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Abstract:

With the emergence of more and more desalination techniques over recent years,
sound methodological classification of the various desalination techniques has
become increasingly difficult to achieve.

In the present paper classification criteria are identified to serve the purpose of
prolonged stability in classification structure. Two novel desalination technology maps
are proposed and discussed, one mapping desalination techniques according to the
specific initiator driving the specific desalination process, and another one mapping the
techniques by the separation principle of salt and water applicable to the specific
desalination technique. For each of the 22 desalination techniques considered,
detailed descriptions on desalination process and applicable classification criteria
follow. The benefits and limitations of the novel classification formats are pointed out
and elaborated on with invitation for further enriching discussion.

Keywords:

Water, Desalination, Technology, Technique, Classification, Separation Principle,
Driving Force, Initiator, Chemical Potential Difference; Electrochemical Potential Dif-
ference

The fDeutsche Meerwasser Entsalzung i DME - e.V. is pleased to make this new
approach to the classification of water desalination technologies available to interested
readers as part of its charitable work as part of the "Water Desalination Technology
Map" and hopes to make a contribution to improving the further availability of water in
the future. Furthermore, we hope that with this work we can also bring young people
closer to the often complicated topic of water desalination.

The entire document of the "Water Desalination Technology Map" is available to
anyone to download and use in the English original and in the German translation free
of charge.

German seawater desalination i DME- e.V., September 5th, 2022
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1. Introduction

Who would need yet another classification for desalination techniques? Maybe a trivial
guestion i but only at first glance. No doubt, desalination has seen numerous catego-
risation approaches giving insight into particular questions posed, e.g. GAre mem-
branes applied or not?0 or dNhich desalination technique can work with thermal
energy? @r ds the technique working under vacuum? @r does the technique dis-
charge chemicals? o

But would it not be most knowledgeable to find criteria that bring to light the very nature
of desalination techniques? The present paper strives to identify criteria that categorise
desalination techniques by their fundamental nature, to map them and to sketch them
in a novel categorisation context. The authors believe that the new framework will
serve scientists and students or other interested parties in the field of desalination to
develop a more profound understanding regarding the intrinsic rationale of desalination
techniques and to realise the inter-relational context of the different techniques.

Also, the categorisation discussion brings to light some inconsistency on technical
nomenclature, which i due to fairly wide and loose use - has found its way into every-
day’s technical language. Yet, although merely of formal relevance, the methodologi-
cal context of the present paper may be just right to devote at least a few thoughts on
the need of maintaining awareness regarding the use of scientific language.

2. Classification Approach
2.1 The Subject of Classification: Water Desalination Techniques

2.1.1. Scope: Multi-Source Water Desalination for Multi-Purpose Use

When thinking aboutidesal i nati ono, the traditional co
generation of drinking water from seawater to overcome serious water shortage in arid

regions of the world. Of course, the desalination of seawater for this purpose is the

classic and largest application of desalination [1], however, the use of desalination

techniques today reaches a myriad of purposes, a good number of them to overcome

the scarcity of water for human and agricultural consumption (e.g. brackish and sea-

water desalination to produce drinking water), but more and more also for industrial

purposes such as ultrapure water generation, desalination for water reuse, zero liquid

discharge applications or i not targeting for water, but for salt - recovery of valuable

salts and metals from water.

In broader brackets, desalination comprises cases of

A non-selective reduction or elimination of salt content in water (reducing in bulk),
selective reduction or elimination of salt content in water (specific reduction)
concentration of brine to reduce its volume and to minimise environmental
impact

concentration of salts and metals in water and recovery of salts and metals from
water

> >
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The more t he t eiswideiiedfeom éslnarnvadassic pugpose to gener-
ate drinking water, the more techniques come to mind that could potentially be usable
for the specific desalination task.

For the purpose of watdridesaltnat epndheestt asedn
context: it refers to the separation of water and salt, using saline water of any source

(e.g. seawater, brackish water, ground water, etc.) and for any purpose (e.g. drinking

water, ultrapure water, recovery of salts). In this way, the widest range of techniques

to desalinate water is covered by the intended classification approach, thereby winning

on substance and relevance.

2.1.2 Focus: The Core of the Desalination Process

As a further matter of clarification, it should be noted that water desalination plants
typically comprise a sequence of process steps to accomplish the task of separating
salt and water. Amongst others, the source water may need pretreatment prior to the
desalination step and the desalinated water may need posttreatment after the desali-
nation step to reach a specific water quality.

Solely the middle stepinthes equence of i Pesalibatioa a Posteeatt
me n trepresents the core-process in desalination. Additionally, a desalination plant
will need to incorporate secondary functions, e.g. solutions for energy supply, brine
discharge and other functions to be able to properly operate and to comply with site
specific environmental, safety and other requirements.

While all these functions assist to the plant’s capability of separating water from salt,

solely in the fdes aeparated fromaait; alk atherprocess atéps r i s
and functions, while important, solely assist the desali nat i on st ep, t he 1
desalination plant. In consequence, this article focuses primarily on the desalination

step of the process, where separation of salt from water factually happens.

2.1.3 Convention on Terminology: i T e ¢ h niesb ws.giTechniques 0

Theuseof the ter msandileedmmill pygeg® has been quite
and everyday language. In German (and other European languages), a distinction
exists between ATechni ko and Angle-Sakonwdridhgi eo t
where both terms are usually translated by "technology."

Et ymol otichaloll ygivy0 means " sci encéehnepart,skil,af t ",
cunningofhand and-ae o mtJandi ng f.0hetefinftec encevoed (i n Ge
AiTechni ko) st ems f r,dechnikod whictGs ase derivedfrera thes f) d
Greekwor d déetme, theani ng dart , handcraft, craftsmail

The term "technology" is a fairly young term and came to prominence in the early 20th

century in connection with the Second Industrial Revolution. Before the 20th century,
t he tteecr hm oflhas pgeduncommon in English, and it was used either to refer
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to the description or study of the or to allude to technical education. The term's mean-
ings changed in the early 20th century when American social scientists, beginning with
Thorstein Vebeln translated ideas from the German concept of A T e ¢ himtao "tedh-
nology." By the 1930s, "technology" referred not only to the study of the industrial arts,
but also to the industrial arts themselves. In contrast to the Anglo-Saxon world, in Ger-
man and European languages the original etymological connotation survived and tra-
dit i onal | y teicnhtneorl porgeytos afis t he fscience of
senschaft d[gr Techni ko)

In an attempt to maintain the scientific precision given by its historic format, this article
applies the etymological terminology. In consequence, in the present paper water de-
salination is referred to as a tedhnologyg thus as an umbrella term representing the
science of desalination as well as its techniques. fifechniquesq in turn, refer to specific
forms of technical execution of technology and include devices, skills and capabilities
by applying desalination science and know how (e.g. Reverse Osmosis, Membrane
Distillation, Electrodialysis etc.).

2.2 Classification Methodology

2.2.1 Existing Classification Approaches and Criteria

There is nothing like the one and only classification format for a particular technology.
Several classification formats may exist at the same time for a given technology. The
format of classification is simply a function of the question posed, i.e. the criterion of
classification. Different questions will lead to differing classification maps. Typical clas-
sification criteria used in existing desalination literature are amongst others:

A Phase change vs. no phase change [3, 4, 5]
A Thermal versus non-thermal [6-8, 9]
A Thermal vs. membrane based [6, 8,10]

A ANorking principleoof desalination techniques [7, 11]

Furthermore, technology classification is not rigid over time but requires review due to
innovation in the particular field of technology, thereby, outmoding prior classification
approaches which may start suffering methodological fit.

All this is also true in water desalination, where - from the early boiling and condensing
of water by ancient Greek sailors - innovation has enriched desalination diversity in a
remarkable way: Today we count more than 20 desalination techniques (see Section
4) in use or potentially useful. Existing classification approaches are often faced with
need to squeeze novel desalination techniques into historic mapping formats, however,
at the cost of sacrificing methodological precision.

Review of publications in desalination science reveals some challenges in classifying
desalination techniques, as the following examples show:

Water Desalination Technology Map, sponsored by DME e.V.
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A Classificat iidMembiiahé-€hemecdl-Adsor pti ono

1 Desalination Technologies } l l

Thermal

Membrane l Chemical I |Adsorption |

Extraction

[aei[um] [ )[ma][®w] [#] [w] 1 @a

Fig. 1. Classification of desalination technology according to [8]

In this classification scheme the criteria chosen are not complementary to each
other and do not add to one total.

