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ABSTRACT

Current mechanical vapor compression (MVC) technology has almost completely lost interest in the
desalination market; MVC is affected by the complication of the system, the high cost of the plant and
the unacceptable electric power demand, factors which cannot be compensated by a better quality of
the water produced, by less need for treatment of the fluids and by a much better profile under the
aspect of safety control and potential induced pollution. Since the energy requirement of the current
MVC technique, as described in literature, is not justified in thermodynamic terms, the study analyzes
the problems and illustrates a possible solution resorting to multiple concentration steps with oper-
ation at ambient pressure, with a particular condensing chamber and an aluminum heat exchanger
with flux of fluids in laminar motion. Assuming a mechanical efficiency of 75%, an electrical effi-
ciency of 94% and a cost of electricity of 0.1 $/kWh, the optimal value of electrical energy required
for desalination from 35 to 70 ppt obtained in the study is 3.0 kWh/ton.

Keywords: Laminar motion heat exchanger; Mechanical vapor compression; CaCO, scaling

1. Introduction

This article is a further development of a search for solu-
tions aiming to bring mechanical vapor compression (MVC)
to economic competitiveness. The project was named GMVC
where G stands for Green as the project aims to reduce
energy demands. The first approach using plastic has been
the subject of an article published by the author in July 2021
[1]. Subsequently, having identified the heat exchanger (HX)
connected to the MVC plant as critical to reach a positive
result, a research was carried out to study HXs operating
in laminar motion showing high energy efficiency and low
economic costs. A first study on a plastic solution, with par-
ticular attention to Computational Fluid Dynamics (CFD)
calculations was carried out at the Politecnico of Milan,
published in 2023 [2]. This is a third article intended to

illustrate the thermodynamic results theoretically achievable
with a GMVC variant of the MVC which resorts to alumi-
num instead of plastic as interface for the heat exchanges
both in the evaporator/condenser and in HX components.

The choice of aluminum was made to faciltate the
study to be carried out. It does not constitute a limitation.
The study is fundamentally open to the use of its alloys
(in particular the 5052 aluminum alloy which is particu-
larly resistant to corrosion in the presence of salts and high
temperatures) and of other metals and their alloys should
a higher resistance to corrosion be needed; in this case,
because of higher costs this may lead to an increase in the
optimum AT for heat transfer.

With reference to desalination powered exclusively by
electricity, reverse osmosis has almost completely replaced
MVC technology. MVC has in fact suffered from the extreme
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complication of the system, for its high cost and for unac-
ceptably high electricity consumption [3], factors that could
not be compensated for by better quality of the water pro-
duced, less need for pre-treatment of fluids and by a clearly
better profile in terms of potential induced pollution, not
even today despite increasing attention to the ecologi-
cal impact of desalination plants which is beginning to
impose itself for the technical requirements for new plants.

Our new GMVC study intends to carry out a radical
revision of the MVC process and to reduce both the high
electrical energy demand and investment costs:

- Referring to the costs of the plant the research assumes
the need to operate at ambient pressure and therefore at
approx. 100°C, unlike what happens in the known MVC
process which normally operates at 60°C and therefore at
a pressure lower than the atmospheric one. The reasons
which had led the former MVC solution to opt for low pres-
sure were mainly the high request of energy by the heat
exchanger and a lower solubility of CaCO,. A new MVC
solution which solves these issues would allow a series of
very important advantages. These are:

(a) Avoiding the need for expensive pressure resistant con-
tainers which are necessarily made of metal and place
constraints on the volumes available. Operating at
ambient pressure, the insulated container within which
condensation and evaporation occurs could have an
almost negligible cost.

(b) Vacuum pumps are no longer required.

(c) There are practically no restrictions on the size of the
container and its accessibility inside: this favors inspec-
tion, cleaning and maintenance.

(d) Availability of low-cost space favors the organization
of the condensation chambers in packs on a number of
removable blocks that provide the possibility of cen-
tralized filling and purging and to carry out the distil-
lation in several concentration steps as well as allowing
modularity.

