreover, also the porosity of the bed has been analyzed
but the COP does not change with the variation of the adsorbent bed porosity (be-
tween 0,25 and 0,37), so it is not a parameter of great interest.

It is also evident as a system that works with lower pressures performs better than
one with higher pressures. At the same time, when the heat flux increases, it is pos-
sible to obtain a higher mass of fresh water but maximum temperatures reached by
the system also increase. So, because of the available solar thermal energy depends
on the location where the plant is installed, once the heat flux is fixed as a parameter,
it can be easier to evaluate the best combination of the other physical quantities,
always in order to obtain great performance. Moreover, because the evaporation
temperature does not make a substantial contribution to the useful effects obtained,
it is possible to set the process off also when the weather is cold. The limit of this
model is that it works perfectly only with pressures not more higher than 1600 Pa,
due to the hypothesis of the equations used. On the contrary, the adoption of solar
energy is one of the the best options for the heat source in the AD systems.

This numerical and mathematical model, unfortunately, has not been experimentally-
validated yet, but it will be as soon as the test bench will be implemented at the
Polytechnic of Turin. In this perspective, many physical parameters, such as tem-
perature or pressure that here have been hypothesised or calculated by several laws,

will be measured by sensors, in order to refine, eventually, the model itself.

4.1 Future development

To investigate new and different geometries for the core or innovative bed materials,
such as chemical adsorbents or composite ones, or moreover refrigerants different
from water, can be other further possibilities, in order to optimize the performance
of the system. In addition, the thermal model can be amplified, considering also
the mass and heat transfer in the axial direction; so the height of the core can be
considered as a parameter of interest. In conclusion, taking inspiration from Leong
and Liu (2004), it may be attractive also to focus on the effect of the adsorbent
particle diameter or the effect of the thickness of the adsorbent bed or, additionally,
the effect of the silica gel regeneration temperature, and so on. It ought to be easy

to do this, starting from the numerical model shown here and varying opportunely
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the various parameters.

ol



Chapter 5

Appendix

5.1 Variation of the Heat Flux at different

pressures of the system

5.1.1 T, = 20°C and P = 1100 Pa

Mass of fresh water generated, P=1100 Pa, Tev =20°C
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Figure 5.1: Mass of water generated in a single cycle from one bed, as a function of
the Heat Flux, P=1100 Pa
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Heat supplied for a single cycle (desorption process), Tev =20°C
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Mass of fresh water generated as a function of the COP of the system, T“ =20°C
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Figure 5.4: Coefficient of performance of the process
production, P=1100 Pa

5.1.2 T, =20°C and P = 1200 Pa
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Heat supplied for a single cycle (desorption process), Tev =20°C
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Mass of fresh water generated as a function of the COP of the system, T“ =20°C
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5.1.3 T, = 20°C and P = 1300 Pa
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Heat supplied for a single cycle (desorption process), Tev =20°C
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Mass of fresh water generated as a function of the COP of the system, T“ =20°C
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Figure 5.12: Coefficient of performance of the process as a function of the water
production, P=1300 Pa

5.1.4 T, =20°C and P = 1400 Pa
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Figure 5.13: Mass of water generated in a single cycle from one bed, as a function
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Heat supplied for a single cycle (desorption process), Tev =20°C

Heat released for a single cycle (adsorption process), Tev =20°C
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Mass of fresh water generated as a function of the COP of the system, T“ =20°C
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Figure 5.16: Coefficient of performance of the process as a function of the water
production, P=1400 Pa

5.2 Variation of the evaporation temperature at

different pressures of the system

5.2.1 Heat Fluz =500 W/m? and P = 1100 Pa
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Figure 5.17: Mass of water generated in a single cycle from one bed, as a function
of the evaporation temperature, P=1100 Pa
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Heat supplied for a single cycle (desorption process), Heat Flux = 500 Wim?
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Mass of fresh water generated as a function of the COP of the system, Heat Flux = 500 Wim?
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5.2.2 Heat Flur =500 W/m? and P = 1200 Pa
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Heat supplied for a single cycle (desorption process), Heat Flux = 500 W/m?
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Figure 5.22: Total heating and cooling requirement of a single cycle, as a function
of the evaporation temperature, P=1200 Pa

Coefficient of performance including the cooling effect at the evaporator
0.8
T T T

—T,_=5C
=10°C

=15°C =
=20°C
=25°C
=30°C
=35'C
=40°c

— 7

— o

T
s

2 2 2 %2 %2 2 2 %

L 1 1 1
0 500 1000 1500 2000 2500 3000
time [s]

Figure 5.23: Coefficient of performance of the process, as a function of the
evaporation temperature, P=1200 Pa
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Mass of fresh water generated as a function of the COP of the system, Heat Flux = 500 Wim?
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Figure 5.24: Coefficient of performance of the process as a function of the water
production, P=1200 Pa

5.2.3 Heat Flur =500 W/m? and P = 1300 Pa

Mass of fresh water generated, P=1300 Pa, Heat Flux = 500 Wim?
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Figure 5.25: Mass of water generated in a single cycle from one bed, as a function
of the evaporation temperature, P=1300 Pa
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Heat supplied for a single cycle (desorption process), Heat Flux = 500 Wim?
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Figure 5.26: Total heating and cooling requirement of a single cycle, as a function
of the evaporation temperature, P=1300 Pa
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Figure 5.27: Coefficient of performance of the process, as a function of the
evaporation temperature, P=1300 Pa
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Mass of fresh water generated as a function of the COP of the system, Heat Flux = 500 Wim?
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Figure 5.28: Coefficient of performance of the process as a function of the water
production, P=1300 Pa

5.2.4 Heat Flur =500 W/m? and P = 1400 Pa

Mass of fresh water generated, P=1400 Pa, Heat Flux = 500 Wim?
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Figure 5.29: Mass of water generated in a single cycle from one bed, as a function
of the evaporation temperature, P=1400 Pa
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: Total heating and cooling requirement of a single cycle, as a function
of the evaporation temperature, P=1400 Pa
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Mass of fresh water generated as a function of the COP of the system, Heat Flux = 500 Wim?
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Figure 5.32: Coefficient of performance of the process as a function of the water

production, P=1400 Pa

5.2.5 Heat Flur =500 W/m? and P = 1500 Pa
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Figure 5.33: Mass of water generated in a single cycle from one bed, as a function

of the evaporation temperature, P=1500 Pa
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Heat supplied for a single cycle (desorption process), Heat Flux = 500 Wim?
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Figure 5.34: Total heating and cooling requirement of a single cycle, as a function
of the evaporation temperature, P=1500 Pa

08 T

evaporator

Coefficient of performance including the cooling effect at the
T T

—T5C
=10°C

]

=15°C
=20°C
=25°C
=30°C
=35°C
=40°C

el
—d

£y

T 2 2 ¢ ¢ ¢ ¢ %

I ¢

0 500 1000 1500
time [s]

2000

2500
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Mass of fresh water generated as a function of the COP of the system, Heat Flux = 500 Wim?
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Figure 5.36: Coefficient of performance of the process
production, P=1500 Pa
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