A Cl assi fi catchangei N&pghase ehangei Alternative
processes 1 Hybrid systemso

Desalination Techniques

Phase Change L No-Phase Change Alternative processes | l Hybrid systems |

Multi-stage Flash || Forward Osmosis Forward Osmosis
(MSF) (FO) t lon Exchange — /Nanefiltration
1oy (FO-NF)
Multi Effect || Reverse Osmosis
H Distallation (RO) Capacitive Electrodialysis
(MED) — Deionization ' Reverse nemosis
1L Manefilteat (con (ED-ROY)
|| Vapor Compression (NF)
(] —_————— Reverse Osmosis
L | Electrodialysis || Membrane
Membrane (ELY Distillation
— Distillation {RO-MD)
(MD)

Forward Osmasis

| | Freeze Desalination Membrane
(F Distillation
. {FO-MD)
Gas Hydrates
(GH) Forward Osmosis

Solar Stills J Electrodialysis
] (FO-ED)

Freeze Desalination
Salar Chimney e

(5C)

‘Membrane
Distillation
(FD-MDY)

{AD)

Humidification &

Dehumidification
(HDH}

Fig. 2. Classification of desalination technology according to [3]

This classification shows a | ack of consi
changeodo andchid&mg @d ais® a |pleraeatdry and systeimat- ¢ o m
ically adds to a consistent and fully complete total. It does, however, not allow

for further techniques ( 1 i ke AAl ternative prodbEngseso 0
added over and above this already complete pair.
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A ClassificatiidhyisTltear mall

- Active membrane transport
Biological {
Passive e transport

1 Reaction |
Electrokinetics |

——{ Electrochemical ' | ————————————
Electromagnetism

Osmosis
{ Absorption
Working Principles [{_Adsorption
in {lon Exchange
Desalination Systems | partial pressure difference |
Physical ) - p < ambient pressure (vacuum)
| Permeation | ‘ Ip <5bar
{p <20 bar|
~p <100 bar
{ Convection |
{ Boiling
[Evaporation } | | §UC T =1007C
Thermal }{ = (4c<T<60°C
- Freezing

[ Crystallisation |
Fig. 3. Classification of desalination technology according to [11]
In this classification the chosen criteria are not mutually exclusive. Just as much
as thermal science will typically be considered amongst scientists as a section
of physics, a thermal desalination technique will also need to be considered
physical.

A Cl assi ficat iidMembiahdieOtnmaelr o

Other J| l Membrane }-——»-, — Thermal
- i
- ] C?Pw?itivc Reverse Osmosis i [ Multi-Stage Flash
Deionization (CDI) (RO) | Distillation (MSF
— S I
e | e
E Nt E d (ED)J i [ Vapor(:ovngress.on ',
|
|
| Hybrid 5 2 &
_{ Nan?:‘l::rrllcn | Ll processes Mul||-EffeM(',1E [D)lsllliallon ',
Thin-Film = r— Solar Distillation '
Nanocomposite RO s ety |
|l Forward Osmosis 8 Dewvaporation
RO N Forvap
N el
[ l Established Aquaporins.
(Biomimetric)
| Emerging N Humidification/
_] Graphene Dehumidification

=)
S

!

- E==0)
—J Biomimetric £
— [T
Hydrates

Fig. 4. Classification of desalination technology according to [10]

Inthiscri teria arrangement the term A0t hero
ever, does not render additional explanatory value.

A Cl assi ficat iidMembidhdieEteotracklT Che mi cal 0
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A

Multi-stage flash

Vapor compression

Distillation

Membrane distillation

Multiple-effect distillation

Freezing
Crystallization . ’
- o Hydration

Filtration

‘

<Elcclmdialysis —{ Capacity deionization
|

Reverse osmosis
e

Desalination

Electrical
)

Chemical === Ion exchange

Fig. 5. Classification of desalination technology according to [6]

This pragmatic classification format has been in use for quite some time. How-
ever, with the emergence of Membrane Distillation, being both a i mbraneoas
well as a fi lermalotechnique, it does not permit unequivocal classification any

more. Similarly, Electrodialysis shares both, fMembraned a n d lediriEalo

characteristics, and can, therefore, not be unequivocally be classified under
either of the two criteria.

Classification of e.g. RO or ED under Filtration

Desalination Technologies

p ¥ ~ ¥ R
Eﬁﬁ:ﬁﬁif Filtration Crystallization J
|
d N
Mechanical Thermal Reverse Usmnsls lg'efrunddr\
Process rmal process (RO) elrigorant
e E—
Mechanical Vapor Multi-Effect Solar Still anvar;l‘ (]r.mn::r. Hydration (HY)
Compression Distillation Distillation (55D) (FO) )
(MVQ) {MED) —
Hum(dlfl\.atlnn Nano Filtration
DS Dehun'udx.ﬁcauun (NF’)
(M5F) {HDH;

Ton- Excha nge

I'hermal Vapor
Resin (J.KR)

Sol. Lh
Compression ] R
J)_.

,—\
~

Membrane

Distillation (MD)

Electre-] Dlalv:a:.
(ED)

W

Capacitive
Deionization

(CDIy

Fig. 6. Classification of desalination technology according to [7]

The clustering of such desalination techniques as Reverse Osmosis (RO) or
El ectrodialysis (ED) under the Awor
probably be discussed controversially in terms of scientific adequacy in nomen-
clature. A good number of scientists would probably prefer classification of RO
membranes as solution-diffusion membranes, being different in working princi-
ple from porous membranes used in filtration. Likewise, ED would presumably
find preferential classification under the principle of electrophoretic mobility of
ions in an electrical field (movement of ions according to their charge).
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2.2.2 Conceptualising a Novel Classification Approach with Novel
Classification Criteria

Challenges in classification methodology like the ones exemplarily addressed above,
highlight the methodological difficulties encountered today in classifying desalination
techniques.

Study of the literature regarding classification of water desalination technology also

reveals that as of today only very limited research has been accomplished regarding
classification of desalination techniques by more fundamental criteria. Examples of
classificaton attempts by e. g. Awor king principleo
found under [2, 8]; a closer look, however, reveals that there is room for an update on
terminology, methodological accuracy and consistency.

More importantly, the authors concentrated on identifying a classification approach that
would yield both, a more persistent methodological consistency as well as a higher
robustness against drastic alteration. In the past, this goal has been jeopardized in
particular when the necessity to integrate a new desalination technique into an existing
classification scheme arose and finally ended up with the need to reshuffle the existing
criteria set rather than simply adding the new technique while maintaining the existing
classification principles. Therefore, the achievement of a criteria set with higher stability
and consistency over time has been the target.

In an attempt to accomplish this target, a classification solution is suggested in the
present paper that addresses the fundamental principles of desalination, i.e. the very
A h e afrthte individual desalination techniques. The rationale for this approach: The
nature of a desalination technigue does not change over time, and, therefore, suggests
stability in classification structure. It, therefore, appears meaningful to look for such
categorizing criteria that would reflect the nature of the various desalination techniques
best, in particular:

1. For a particular desalination technique, what exactly drives the salt-water separa-
tion process?

2. For a particular desalination technique, what exactly is the fundamental principle
(mechanism) that separates water and salt?

As simple as these two questions may appear, an answer to these questions is not
trivial at all as it requires identification of

A the various salt removal techniques

At hdrivingforced, or mor e pitiatar(s)ddeiving the probess i

At h esepdration principleo (separation mechanism) applicable to a particular
desalination technique.

In the following Section 3, the novel technology classifications are presented in the
form of two desalination technology maps being completely compatible with each
other, one based on the initiators driving the desalination processes, the other one the
criterionii S aNatt er Separation Principlebo

Water Desalination Technology Map, sponsored by DME e.V.
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3. Desalination Technology Mapping under New Classification Criteria

3.1 Identification of Desalination Techniques

For the intended desalination technology map, 22 desalination techniques have been
identified. They are either in commercial use or in an emerging stage or they are known
but not (or not any more) in significant use, however, should be taken note of as unique
desalination formats. All of them have found their mapping in the technology maps
(Figure 7 and 8).

The various techniques differ from each other in their technical characteristic, however,
they may share an identical initiating driving force or an identical separation principle
thus forming clusters under the respective criterion shared.

In-depth descriptions pertaining to the initiators driving the desalination process or per-

taining to the salt-water separation principle of the particular desalination technique
can be found in Section 4 for a more detailed understanding.

Water Desalination Technology Map, sponsored by DME e.V.
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3.2 Technology Mapping by Driving Force and the Initiators Driving the
Desalination Process

3.2.1 A New Classification Criterion: The nElectrochemical Potential
Differenceo

When investigating the question of what drives a process, the classic response from
scientists of the thermodynamic field is short and simple: Processes are driven be-
cause of a difference in fthemical potentialo[12, 13, 14].