(e) It allows operating evaporation with large flat evap-
orative surfaces, so no need of spraying. Evaporation
requires only small AT over boiling-point elevation
(BPE) and can take place in the absence of boiling: there
are no droplets of salt water in the produced steam and
therefore no need of demisters and there is no contact
of salt water with the walls of the container; the water
produced is very pure and free from carryover.

- Referring to the high energy demand the consider-
ations which led to conceive the GMVC process consist
above all in the fact that the energy demand of the current
MVC technique, as described in literature, is not justified in
thermodynamic terms: for example, MVC desalination of a
70 ppt water salinity, at 100°C, under ideal thermodynamic
conditions would require only 1.8 kWh/ton.

With regard to energy consumption, we have found
several advantages that can be obtained:

(a) The organization of the condensation chambers in a
number of removable blocks allows the evaporative pro-
cess to be performed in multiple steps. Taking advan-
tage of the lower energy requirements of the initial

concentration steps consistently improves the overall
efficiency of the process.

(b) Operating with a large evaporative surface can reduce
the AT for heat transfer and so allows for energy sav-
ings: the proposed structure is composed of thin cham-
bers close together, arranged vertically with evapora-
tion occurring on both sides: the heat exchange surfaces
per volume unit are huge.

(c) Feeding of saline water carried out in discontinuous
mode allows to reduce the thickness of the percolat-
ing saline solution and to increase the overall heat
exchange and productivity.

- With reference the heat exchanger component, we
observed that the thermal energy available to make up for
the HX needs should exclusively be the one originating
from the transformation into heat of the electrical energy
used for compression. This means that to achieve the goal
of a very efficient evaporation-condensation, that is, a lower
energy required for compression, a very high efficiency of
the HX is essential.

Unfortunately, the HXs available at affordable costs are
not able to support a very efficient MVC evaporator/con-
denser: the most efficient HXs are not only a very expen-
sive investment, but imply high energy demands for fluid
pumping since they resort to an increasingly turbulent
motion of fluids which requires high pumping energies.

The need to find a compromise between the HX and
evaporator/condenser efficiencies largely explains the lim-
its shown by the current MVC technology. In conclusion,
with reference to energy consumption, the HX represents
the most critical part of a MVC upgrade and the search for a
possible solution has been the main task of our study.

2. Laminar motion HX for a green MVC

In order to have a HX suitable for the needs of GMVC we
have studied a particular version which operates in laminar
motion, so with minimal pumping energy requests. A first
plastic version studied, with particular reference to the CFD
calculations made by the Politecnico University of Milan,
was the subject of an earlier publication [2].

The CFD study made it possible to find correlations
which facilitate the calculation of heat exchange values that
can be reached when flows a few tenths of a millimeter thick
moving in laminar motion are split by an adiabatic wall.
According to those correlations it was therefore possible to
evaluate also an aluminum version of the HX we designed.
The results confirmed the possibility of satisfying, with low
economic costs and an high energy performance, the HX’s
efficiency requests that occur when the compression/con-
densation phase of MVC is closer to the thermodynamic
theoretical values.

The study of the aluminum HX required to find a sat-
isfactory solution to problems that arise under various
aspects, such as, for example, the difficulty of feeding
two counter flows between large but very closely spaced
plates maintaining a sufficient uniformity of the motion of
the fluid along its path, the need to avoid deformation of
the aluminum sheet in the presence of variable fluid pres-
sures in different positions of the HX, the need to be able
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to deal with fouling/sedimentation problems without com-
promising the homogeneity of the flows, that of making it
possible to eliminate the non-condensable gas (NCGs) dis-
solved in the feed water that the increase in temperature had
promoted to the gaseous state.