Unfortunately, the term fthemical p o t e n tratherin@n-déssript and quite difficult to
grasp compared to the notion of other thermodynamic variables like temperature or
pressure. As the present paper is also intended to the interested layman, the authors
wish to convey the notion of this quantity in a more intuitive way, describing its proper-
ties rather than relating it to energy change (change in Gibbs free energy) as custom-
arily exercised in thermodynamics. In the present paper, the thermodynamic complex-
ity is, therefore, reduced to a level considered commensurate to understanding the
basic concept of the chemical potential:

Looking at the various substances on earth, every substance has some tendency to
change, i.e.

A to react with other substances,
A totransform into another state of aggregation,
A to migrate to another place. [d3]

Examples for this would be the reaction of hydrogen and oxygen to form water
(2 Hz2 + O2 A 2 H20), the vaporisation and freezing of water, or the migration of Na ions
or Cl ions in water under the influence of an electric potential. As another example, the
perishing of chemicals, even in a sealed bottle, demonstrates that the driving force for
this ubiquitous phenomenon is not the interaction between different substances, as
believed by chemists in former times, but it is the intrinsic property of each substance
itself. This tendency to change is described by a single physical quantity, the chemical
potential p [13].

The value of the chemical potential always refers to a specific substance. The unit of
the chemical potential is Joule per mole. The substance must not necessarily be pure;
it may well be composed of different substances [13].

Changes in the form of chemical reaction, phase change or migration take place vol-
untarily, because the tendency of substances for change is more compelling in the
initial state A than in the final state B. In fact, substances tend to move from a higher
chemical potential to a lower one because i as deeper knowledge of thermodynamic
theorytellsusit hi s reduces the free energy {(hel so kn
chemical potential represents the change in free energy (Gibbs free energy), and once
the change in free energy comes to an end (becomes zero), the substances in the
system - as a total - have no more motivation to change. They cannot - in total - reduce
their free energy further and have reached a new equilibrium level at an energy level
which has been reduced for the totality of substances participating in the system. The
totality of substances has, therefore, reached a more stable energy level. The chemical

Water Desalination Technology Map, sponsored by DME e.V.
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potential difference, therefore, represents the driving force of changes in a system [13-
14].

Just as a ball rolls down the hill and thereby reduces its gravitational potential, mole-
cules of substances react, transform or move. In doing so, they tend naturally to go
from a higher to a lower chemical potential, thereby changing the amount of substance,
i.e. their concentration in a solute. In principle, the following three cases can happen:

A pa > pe: transformation of substance A into substance B or transport from place
A to place B

Ma = ps: no transformation, no transport; chemical equilibrium

Ma < ps: transformation of substance B into substance A or transport from place
B to place A [13].

> >

A phase change is initiated by a difference in chemical potential between the two
phases A and B. When e.g. temperature increases, the chemical potential decreases.
It does so for almost all substances and for all states of aggregation. The decrease is
greater for gases than for liquids, and greater for liquids than for solids. For example,
at 1 bar and temperatures deviating from 0 °C, liquid water and solid ice have different
chemical potentials. Depending on the temperature, the phase transition is running in
one or the other direction. At 0 °C the two phases are in equilibrium [13].

As we can derive from the above, the difference of the chemical potential is the driving
force for substances to change (change in location, chemical composition or state of
aggregation). However, we would also like to know which specific variable of the chem-
ical potential is responsible for the change, i.e. which trigger needs to be pulled to get
momentum on the process. This knowledge would also help identify the intensity, by
which a process is driven.

Classic thermodynamic theory provides an answer to this question. It reveals (in a
simplified way) that a change in chemical potential may result from a change in any of
the three following variables, namely a change in

A temperature,
A pressure and
A amount of substance [13]

So, initiating a process or changing either of these variables will change the chemical
potential. In line with this notion, the term finitiatordo used in the present paper to
reflect these three variables influencing the chemical potential.

While the classic thermodynamic theory is capable of explaining the driving force for a
good number of desalination processes by the difference in chemical potential, this
explanation is not sufficient for those processes, which are not purely initiated by a
change in temperature, pressure or amount of substance. In particular, there are a
number of desalination techniques which are triggered by an electrical potential differ-
ence.

In consequence, a more comprehensive explanation model is needed that includes the
electrical potential difference as a fourth variable. The concept of difference in elec-
trochemical potential is the answer to the question [13, 15]. The electrochemical po-
tential comprises the chemical potential and the electrostatic potential of the particles
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[12]. It is a concept with all-inclusive explanatory capacity and can give an explanation
for how a desalination process is driven, when one of the four possible triggers are
activated to initiate a deviation from an existing equilibrium, i.e. either a difference in:

temperature,

pressure,

amount of substance or
electrical potential.

I > > >

While the difference in electrochemical potential is the ultimate and unique explanation
of science to the question of what drives a desalination process [12], it does not yield
differentiating capacity for classifying or clusteringofd es al i nati on t e
ing altitudeo of e xp.ltig tharefdrepnecessary tetakengldwer
observation altitude to gain the capability to truly form clusters, i.e. to classify. The four
variables introduced in the previous section serve this task.

3.2.2 Desalination Technology Map by Driving Force (Difference in Electro-
chemical Potential) and its Initiators

Figure 7 represents the Desalination Technology Map responding to the question of
what drives the individual desalination techniques identified in Section 3.1.2, and, more
precisely, what are the initiating variables (all of which marked in green colour in Figure
7) driving the process of a particular desalination technique.

Desalination Techniques -

Mapping by Driving Force (Electro-
chemical Potential Difference) initiated by:

i

TR
T

Fig. 7. Desalination Technology Mapping according to Driving Force and the Initiators Driving the De-
salination Process.
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A few aspects regarding the classification logic of this technology map appear worth-
while to mention:

A Onthetoplevel,thefe | ect rochemi cal pepresentsthe wtimated i f f er

driving force for all desalination processes. As can be derived from the preceding

Section 3.2.1 the use of a uniform criterion does not permit differentiation as

needed for classification purposes. To gain classification capability, on the level

bel ow t he nlpitiatosda dofi vhegithe desalination
ables triggering a desalination process, has been introduced. They correspond

in nature to the functional variables on which the electrochemical potential dif-

ference (the driving force) depends, i.e. temperature, pressure, amount of sub-

stance or electrical potential difference. For example, a pump needs to be

switched on to build up the pressure necessary for driving desalination by

Reverse Osmosis (RO), or, the supply of heat is the initiating variable for driving

a Multi-Effect Distillation (MED) process, or, an electrical circuit must be closed

for achieving the electrical potential difference necessary to drive desalination via
Electrodialysis (ED).

A Asfar as the criterion temperature difference is concerned, it is opportune to sub-
cluster the desalination techniques further into heating and cooling. As far as the
criterion pressure difference is concerned, a primary sub-clustering into the type
of pressure (hydraulically or osmotically induced) applied and a secondary sub-
clustering into elevation and reduction of pressure appeared helpful to differenti-
ate the criteria initiating the process.

A What may appear unknown and may need further explanation is the introduction
ofanewtypeofi ni t i abicmetectric pokertial differenceowhich is a peculi-
arity of the Microbial Desalination Cell (MDC). On the one hand, the MDC de-
salination process requires an electric potential difference to operate. In this re-
spect it does not differ from other electrically driven techniques like Electrodialysis
(ED), Electrodialysis Reversal EDR), Electrodeionisation (EDI) or Capacitive De-
ionisation (CDI), and hence, would also justify joint classification with these tech-
niques.

On the other hand, MDC differs from the other electrically driven techniques, as
the electrical field is not induced by supply of electric power from outside the
system, but instead, by an integral feature of this technique, i.e. the generation of
electrical power by the activity of special bacteria inside the desalination cell. In
MDC, the power generation part is inseparably integrated into the desalination
cell, a unigue case amongst all desalination techniques. A higher recognition to
this unique aspect of MDC, therefore, appears justified. In consequence, t h bio-
el ectrico pothaxnbednatogndedfiinfthe presant paper as a fur-
ther criterion distinct from the conventional felectrico potential difference. As a
result, MDC has been subsumed under the criterion of bio-electric potential dif-
ference, and not under the criterion of electrical potential difference. Mind well
that MDC still needs the supply of energy from outside the system, however, such
energy (nutrition in the feed water for the work of the bacteria) does not have to
be separately organised or paid for (unless special nutritious substances are
added to the feed water).