The solution we found solves these problems and offers
additional benefits. It is based on the design of a particular
slab in molded plastic and on the interposition of the same
between the aluminum sheets which preside over the heat
exchanges. This plastic slab performs numerous functions
although it does not have direct heat exchange functions
as it is in a permanent adiabatic state. However, by divid-
ing each counterflow into two parts mirroring each other,
its presence contributes substantially to the improvement
of heat exchanges as it slows down the flow in the layer of
fluid farthest from the heat exchange surfaces. When oper-
ating in laminar motion the correlation found thanks to the
CFD study allows, introducing a coefficient, to use the clas-
sical simple formula used for calculating thermal conduc-
tion in a series of flat solid materials:

AT
Yol + v, Ty +ys 1 ks,)

Q= M
(

where y, is the thickness of the flux, y, is the thickness of the
aluminum foil, y, is the thickness of the counterflow, k, k,
and k, are the thermal conductivities of the two fluids and
aluminum, y,, v, y, represent the relative thicknesses and
AT the temperature differential); using the LMDT value
(logarithmic mean temperature difference between the two
flows) as AT in the formula, the values calculated with CFD
correspond to those calculated with the above formula by
multiplying the thickness of the flows by a coefficient of
0.36. To give a practical example, assuming a fluid thickness
of 0.2 mm (with an average water thermal conductivity in
the temperature range 20°C-90°C of 0.63 W/m-°C) and an
aluminum foil thickness of 0.5 mm (thermal conductivity
204 W/m-°C), we obtain a thermal power value of approx.
4.33 kW/(m*°C); assuming that the adiabatic slab has a
thickness of 4 mm and that the useful heat exchange surface
is equal to 80% of its surface, we therefore obtain per unit
volume of a block made of overlapping slabs and alumi-
num sheets a thermal power of about 865 kW/(m?-°C).

Our HX solution has other advantages such as: (a) it
allows the construction of blocks of considerable size, mod-
ular both in size and in number as they can be arranged in
parallel; (b) the large sections for the passage of fluids obtain-
able (e.g., about 800 cm?/m? of the block section as in the
example given above) allow to limit both the length of the
fluid path and its speed, factors which both allow to reduce
pressure drop and so pumping energy needs. For example,
for a flow thickness of 0.2 mm and an average fluid speed of
286 m/h, the CFD calculations mentioned show a pressure
drop of 0.134 kg/cm? per linear meter; that means that for a
preferred length of 1.7 m pumping energy consumption is
almost irrelevant: an excellent result considering that one
of the goals of the research we did on the HX was precisely
to lower the electrical cost of pumping; (c) the limited use-
ful length allows the HX to be arranged vertically allow-
ing for better management in case of a possible creation of
sediments and/or the need to purge undesirable NCG.

The slab we studied, illustrated in Fig. 1, also has the
following specifics:

(1) They can be superimposed in large numbers, therefore
a high modularity and the achievement of high fluid
passage sections for each block/pack is allowed.

(2) The slabs are dotted with numerous thin protuberances
that have the function of providing support to the alu-
minum sheets so that they can resist both the pressure
differentials between the counterflows and the external
pressure which is applied to the block of overlapping
layers to keep them united and compact. These pro-
tuberances have a profile so as to interfere as little as
possible with the flow of fluids.

(8) The slab’s surface is also provided with numerous
through holes which ensure the uniform distribution
of the fluid, especially in the event of the formation
of deposits (sediments and/or incrustations).

(4) Vertical through incisions are present in the outer
edge which serve to house the profiles that will consti-
tute the flow and outflow channels of the liquids in a
watertight manner.

3. Evaporator/condenser structure

As known, the MVC technology involves feeding the
preheated water to be distilled into a container filled with
vapor where it is brought into contact with hot pipes, so as
to make it partially evaporate. The steam produced is then
compressed and introduced inside said pipes. Pipes consti-
tute a so-called “condensation chamber” since inside them,
in consideration of the pressure applied to the steam, it
precisely condenses and the thermal energy connected to
the condensation is transmitted by conduction to the exter-
nal side of the pipes, supplying them with the heat neces-
sary to promote evaporation.

The efficiency of the evaporation/condensation pro-
cess is evidently greater the more efficient are the heat
exchanges that take place between the saline aqueous layer
that wets the pipes, the metal layer that makes up the pipe
and the water layer that condenses inside the pipes. Other
conditions (such as the salinity of the water supplied, the
applied pressure differential, the evaporation surface
and the thermal conductivity of the material with which
the pipe is produced) being equal, the entity of the heat
exchanges will be greater the lower the resistance to ther-
mal conduction of these layers, that is, the thinner the layer
of saline water, that of the distilled water which condenses
and the one of the pipe.

Taking these elements into account, we can observe:

(a) In consideration of the very high conductivity of the
metals that make up the pipes (e.g., aluminum has a
conductivity of 204 W/m-°C compared to that of water
of 0.63 W/m-°C), the resistance to thermal conductivity
represented by this layer is not very relevant.

(b) As for the external layer of saline water that wets the
pipe, optimization is achieved by feeding the saline
water in an intermittent/discontinuous mode, that is,
letting most of the water fed onto the surface of the
pipe initially percolate, leaving, after a very short time,



16 M. Vismara / Desalination and Water Treatment 315 (2023) 13-23

Ty

$ododododosodod
fodododododod

$ododososododod
$odogogodotod

$odododododosod
$odododododod

¢ododododododod

fodododododod

$odododososood

fododoododod

$ododoososotod

| L]

1 1
e — e
=
1 | |
e ]
fppr—
,€é:;q — ///
—
| S
1 1
| ) — [N
| S
|- o | | - o |
(8) (€

Fig. 1. (A) Plan view of a slab: the blue color indicates the edges of the aluminum sheet, the green color indicates the protuber-
ances and lateral support points on the aluminum sheet, the small circles are the through holes to homogenize the upper flows
and protect against possible deposits; on the sides in blue and red the profiles that make up the supply and purge channels for
each of the two counterflows, (B) two side views of a portion of a block, and (C) profile that forms the flow and outflow channels.

a very thin layer which then partially evaporates and
becomes even thinner. With this optimization the con-
ductivity in the external layer is very high.

(c) As for the inner layer, the condensation is continuous
and feeds a small layer which, as it is percolating, tends
to thicken and, while not reaching particularly high
thickness, nonetheless constitutes an important and
often the main global resistance to heat exchanges in
the evaporator/condenser.

In order to find improvements to the previous technol-
ogy using aluminum pipes, various possibilities have been
analyzed to obtain greater efficiency both in the arrange-
ment of the constituent elements and in improving the
conductivity of the various layers by modifying the struc-
ture of the pipes.

With reference to the outer layer, we have observed that
if the intermittent/discontinuous feeding was performed
on a vertical flat surface instead of on pipes, some advan-
tages would be gained: (i) a more uniform and thinner

thickness of the liquid on the surface; (ii) a greater ease of
feeding of the liquid, avoiding splashes which cause drop-
lets which are dispersed in the vapor and then require the
presence of demisters to avoid both the pollution of the
condensate and damages on the compressors; (iii) easier
cleaning and removal of any incrustations that may form.
On the other hand, the pipes ensure an excellent and neces-
sary guide of the steam from the supply side to the opposite
one, where purges must be carried out to eliminate NCG.

We therefore looked for a solution that could combine
the advantages presented by the tube and those presented
by the flat evaporative surface. The solution we have found
consists in resorting to a condensation chamber made up
of extruded tubular elements with a particular elongated
profile as illustrated in Fig. 2A and B resulting in a con-
densation chamber which therefore constitutes a hybrid
between the condensing chamber with tubes and the one
made with flat plates.

Fig. 2B and C show the profiles of what we called “hybrid
tubes”. These components can be obtained by aluminum
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Fig. 2. (A) Set-up of the evaporator block which includes two heads to which “hybrid tubes” are connected: (I) vapor inlet; (II) purg-
ing of non-condensable gases; (III) purging of the water produced by the condensed steam; (IV) collection tank for percolated
water. (B,C) Set-up of hybrid pipes, and (D) thermal connection of the “L’” and “M” fins with the “O” portion of the hybrid tube wall.

extrusion and show a tubular profile with elongated flat
external walls while on the inner side they have inclined
fins which have various important functions. These “hybrid
tubes” can be very thin: in the case of not particularly long
tubes, their width can be around 1 cm. Furthermore, the
overlapping of several “hybrid tubes” (Fig. 2C) allows the
creation of heat exchange surfaces of large dimensions in
which the external surface appears as a substantially flat
surface.