=)}
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A Also, readers may be confused by seeing the desalination technique lon Ex-
change (1X) classified under the criterioni ¢ h e mi c a | diffprenteé onspea |
ified initiatoro . The authors have opted forunt his <c
satisfactory to not identify a specific initiation variable that drives the IX process
as done in all other cases. However, until today, literature on IX has not really
come up with a uniform response on the exact driver applicable to this technique.
[16, 17] Traditional literature from the chemical field uses the notionof iaf f i ni t y ¢
as explanatory model to respond to the question of what drives the process. This
notion was based on the opinion of former chemical scientists who understood
chemical reactions as interactions resulting from the relation between substances
[13]. As already outlined in Section 3.2.1, it is known today, however, that it is not
the interaction between substances, but the intrinsic property of each individual
substanceitself( cal | ed @ c h e nthat, @Hen chandge@, représents the
driving force of IX [13]. Unfortunately, however, there seems to be no uniform
scientific understanding today in identifying the more specific initiator driving the
IX process. For this reason, it is suggested to leave the initiator unspecified until
science has come up with a sufficiently uniform understanding. [16]

3.3 Desalination Technology Map by Separation Principle of Water and Salt

A further desalination technology map has been developed to respond to the question
of what is the underlying principle for the separation of water and salt for each of the
22 desalination techniques. The result of this analysis is presented in Figure 8.

Desalination Techniques -
Mapping by Separation
Principle of Water and Salt

Selective Vaporisation/ 5 : " Q
Evaporation due to Vapour Selective Crystal Formation Se:::[‘ﬂ"’_:;g;’;bf:r"e ] ?:r‘:c:::,;)ﬂ?:;ge::\la?:

Press"ﬁf.amf;ﬁgc;ﬁfme" under Rejection of Salt Water and Salt Charge

Selective Exchange of
lons on Surfaces
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Fig. 8. Mapping according to the Separation Principle of Water and Salt

Five distinct separation principles (all marked in grey colour) have been selected as
classification criteria and all 22 desalination techniques identified (all marked in blue
colour) have been classified accordingly thereunder.

This technology mapping will probably be more intuitive and easier to understand than
the analysis on the initiators of the driving force as the separation principles are more
intuitive than the concept of the electrochemical potential. As can be seen in Figure 8,
there are only 5 separation principles on which the 22 identified desalination tech-
niques are founded.

Selective vaporisation/evaporation due to vapour pressure difference between
water and salt

Selective crystal formation under rejection of salt

Selective membrane permeability for water and salt

Selective movement of ions according to their charge

Selective exchange of ions on surfaces

> > D>

While the first four classification criteria may be intuitively easy to understand, the 5t

criterion may need explanation: As already experienced in Section 3.2.2, solely the lon

Exchange (1X) technique falls under the criterion o f i S e | xehanga of iens en

surfaces. To better understand this notion, it should first be noted that amongst re-

searchers there is no uniform consensus on the fundamental technological principles

of this technique. It would have been possible to subsume IX under the criterion of

ASel ective movement of i oHowever &Xdiffersanithisgon-t o t he
text from all other desalination techniques, in that the criterionof @A movement of
according to their chargeo i s a necesomary <coO
Exchange (IX)r equi res mor e, it r equBsimpesnoverheatisi ex c h a
not enough, a true one-to-one exchange on the surfaces of the IX resin bed is required.

The authors have opted to highlight this aspect, and they have, therefore, given

preference to subsuming IX under a separate 5% criterion.

As an interesting and hopefully valuable add-on, the various variables initiating the
driving force have also integrated into this map (in green colour), thereby making this
map a very comprehensive and hopefully very useful one-pager tool on separation
principles of desalination techniques and on the corresponding initiators of the driving
force.

3.4 Discussion of the Novel Technology Mapping Formats

A number of interesting peculiarities have come to light when developing the Desali-
nation Technology Maps introduced in Sections 3.2.2 and 3.3 which may be note-
worthy:

A The technology map in Figure 8 classifying by separation principle of water and
salt brings to light an interesting additional differentiation aspect, i.e. the differen-
tiation of thermal technologies into those basedon i e v a p o aral those based
onfi v ap or i(maskedias boxes without colour in Figure 8). A clear differen-
tiation between these two terms has somewhat disappeared in colloquial
language. For the purpose of the present paper, the following notion is used:

Water Desalination Technology Map, sponsored by DME e.V.
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AEvaporationo ref er s liquidto gas gt h tersperatwehaach ge f r
pressure | evel bel ow the boiling point, \
change from liquid to gas at a temperature and pressure level at boiling point.

This terminology is chosen to remind of maintaining this important thermo-

dynamic difference in technical language. In line with this terminology, the pre-

sent paper usessetrlbe wthemmr rie¥Yaeporiing to an
vaporisationoccurs ( r at her t han t he t eformankioenvreap or at o
sons - has found its way into colloquial language).

Somewhat surprising may be the fact that two conventionally undifferentiated de-
salination techniques, Membrane Distillation (MD) and Vacuum Membrane Dis-
tillation (VMD), do not share the identical separation principle, as MD by its nature
is based on evaporation and VMD is based on vaporisation.

As already determined in Section 2.1.2, the present paper primarily focuses on
the core step of desalination, thereby abstracting from other important aspects of
desalination, for example the supply of power. A problem of consistency arises,
when the supply of power is an integral part of the core desalination cell and
cannot be separated any more for the desalination step (e.g. in the case of the
Microbial Desalination Cell (MDC).

By the same token, the question might occur, whether Mechanical Vapour Com-
pression (MVC) and Thermal Vapour Compression (TVC) should be considered
fivariationsoof Multi-Effect Distillation (MED), as they do not differ in the core de-
salination characteristics from each other (separation principle and driving force).
Or, should they be listed as separate desalination techniques, because they differ
from MED in that they are able to recover energy (via vapour compression)?

In recognition of the significant value added from the energy recovery function,
MVC and TVC would well qualify as separate desalination techniques next to
MED. This option was chosen for the present paper. Nevertheless, classifying
TVC and MVC as variations of MED would be a justifiable classification alterna-
tive.

Inversely again, Capacitive Deionisation (CDI) and Membrane Capacitive Deion-
isation (MCDI) have been kept as one desalination technique (in two variations),
as MCDI simply represents an improvement to CDI.

Furthermore, it may be argued to classify Direct Spray Distillation (DSD) and
Multi-Stage Flash (MSF) as simple variations of one and the same desalination
technique because the two techniques do not differ in separation principle nor in
how the process is initiated and driven. In particular, flashing induced by a sudden
pressure reduction and subsequent condensation of the vapour is true for DSD
as well as for MSF, which would speak for classifying them as variations of a
single technique. However, there are some peculiar differences in technical
execution which would justify MSF and DSD as two separate desalination tech-
niques, namely: flashing of water droplets in DSD versus flashing of an open-
channel flow in MSF, and, direct contact condensation in DSD versus surface
condensation in MSF (see Section 4). For the purpose of the present paper, the
latter classification format has been chosen.

Water Desalination Technology Map, sponsored by DME e.V.
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A Generalising on the previous peculiarities, the discussion of when a technical for-

mat of technology deserves categorisationasit e c hnorqse ¢givar iagsti ono
mer e Ai mprovement 0 i agorigatiog eonsistericyc This ssuial e

is also encountered when designing Figures 7 and 8. As a matter of convention
regarding the mapping, si mp | emeftsowfpartechnique have not been
made visible in these Figures, but are referred to in Section 4 when explaining a
particular desalination technique in more detail. Desalination techniques qualify-
ing for alternative classification have been listed in Figures 7 and 8 persistently
as distinct techniques and have been marked with a connecting line on their left
side. For example, in Figure 8, MVC, TVC and Vacuum Membrane Distillation
(VMD) are listed as independent techniques. To show that they may alternatively
be regarded as variations of MED, they are connected by left side line. The same
applies to Solar Stills, Solar Evaporation (SE) and Membrane Distillation (MD)
which may alternatively be regarded as variations of Humidification-Dehumidifi-
cation (HD). Furthermore, Ocean Thermal Energy Desalination (OTED) and Di-
rect Spray Distillation (DSD) may be regarded as independent techniques, or al-
ternatively, as variations of MSF as made visible by interconnecting left side line.