The “hybrid tubes” thus conceived, thanks to the fins,
protuberances coextruded in contact with the external wall
of the tube as highlighted in Fig. 2B and C and with the let-
ters L and M in Fig. 2D, perform a triple beneficial action
for the efficiency of the device:

(1) The presence of the inclined fins avoids a thickening of
the percolating condensed water which they discharge
to the center of the “hybrid pipe”; the drainage thus
obtained substantially improves the efficiency of heat
exchanges.

(2) The fins allow an orderly movement of the steam from
the supply side to the opposite one, where a partial
purge of the steam takes place; in fact, following progres-
sive condensation of steam along the way, its content of
NCG progressively increases until it hinders condensa-
tion and makes bleeding necessary. The guiding effect
of the fins makes it possible to avoid mixing and limits
the negative effect/impact due to NCG on condensa-
tion to the last section of the “pipes” and also it reduces
the extent of the purges.

(3) In consideration of the high conductivity of aluminum
the fins are able to exchange considerable quantities of
heat with the external wall of the “hybrid pipe” in con-
tact with the saline liquid to be evaporated; as illustrated
schematically in Fig. 2D the walls of the fins marked
with L and M participate in the condensation of vapor
and the relative heat of condensation adds to the one
that occurs on the wall “O”.

Considering that the thickness of the percolating layer
after about 1 s from the discontinuous supply assumes a
value of approx. 0.035 mm and that the condensing layer,
taking into account the contribution to heat exchanges pro-
vided by the fins, assumes an “equivalent” thickness which
we have estimated at approx. 0.025 mm, the heat exchange
value per m? of surface is extremely high, reaching a value of
about 10.000 W/m?-°C (Table 2).

4. Optimal AT for heat transfer in evaporator/condenser

Improvements in heat transfer are invaluable in both,
increasing production and reducing the AT for heat trans-
fer, that is, energy requirements; the choice of the most
economically advantageous way to pursue is usually made
by searching for the optimal AT for heat exchange for the
plant.

The economic efficiency of desalination per ton of water
produced depends on multiple parameters that contribute
and interact. Among these the main ones are: the salin-
ity of the supply and the concentration carried out, the
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possibility of operating in several steps of concentration,
the cost of electricity, the relative average hourly produc-
tion of the plant, the capital recovery rate of investment
per ton of distilled water produced (which is a function
of both its cost and its expected life, of a possible residual
value when decommissioned and of the interest rate which
exceeds inflation), the vapor compression pressure, the elec-
trical and mechanics efficiency of pumps and compressors,
heat losses, HX efficiency, etc.

For some of these parameters, with reference to the
process we studied, we can observe:

e In relation to the energy for pumping the fluids, con-
sidering the low pressure drop in the HX highlighted
above, these costs are not very significant and overall,
for HX and evaporator/condenser, they result from our
calculations of approx. 0.15 kWh/ton of distillate.

e In relation to the compression thermodynamic energy
demand, which is proportional to the entity of the BPE,
as shown in Table 1, it is possible to observe important
savings by operating in several concentration steps: for
example, operating in 5 ppt concentration steps from
35 to 70 ppt the weighted average BPE value is only
approx. 0.8°C compared to the value of 1.14°C achieved
in the final step at 70 ppt; the multi-step operation made
easy by our project therefore allows a saving in the BPE
value of approx. 0.34°C, or 30% approx. of the thermo-
dynamic energy demand, compared to what happens
in the technique that operates in a single step.

* In relation to the overall energy demand of the com-
pression it is advisable to evaluate the most advan-
tageous or “optimal” AT for heat transfer, AT which
added to the thermodynamic AT will characterize the
compression.