A Taking reference to Engineered Osmosis (EO), it should be pointed out that EO
does not represent a stand-alone desalination technique, but is merely a pretreat-
ment step to ensure an optimal separation result - as in Forward Osmosis, (FO)
- or an attempt to reduce the energy consumption for a downstream Reverse
Osmosis (RO) unit (as in Osmotic Dilution, OD). However, for the sake of com-
prehensiveness and to reflect the growing awareness for EO applications in the
desalination community, it was decided to assign one place in the present tech-
nology map to the group of EO and its related variations, namely FO, OD, Direct
Osmotic Concentration (DOC) and Pressure Retarded Osmosis (PRO).

Summarising on the benefits and pitfalls of the novel classification maps, the authors
believe that the newly developed desalination technology maps may have merit as a
comprehensive structural learning tool on water desalination technology, in particular
when conveying a clear methodological understanding on fundamental differences and
similarities pertaining to the various techniques. Harmonisation in technical language
and illustration have been didactic targets. Last, not least, the classification approach
in the present paper is meant to provide a high level of consistency for long-term use.
However, the authors acknowledge that there are still remaining challenges as pointed
out above. The authors invite the interested reader for enriching discussion to further
solidify and maturate these maps.

In Section 4, the identified desalination techniques are presented individually. The
driving force, the process initiators and the separation principle of each technique are
explained in more detail and the processes are shortly described.

In desalination systems that work on the basis of vaporisation and evaporation, the
Avapour pressur e o .Ankxplgnatonanotd rashbeen addes torAmnéxe
1 to facilitate ease of understanding and to simplify language use in the subsequent
Sections.
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4. Desalination Techniques according to Separation Principles
4.1  Selective Vaporisation

4.1.1. Multi-Effect Distillation (MED) also known asMultiple-Effect Distillation

Dr. Heike Glade

Distillation usually means separation of the components from a liquid mixture by using
selective vaporisation (transition of liquid state to gas state) and subsequent
condensation (transition of gas state to liquid state). It exploits differences in vapour
pressure, in other words volatility, between the components in the mixture. In the
present paper, vaporisation refers to the transition of the liquid state to the gas state at
the boiling temperature, whereas evaporation refers to the change from the liquid state
to the gas state that takes place below the boiling temperature as already explained in
Section 3.4. Heat exchangers used for vaporisation are usually called evaporators or
vaporisers. In the present paper, for the sake of linguistic consistency, the heat
exchangers used for vaporisation are called vaporisers.

Multi-Effect Distillation (MED) is used for the separation of water from a saline solution
by vaporisation of the water during heat supply and subsequent condensation.

Driving Force and Initiator

The saline water, which is a mixture (solution) of water (solvent) and soluble salts
(solutes), is brought into contact with a heat transfer surface that is held at a higher
temperature than the saturation temperature (boiling temperature) of the saline water
corresponding to its prevailing pressure. Thus, the temperature of the saline water is
raised to its boiling temperature and then the water vaporises at constant pressure and
constant temperature by heating. The enthalpy of vaporisation (latent heat) must be
supplied to the saline water to effect vaporisation. The system undergoes a phase
transition and strives toward phase equilibrium. Thus, water particles (molecules) are
transferred from one phase to the other until equilibrium is attained.

From a thermodynamic point of view, for a closed system (no mass can cross the
boundary of the system, i.e., the total number of particles in both phases is constant)
at constant pressure and held at constant temperature in contact with a heat reservoir,
the Gibbs energy, which depends on the temperature, the pressure and the number of
particles of each component in the two phases, decreases and the system moves
toward a stable state. The Gibbs energy reaches its minimum at equilibrium, i.e. the
infinitesimal change of the Gibbs energy will be zero, which is characterised by a
uniform chemical potential. The chemical potential of a component in a mixture is
defined as the rate of change of Gibbs energy of the system with respect to the change
in the number of particles of the component when pressure, temperature and the
number of particles of the other components are constant. Particles tend to move from
higher chemical potential to lower chemical potential because this reduces the Gibbs
energy. The condition of coexistence of the liquid and the vapour phase in equilibrium
implies that the chemical potential of each component is the same in both phases.
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Thus, the chemical potential difference is the driving force for the transfer of
particles between the phases which is triggered by heating (initiator) [1, 2].

Separation Principle

The separation of water from salt is based on the large vapour pressure difference
between water and salt. Water has a low boiling point and can readily change from a
liquid state to a gas state with high vapour pressure, whereas salt has a negligibly
small vapour pressure and is considered as non-volatile. The water changes from a
liquid state to a vapour state leaving behind the dissolved salts. Thus, the vapour phase
is only composed of pure water. The water vapour is subsequently condensed and the
condensate is collected. Hence, the selective vaporisation of water due to the large
vapour pressure difference between water and salt represents the fundamental
separation principle.

The ter-enf Dbenat tdi st i | | at vaponsérsinraultigersiges whicht h e

are also called effects. The multi-stage nature of a vaporisation plant should not be
confused with the multi-stage nature of a distillation column. In the latter case, the
multi-stage nature is necessary for the generation of a pure product, as the vapour
pressures of the substances to be separated are close to each other (e.g., water and
alcohol) [3]. In desalination, pure water can be produced in a single stage, as the
vapour pressure of salt is negligibly small. Multiple stages are solely used to lower the
specific thermal energy consumption. In single-stage distillation under real conditions,
the mass of water produced is less than the mass of heating steam used to operate
the system. As single-effect distillation is not efficient in terms of thermal energy
consumption, multi-effect distillation is usually applied.

In the following, Multi-Effect Distillation (MED) without vapour compression is
described. Single-Effect or Multi-Effect Distillation with Mechanical Vapour
Compression (MVC) and Multi-Effect Distillation with Thermal Vapour Compression
(TVC) are described in separate sections as explained in Section 3.4.

Process
A Multi-Effect Distillation plant is composed of several vaporisers called stages or

effects and a final condenser. Different types of heat exchangers can be used for
vaporisation. Submerged tube vaporisers, falling film vaporisers with vertical tubes or

with horizontal tubes and plate vaporisers have been used [4]. Il n t o cbasgdd s

MED plants, horizontal tube falling film vaporisers are commonly employed. For marine
vessels and offshore applications, single-stage and multi-stage systems with plate
vaporisers, vertical tube rising film vaporisers and vertical tube falling film vaporisers
are often used.

In a horizontal tube falling film vaporiser, seawater is distributed onto a horizontal tube
bundle by spraying nozzles, as shown in Figure 1. In small plants, perforated plates
are sometimes used for liquid distribution. Steam condenses inside the horizontal
tubes, while the seawater flows as a thin film over the outside of the tubes. Heat is
transferred from the condensing steam inside the tubes to the seawater on the outside
of the tubes through the tube wall. Hence, the seawater is preheated to the saturation
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temperature corresponding to the prevailing pressure on the top tube rows and partly
vaporises on the following tube rows. The generated vapour flows through a droplet
separator, mostly a knitted wire mesh or a vane-type separator, in order to remove the
entrained brine droplets. The vapour must be free of brine droplets to prevent the
contamination of the distillate.

Feed water
_l_ Vapour to
- :'\" P :'\" _f"\\ - i“"
next effect

AN

Qo
88888 J Droplet
OYOY0

Brine

Fig. 1. Horizontal tube falling film vaporiser.

In MED plants, the vaporisers are arranged in a way that the vapour, which is
generated in one stage, is used as heating steam in the following stage. A heating
medium from an external source, mostly heating steam (e.g., the exhaust steam of a
steam turbine in a power plant) or sometimes hot water, is fed to the first stage. The
vapour of the last stage is condensed in the final condenser. Forward, backward,
parallel and mixed feeding configurations can be distinguished [3-6]. The
configurations differ in the brine flow direction relative to the vapour flow direction from
stage to stage.

Figure 2 shows the most common process configuration where the feed water flow is
distributed in parallel to all the stages, usually in equal shares (parallel feeding
configuration). Seawater flows through the final condenser which is usually a
shell-and-tube heat exchanger. The water vapour generated in the last stage
condenses on the outside of the tubes. Heat is transferred from the condensing vapour
to the seawater flowing through the tubes and, thus, the seawater is preheated. At the
outlet of the final condenser, part of the seawater, which served as cooling water, is
discharged back to the sea while the remaining part, which is the feed water, is fed to
the stages where it is distributed onto the horizontal tube bundles.

Feed water
I T = T | » Cooling water
Heating steam LETT = T
Final condenser
i |

Condensate <;i | — | Li ' ?:

A 4

Brine Seawater Desalinated
water

Fig. 2. Multi-Effect Distillation (MED) plant with parallel feeding configuration.
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The heating steam fed into the first stage condenses inside the horizontal tubes and
the condensate is led back to the external source. The vapour produced in the first
stage is directed to the tubes of the next stage. It condenses inside the tubes, while a
fraction of the seawater on the outside of the tubes vaporises. This process continues
in subsequent stages at decreasing temperature and pressure. In doing so, the
enthalpy of vaporisation of the heating steam which is introduced into the first stage
can be reused several times by passing the generated vapour from stage to stage with
decreasing pressure. The pressure of the heating steam to the first stage and the
pressure in the final condenser are controlled. The temperatures and corresponding
pressures of the intermediate stages set themselves in accordance with the heat
transfer resistances. Thus, the temperatures and pressures decrease from the first to
the last stage.

In order to improve the process, the concentrated brine and the distillate leaving the
stages are directed to the following stages. The concentrated brine leaving the first
stage is directed to the vaporiser sump of the next stage where the pressure is lower
than that in the first stage. Thus, a small fraction of the brine vaporises due to the
sudden pressure reduction (flashing) and the vapour mixes with the vapour which is
generated through heat transfer on the horizontal tubes. The brine from the second
stage is directed to the sump of the third stage where a small fraction vaporises due to
sudden pressure reduction and so on. Finally, the brine from the last stage is extracted
by means of a pump and discharged to the sea.

The distillate leaving the second stage flows through a distillate flashing box which is
connected to the heating steam duct of the third stage where the pressure is lower.
Thus, a small fraction of the distillate vaporises due to the sudden pressure reduction
(flashing) and the vapour mixes with the vapour which flows into the tubes of the third
stage. The distillate leaving the third stage flows through a distillate flashing box, which
is connected to the heating steam duct of the following stage and so on. Finally, the
distillate (desalinated water) is extracted from the final condenser by means a pump.

Gases which are present in the vapour space of a condenser and do not condense at
the prevailing temperatures and pressures such as oxygen, nitrogen, carbon dioxide
are called non-condensable (NC) gases. The presence of NC gases is caused by the
release of dissolved gases from the vaporising brine [7] and by the leakage of ambient
air through flanges, inspection openings, instrumentation nozzles, etc. into the parts of
the vaporiser operating under ambient pressure. Even low concentrations of NC gases
significantly reduce the heat transfer coefficient on the condensation side and, thus,
the overall heat transfer coefficient and the performance of distillation plants. Due to
the detrimental effect of NC gases on the heat transfer during condensation, they must
be continuously removed from the condensers by a venting system (not shown in
Figure 2). A start-up steam jet ejector is usually used to evacuate the system during
start-up and a steam jet ejector system is employed for the continuous extraction of
the NC gases during operation. The vapour extracted with the NC gases is condensed
in shell-and-tube condensers arranged after the steam jet ejectors.

The highest brine temperature is limited by the risk of severe crystallization fouling on
the heat transfer surfaces (precipitation and deposition of inversely soluble salts on the
heat transfer surface, also called scaling [15-17]) and corrosion and by the temperature
of the heating steam that is available from an external source. Most MED plants
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operate at low top brine temperatures of less than 70 °C [4, 8-14]. The required heating
steam pressure for MED plants can thus be about 0.35 bar or even lower [9, 14, 18].

The lowest process temperature is the temperature of the seawater which is usually
between 5 °C and 35 °C (sometimes also higher in some regions) [10]. Thus, there is
a maximum temperature span available for the process in multiple stages whereas a
temperature difference is necessary for heat transfer in each stage. Thus, the
temperature difference in each stage decreases with increasing number of stages.

In falling film vaporisers, small temperature differences are applied in order to avoid
nucleate boiling with vapour bubble formation on the tube wall which may cause dry
spots and severe scaling. In horizontal tube falling film vaporisers used for desalination
applications, the temperature difference between condensation and evaporation side
is usually between 2.5 and 7 K or even lower [14, 19, 20]. Thus, vaporisation takes
place at the free surface of the falling film.

The specific thermal energy consumption and, thus, the operating costs decrease with
increasing number of stages. At the same time, the driving temperature difference for
heat transfer decreases with increasing number of stages which leads to an increase
in the specific heat transfer surface area and, thus, in the investment costs. As a
consequence, there is an optimum number of stages with regard to operating costs
and investment costs [21]. MED plants usually have between 4 and 12 stages and their
specific thermal energy consumption ranges from 60 to 220 kWh per m?3 of distillate
[3, 4, 8-10]. The Gained Output Ratio (GOR), which is the mass flow rate of distillate
produced per mass flow rate of heating steam fed to the first stage, is often used to
guantify the thermal efficiency. It usually ranges from 3 to 10 for MED plants with 4 to
12 stages. The specific electric energy consumption, mainly required for conveying
liquid streams using pumps, is between 1.5 to 2.5 kWh per m3 of distillate [9, 10, 22].

MED plants are built with single-unit capacities of 100 to 15000 m3/d while bigger plants
with a single-unit capacity of up to 68000 m3/d are mostly built with thermal vapour
compression [9].

Motivation of Use

Multi-Effect Distillation is a mature and well-established process in the desalination
industry where it is preferably used for the production of potable and process water
from seawater in medium-scale to large-scale plants. Massive field experiences exist.
An MED plant is robust and relatively easy to operate, requiring minimum supervision.
Staff which is skilled to operate thermal processes like common power generation
systems can easily operate MED plants. Maintenance costs are relatively low because
there are no rotating parts except low-pressure pumps. Plant reliability and availability
are high [3, 4, 8-10].

The process does not need complex pre-treatment of seawater and is tolerant to
variations of seawater conditions. The plant performance is not much influenced by the
feed water quality. Thus, challenging feed water conditions and high feed water
salinities can be treated. Multi-Effect Distillation plants steadily produce distillate with
a very low salinity (Total Dissolved Solids (TDS) below 10 ppm down to below 2 ppm).
Thus, the high purity of distillate allows for direct use in industrial applications, with or
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without minor polishing, e.g., in boilers for steam production or in closed loop cooling
systems. Furthermore, 'low grade' or 'waste' heat at a low temperature level can be
used as thermal energy source [3, 4, 8-10, 18].

References Multi-Effect Distillation

[1] Job, G.; Herrmann, F. (2006). Chemical potential i a quantity in search of recognition.
European Journal of Physics, vol. 27, pp. 353-371.

[2] Baehr, H.D.; Kabelac, S. (2016). Thermodynamik i Grundlagen und technische
Anwendungen. 16" ed., Springer Vieweg, Berlin.

[B] Gebel, J . Y¢éce, S. (2008) . An Engineerodos Gt
Service GmbH, Essen, Germany.

[4] Ettouney, H. (2009). Conventional Thermal Processes. In: Seawater Desalination,
Conventional and Renewable Energy Processes, eds. Cipollina, A.; Micale, G.;
Rizzuti, L.. Springer-Verlag, Berlin Heidelberg, pp. 17-40.

[5] Al-Mutaz, I.S.; Wazeer, I. (2014). Comparative performance evaluation of conventional
multi-effect evaporation desalination processes. Applied Thermal Engineering, vol. 73,
pp. 1194-1203.

[6] Darwish, M.A.; Abdulrahim, H.K. (2008). Feed water arrangements in a multi-effect
desalting system. Desalination, vol. 228, pp. 30-54.

[7] Al-Rawajfeh, A.; Glade, H.; Qiblawey, H.M.; Ulrich, J. (2004). Simulation of CO; release
in multiple-effect distillers. Desalination, vol. 166, pp. 41-52.

[8] Gebel, J. (2014). Thermal Desalination Processes. In: Desalination i Water from Water,
ed. Kucera, J.. Scrivener Publishing, Beverly, USA.

[9] Sidem; Entropie (2006). Multiple Effect Distillation - Processes for Sea Water
Desalination. Technical brochure.
https://www.entropie.com/solutions/technologies/multiple-effect-distillation-med-tvc
(Accessed July 20, 2022).

[10] Ettouney, H.; Wilf, M. (2009). An Overview of the Current Status of Applications of
Commercial Seawater Desalination Processes. In: Seawater Desalination, Conventional
and Renewable Energy Processes, eds. Cipollina, A.; Micale, G.; Rizzuti, L.. Springer-
Verlag, Berlin Heidelberg, pp. 77-107.

[11] Kronenberg, G.; Lokiec, F. (2001). Low-temperature distillation processes in single- and
dual-purpose plants. Desalination, vol. 136, pp. 189-197.

[12] Al-Sahali, M.; Ettouney, H. (2007). Developments in thermal desalination processes:
Design, energy, and costing aspects. Desalination, vol. 214, pp. 227-240.

[13] Morin, O.J. (1993). Design and operating comparison of MSF and MED systems.
Desalination, vol. 93, pp. 69-109.