The calculation of the “optimal AT for heat transfer”
depends significantly on economic factors such as the cost
of electricity and the capital recovery rate of the cost of the
plant per ton/h produced. With regards to the plant’s cost,
we must observe that both the HX component and the con-
denser/evaporator component are very simple (no need of
expensive pressure-resistant containers, no demisters, etc.).
One of the main cost is aluminum, a fairly expensive metal,
but this cost is partly balanced by the fact that the life of the
system could be extremely long, thanks to its sturdiness,
and that aluminum is recoverable at the end of plant’s life.

The value of the “optimal AT for heat transfer” for a
particular plant can be obtained iteratively by introducing
different values of AT and comparing the resulting costs
once all the other parameters have also been introduced
and/or calculated.

As a demonstration exercise we have taken into con-
sideration a plant that proceeds with a desalination from
35 ppt up to 70 ppt, characterized by a heat exchange sur-
face of 6,350 m?, operating at several concentration steps
(Table 2).

At the bottom of Table 2, note how the very high ther-
mal conductivity value obtained thanks to the presence
of the fins and to a discontinuous feeding implies that the
time interval for an acceptable concentration of the evap-
orating liquid is very short and that this entails a limit to

the AT for heat transfer value of about 0.6°C (note: the pos-
sibility of disregarding this limit by means of particular
discharges in the extrusion profile of the tube will be the
subject of a future study/research).

The value of 0.6°C for AT for heat exchange is however
compatible with the values calculated with various sim-
ulations: for a kWh price range of 0.75-2 €/kWh optimal
values of AT are in fact found in the AT interval between
0.4°C and 0.7°C, where the values are lower the higher
the cost per kWh and the lower the estimated cost for the
plant.

Table 3 shows the foreseeable electrical consumption
of the compression calculated for this AT interval using an
electrical efficiency of 94% and a range between 75% and
85% for the mechanical efficiency.

Table 4 shows calculations of the volume of a HX, as
described above, needed to serve the evaporator/condenser
without the need for auxiliary contributions of thermal
energy. The first part of the table calculates the heat avail-
able from compression after deducting the thermal losses
with the environment and those not recoverable in HX due
to NCG. The second part calculates the minimum value of
m, of HX that are necessary according to the AT for heat
transfer adopted. Note how this volume increases with the
increase of the AT for heat transfer in a non-proportional
way to the increase in production since, as the efficiency
decreases with the increase of the AT, the amount of heat/
ton made available from compression increases. It is there-
fore not too expensive to adopt the volume of the HX at the
maximum value AT for heat transfer considered usable in
order to ensure greater margins of flexibility in production.

4.1. Non-condensable gases

A small quantity of NCG is dissolved in the feed water
which is released in gaseous state following heating. The
purging of these NCG is necessary so that their accumu-
lation does not hinder the condensation of the steam.

The volume of the NCG at 102°C and 1 bar is only
approximately 143 L (Table 5), that is, it is very small com-
pared to that of the steam to be condensed, the volumetric
ratio is approximately 1/12,000. Nevertheless, since the min-
imum amount of purge required is the greater the lower
the heat transfer driving force applied and since in the case
of our study, we are using a very low AT for heat transfer,
NCGs could still theoretically pose a problem.

In fact, for example, with a heat transfer driving force
of only 0.4°C, the % content of NCG which zeros the
kinetics is 1.47% and the steam to be purged should be
rather more than the non-negligible value of approx. 0.58%.

Fortunately, since the device object of the study facilitates
multi-step operations, it is therefore consistent to simply
subject these purges to additional specific steps of further
compression up to much higher AT for heat transfer driv-
ing force and so reduce the volume of steam to be purged
to values below 0.1% undergoing almost negligible extra
energy costs of compression (Table 5).