[14] Ophir, A.; Lokiec, F. (2005). Advanced MED process for most economical sea water
desalination. Desalination, vol. 182, pp. 187-198.

[15] Kromer, K.; Will, S.; Loisel, K.; Nied, S.; Detering, J.; Kempter, A.; Glade, H. (2015).
Scale Formation and Mitigation of Mixed Salts in Horizontal Tube Falling Film

Water Desalination Technology Map, sponsored by DME e.V.



[16]

[17]

[18]

[19]

[20]

[21]

[22]

26

Evaporators for Seawater Desalination. Heat Transfer Engineering, vol. 36, 7-8, pp. 750-
762.

Stark, A.; Krdomer, K.; Loisel, K.; Odiot, K.; Nied, S.; Glade, H. (2017). Impact of Tube
Surface Properties on Crystallization Fouling in Falling Film Evaporators for Seawater
Desalination. Heat Transfer Engineering, vol. 38, 7-8, pp. 762-774.

Waack, M.; Glade, H.; Nied, S. (2021). Falling film flow characteristics on horizontal
tubes and their effects on scale formation in seawater evaporators. Desalination and
Water Treatment, vol. 211, pp. 1-14.

Sommariva, C. (2010). Desalination and Advanced Water Treatment i Economics and
Financing. Desalination Publications, Hopkinton, USA.

Ameri, M.; Mohammadi, S.S.; Hosseini, M.; Seifi, M. (2009). Effect of design parameters
on multi-effect desalination system specifications. Desalination, vol 245, pp. 266-283.

Alasfour, F.N.; Darwish, M.A.; Bin Amer, A.O. (2005). Thermal analysis of ME-TVC+MEE
desalination systems. Desalination, vol. 174, pp. 39-61.

Al-Mutaz, 1.S.; Wazeer, |. (2015). Economic optimization of the number of effects for the
multieffect desalination plant. Desalination and Water Treatment, vol. 56, pp. 2269-2275.

Semiat, R. (2008). Energy Issues in Desalination Processes. In Environmental Science
& Technology, vol. 42, pp. 8193-8201.

Water Desalination Technology Map, sponsored by DME e.V.



27

4.1.2 Thermal Vapour Compression (TVC)

Dr. Heike Glade

Multi-Effect Distillation with Thermal Vapour Compression, or simply Thermal Vapour
Compression (TVC), combines t he Nulikffect
Di sti | | a}) witb & stenMjet Bjector in order to recycle low-pressure process
vapour and, thus, to utilise its enthalpy, lowering the specific thermal energy
consumption and enhancing the thermal efficiency of the system.

Driving Force and Initiator

As the core process of desalination is the same as in Multi-Effect Distillation (MED)
plants (without vapour compression), the driving force is the same.

The saline water, which is a mixture (solution) of water (solvent) and soluble salts
(solutes), is brought into contact with a heat transfer surface that is held at a higher
temperature than the saturation temperature (boiling temperature) of the saline water
corresponding to its prevailing pressure. Thus, the temperature of the saline water is
raised to its boiling temperature and then the water vaporises at constant pressure and
constant temperature by heating. The enthalpy of vaporisation (latent heat) must be
supplied to the saline water to effect vaporisation. The system undergoes a phase
transition and strives toward phase equilibrium. Thus, water particles (molecules) are
transferred from one phase to the other until equilibrium is attained.

From a thermodynamic point of view, for a closed system (no mass can cross the
boundary of the system, i.e., the total number of particles in both phases is constant)
at constant pressure and held at constant temperature in contact with a heat reservoir,
the Gibbs energy, which depends on the temperature, the pressure and the number of
particles of each component in the two phases, decreases and the system moves
toward a stable state. The Gibbs energy reaches its minimum at equilibrium, i.e. the
infinitesimal change of the Gibbs energy will be zero, which is characterised by a
uniform chemical potential. The chemical potential of a component in a mixture is
defined as the rate of change of Gibbs energy of the system with respect to the change
in the number of particles of the component when pressure, temperature and the
number of particles of the other components are constant. Particles tend to move from
higher chemical potential to lower chemical potential because this reduces the Gibbs
energy. The condition of coexistence of the liquid and the vapour phase in equilibrium
implies that the chemical potential of each component is the same in both phases.
Thus, the chemical potential difference is the driving force for the transfer of
particles between the phases which is triggered by heating (initiator) [1, 2].

Separation Principle

As the core process of desalination is the same as in Multi-Effect Distillation (MED)
plants (without vapour compression), the separation principle is the same.
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The separation of water from salt is based on the large vapour pressure difference
between water and salt. Water has a low boiling point and can readily change from a
liquid state to a gas state with high vapour pressure, whereas salt has a negligibly
small vapour pressure and is considered as non-volatile. The water changes from a
liquid state to a vapour state leaving behind the dissolved salts. Thus, the vapour phase
is only composed of pure water. The water vapour is subsequently condensed and the
condensate is collected. Hence, the selective vaporisation of water due to the large
vapour pressure difference between water and salt represents the fundamental
separation principle.

Process

Vapour compression can be applied to different types of vaporisers with single or
multiple stages. In general, vapour compression refers to the principle of compressing
the vapour, which is generated in a vaporiser, and raising its pressure. Thus, the
condensation temperature is increased, and the vapour can be used as heating steam
in the same stage or in preceding stages. Vapour can be compressed by means of a
mechanical compressor, called Mechanical Vapour Compression (MVC), or by means
of a steam jet ejector, called Thermal Vapour Compression (TVC). In the following,
Thermal Vapour Compression is described. Mechanical Vapour Compression is
considered in a separate section.

| n t od abaged TVIC plants, horizontal tube falling film vaporisers are commonly
employed [3]. The basic MED process scheme with horizontal tube falling film
vaporisers is described in Section iMulti-Ef f ect Di sti |l Il ati on ( MED) 0O

Figure 1 shows a common MED process (parallel feeding configuration) combined with
thermal vapour compression. Steam jet ejectors consist of a nozzle, a mixing zone and
a diffuser. Steam at a high pressure, referred to as motive steam in the following, enters
the nozzle. The motive steam expands through the nozzle. The pressure of the steam
decreases and its flow velocity rises. In the mixing zone between nozzle outlet and
diffuser inlet, the pressure is the lowest so that the low-pressure vapour to be
compressed can be drawn in. Both flows are combined in the mixing zone. When the
two flows are mixed,partof t he motive fl owds kinetic ener
flow. The mixed flow is then slowed down in the subsequent diffuser and an increase
in pressure occurs at the same time. The mixture of motive steam and suction vapour
has an intermediate pressure at the outlet of the diffuser and can be used as heating
steam [4, 5].

As shown in Figure 1, the vapour generated in the last stage is split. Part of the vapour
condenses in the final condenser, whereby the seawater is preheated. The other part
of the vapour is passed to the steam jet ejector, where it is compressed by means of
the motive steam. The mixed flow is directed to the first stage, where it is used as
heating steam. Instead of compressing part of the vapour from the last stage, part of
the vapour from an intermediate stage can be compressed by the steam jet ejector.
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Fig. 1. Multi-Effect Distillation plant (parallel feeding configuration) with Thermal Vapour Compression
(TVC).

Motive steam pressure for the steam jet ejector in TVC plants is in most cases between
2.5 and 20 bar [6, 7]. Like MED plants, most TVC plants operate at low top brine
temperatures of less than 70 °C in order to limit the risk of severe scaling on heat
transfer surfaces and corrosion [3-7].

Multi-Effect Distillation plants with Thermal Vapour Compression usually have between
two and six stages [3-6]. The Gained Output Ratio (GOR), which is the ratio of the
mass flow rate of the distillate to the mass flow rate of the heating steam to the first
stage, is higher for TVC plants than for MED plants with the same number of stages,
typically between 4 and 10 using 2 to 6 stages. It can increase up to 16 for more stages
[3, 8, 9]. The specific thermal energy consumption of TVC plants is usually between
60 and 160 kWh per m3 of distillate. When comparing a TVC and an MED plant with a
similar thermal performance, the heat transfer surface area of the TVC plant is
considerably reduced for the same distillate mass flow rate or the TVC plant requires
a similar heat transfer surface area for a considerably higher distillate mass flow rate.
Thus, TVC plants are built with single-unit capacities up to 68000 m3/d [4, 9]. Like MED
plants, TVC plants have a low specific electric energy consumption between
1.5 and 2.5 kWh per m? of distillate [6, 8].

Motivation of Use

Multi-Effect Distillation combined with Thermal Vapour Compression is a mature and
well-established process in the desalination industry where it is preferably used for the
production of potable and process water from seawater in large-scale installations.
Massive field experiences exist [3-8].

As the core process of desalination is the same, many advantages of MED, which are
mentioned i nMutifEé f Bett Do st dalsd applyi twTWVC.(AMED ) 06 ,
plant is robust and relatively easy to operate, requiring minimum supervision. Staff
which is skilled to operate thermal processes like common power generation systems

can easily operate TVC plants. Maintenance costs are relatively low because there are

no rotating parts except low-pressure pumps. Plant reliability and availability are high

[3-8].
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The process does not need complex pre-treatment of seawater and is tolerant to
variations of seawater conditions. The plant performance is not much influenced by the
feed water quality. Thus, challenging feed water conditions and high feed water
salinities can be treated. Multi-Effect Distillation plants with Thermal Vapour
Compression steadily produce distillate with a very low salinity (Total Dissolved Solids
(TDS) below 10 ppm down to below 2 ppm). Thus, the high purity of distillate allows
for direct use in industrial applications, with or without minor polishing, e.g., in boilers
for steam production or in closed loop cooling systems [3-8].

Compared with MED, the thermal efficiency can be considerably enhanced by using
thermal vapour compression. However, a major drawback of TVC is that it requires
motive steam at a pressure above 2 bar [6].
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4.1.3 Mechanical Vapour Compression (MVC)

Dr. Heike Glade

Single-Effect or Multi-Effect Distillation with Mechanical Vapour Compression, often

just called Mechanical Vapour Compression (MVC), combines Single-Effect or Multi-

Effect Di sti |l |l ation (E£E¢¢eSecDicenil6Matiton ( MED) O
compressor in order to recycle low-pressure process vapour and, thus, to utilise its

enthalpy, lowering the primary energy consumption.

Driving Force and Initiator

As the core process of desalination is the same as in Multi-Effect Distillation (MED)
plants (without vapour compression), the driving force is the same.

The saline water, which is a mixture (solution) of water (solvent) and soluble salts
(solutes), is brought into contact with a heat transfer surface that is held at a higher
temperature than the saturation temperature (boiling temperature) of the saline water
corresponding to its prevailing pressure. Thus, the temperature of the saline water is
raised to its boiling temperature and then the water vaporises at constant pressure and
constant temperature by heating. The enthalpy of vaporisation (latent heat) must be
supplied to the saline water to effect vaporisation. The system undergoes a phase
transition and strives toward phase equilibrium. Thus, water particles (molecules) are
transferred from one phase to the other until equilibrium is attained.

From a thermodynamic point of view, for a closed system (no mass can cross the
boundary of the system, i.e., the total number of particles in both phases is constant)
at constant pressure and held at constant temperature in contact with a heat reservoir,
the Gibbs energy, which depends on the temperature, the pressure and the number of
particles of each component in the two phases, decreases and the system moves
toward a stable state. The Gibbs energy reaches its minimum at equilibrium, i.e. the
infinitesimal change of the Gibbs energy will be zero, which is characterised by a
uniform chemical potential. The chemical potential of a component in a mixture is
defined as the rate of change of Gibbs energy of the system with respect to the change
in the number of particles of the component when pressure, temperature and the
number of particles of the other components are constant. Particles tend to move from
higher chemical potential to lower chemical potential because this reduces the Gibbs
energy. The condition of coexistence of the liquid and the vapour phase in equilibrium
implies that the chemical potential of each component is the same in both phases.
Thus, the chemical potential difference is the driving force for the transfer of
particles between the phases which is triggered by heating (initiator) [1, 2].

Separation Principle

As the core process of desalination is the same as in Multi-Effect Distillation (MED)
plants (without vapour compression), the separation principle is the same.

Water Desalination Technology Map, sponsored by DME e.V.



32

The separation of water from salt is based on the large vapour pressure difference
between water and salt. Water has a low boiling point and can readily change from a
liquid state to a gas state with high vapour pressure, whereas salt has a negligibly
small vapour pressure and is considered as non-volatile. The water changes from a
liquid state to a vapour state leaving behind the dissolved salts. Thus, the vapour phase
is only composed of pure water. The water vapour is subsequently condensed and the
condensate is collected. Hence, the selective vaporisation of water due to the large
vapour pressure difference between water and salt represents the fundamental
separation principle.

Process

Vapour compression can be applied to different types of vaporisers with single or
multiple stages. In general, vapour compression refers to the principle of compressing
the vapour, which is generated in a vaporiser, and raising its pressure. Thus, the
condensation temperature is increased, and the vapour can be used as heating steam
in the same stage or in preceding stages. Vapour can be compressed by means of a
mechanical compressor, called Mechanical Vapour Compression (MVC), or by means
of a steam jet ejector, called Thermal Vapour Compression (TVC). In the following,
Mechanical Vapour Compression is described. Thermal Vapour Compression is
considered in a separate section.

Different types of heat exchangers can be used for vaporisation. Horizontal tube falling
film vaporisers are commonly employed. Figure 1 shows a single-stage distillation
plant with mechanical vapour compression. An MVC plant consists of a mechanical
vapour compressor, a horizontal tube falling film vaporiser, preheaters for the intake
seawater, brine and product pumps and a venting system, as illustrated in Figure 1.

The feed water is usually preheated by cooling down the distillate (desalinated water)
and the brine exiting the vaporiser in plate heat exchangers. Subsequently, the
seawater enters the deaerator that removes dissolved gases such as oxygen and
nitrogen, which would otherwise deteriorate the heat transfer during condensation. A
vacuum system without a separate deaerator can also be used.

In a horizontal tube falling film vaporiser, the feed water is distributed onto a horizontal
tube bundle by spraying nozzles. Steam condenses inside the horizontal tubes, while
the feed water flows as a thin film over the outside of the tubes. Heat is transferred
from the condensing steam inside the tubes to the feed water on the outside of the
tubes through the tube wall. Hence, the feed water is preheated to the saturation
temperature corresponding to the prevailing pressure on the top tube rows and partly
vaporises on the following tube rows. Part of the concentrated brine is mixed with the
feed water and conveyed by a pump to the top of the vaporiser. The remaining part of
the brine is extracted by a pump and passed to the feed water preheater. The
generated vapour flows through a droplet separator, mostly a knitted wire mesh or a
vane-type separator, in order to remove the entrained brine droplets, which would
otherwise damage the compressor blades and deteriorate the quality of the distillate.

In MVC plants, the vapour is compressed by means of a centrifugal compressor driven

by an electric motor. Thus, the pressure and the condensation temperature of the
vapour are increased, and the vapour can be used as heating steam in the same stage.
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As the heating steam passes the horizontal tubes, it condenses and is collected as
distillate. The distillate (desalinated water) is extracted by a pump and passed to the
feed water preheater.

Fig. 1. Single-Stage Distillation with Mechanical Vapour Compression (MVC)

The specific electric energy consumption of MVC plants is in the range of 8 to
15 kWh per m3 up to 17 kWh per m? of distillate [3-7]. MVC plants are mostly built with
one stage, but they can have up to three stages. They are built with single-unit
capacities between 100 and 5000 m3/d [3-7]. Maximum distillate production is limited
by limitations in compressor capacity. Like MED plants, most MVC plants operate at
low top brine temperatures of less than 70 °C in order to limit the risk of severe scaling
on heat transfer surfaces and corrosion [3-7].

Motivation of Use

Single-Effect or Multi-Effect Distillation with Mechanical Vapour Compression is a
mature and well-established process in the desalination industry where it is preferably
used for the production of potable and process water from seawater in small-scale to
medium-scale plants [3-7].

As the core process of desalination is the same, the advantages of MED, which are
mentioned i nMuki-BEf 8ett Db et ialsdappyitodMvVC. ArWE/B) 6 ,
plant is robust and relatively easy to operate, requiring minimum supervision. Staff
which is skilled to operate thermal processes like common power generation systems

can easily operate MVC plants. The process does not need complex pre-treatment of
seawater and is tolerant to variations of seawater conditions. The plant performance

is not much influenced by the feed water quality. Thus, challenging feed water
conditions and high feed water salinities can be treated. Mechanical Vapour
Compression plants steadily produce distillate with a very low salinity (Total Dissolved
Solids (TDS) below 10 ppm down to below 2 ppm) [3-7].

Mechanical Vapour Compression plants are often factory-assembled and tested with
all auxiliaries on a skid so that the installation requirements on site are minimised. Due
to their robustness and compactness, MVC plants are suitable for remote areas. Since
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