It should also be considered that the final purge of
vapor with NCG can be used to feed an HX to heat a frac-
tion of the feed water in aid of the HX which operates on
the liquid phases in counter flow.
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Table 2
Simulation for a desalination from 35 to 70 ppt with a plant with an aluminum heat exchange surface of 6,350 m* as a function of the
AT for heat transfer

Thermal conductivity of the heat exchange wall with intermittent fluid supply

Thermal conductivity aluminum W/m-°C 204.00

Thermal conductivity water W/m-°C 0.63 u 1/U

Thickness of the outer layer of percolating mm 0.035 18,000  5.556E-05

condensed saline water in intermittent mode

Internal layer “equivalent” thickness of mm 0.025 25,200 3.968E-05

percolating condensed water

Thickness of the aluminum layer mm 0.7 291,429 3.431E-06
r1u 9.867E-05

Resulting thermal conductivity with intermittent feeding W/m?-°C 10,135

Distillate production per AT as a function of driving force for heat transfer over boiling temperature

Latent heat of evaporation (Table 1) W/L 627

m? of the plant m? 6,350.0 6,350.0 6,350.0 6,350.0 6,350.0 6,350.0  6,350.0
AT for heat transfer over boiling AT°C 04 0.5 0.6 0.7 0.8 0.9 1.0
point temperature

Hourly production of distilled HZO/m2 L/m*h 6.47 8.08 9.70 11.31 12.93 14.55 16.16
Hourly production of distilled H,O of plant m’/h 41.1 51.3 61.6 71.8 82.1 92.4 102.6
Daily production of distilled H,O of plant m?/d 985 1,232 1,478 1,724 1,971 2,217 2,463

Thickness of the percolated film that evaporates every second and seconds available before a given % increase in
salt concentration

Water thickness in the outer film after mm 0.035 0.035 0.035 0.035 0.035 0.035 0.035
stopping the brine supply

Percolated water thickness that mm 6.47 8.08 9.70 11.31 12.93 14.55 16.16
evaporatesin 1 h

Percolated water thickness that mm 1.80E-03 2.25E-03 2.69E-03 3.14E-03 3.59E-03 4.04E-03 4.49E-03
evaporates every second

Percentage of increase in the salt concentration % 20% 20% 20% 20% 20% 20% 20%

of the film that considered acceptable

Seconds needed to reach this % increase s 3.90 3.12 2.60 2.23 1.95 1.73 1.56

in salt concentration

Table 3
Energy required for compression as a function of AT for heat transfer and compressor efficiency: kWh-elect/ton
AT driving force (°C) 0.4 0.5 0.6
Average BPE at 100°C for a multiple 0.8 0.8 0.8
steps 35 to 70 ppt desalination (°C)
Operative AT 12 13 14
1000C EthCOI’L‘l = qU x BPE/TL‘V
g,100°C (J/g) 2,256 2,256 2,256
T, (°K) 373 373 373
1]/g=0.277778 (kWh-mech/ton) 0.277778 0.277778 0.277778
E ;core (kWh-mech/ton) 2.02 2.18 2.35
compressor efficiency 75% 80% 85% 75% 80% 85% 75% 80% 85%
kWh-mech/ton 2.69 2.52 2.37 291 2.73 2.57 3.14 2.94 2.77
Electric efficiency 94% 94% 94% 94% 94% 94% 94% 94% 94%

kWh-elect/ton 2.86 2.68 2.52 3.10 2.90 2.73 3.34 3.13 2.94




M. Vismara / Desalination and Water Treatment 315 (2023) 13-23

Table 4

21

Theoretical minimum m? and m? of heat exchanger to combine with a 6,350 m” plant as a function of AT for heat transfer and a 35 to
70 ppt concentration, with thermal conductivity of heat exchanger surface of 10,135 W/m-°C as calculated in Table 2

(1) Theoretical maximum AT available for heat exchanger in the counter-flow heat exchanger

AT for heat transfer over boiling point temperature (°C) 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Heat from mechanical compression available (80% efficiency: 2.52 2.73 2.94 3.15 3.36 3.57 3.78

Table 3) (kWh-mech/ton)

Thermal energy lost with NCG purge (kWh/ton) 0.21

Thermal energy lost with for thermal dispersion (kWh/ton) 0.24

kWh thermal energy available for HX/ton of distilled 2.07 2.28 2.49 2.70 291 3.12 3.33

water (kWh/ton)

Tons of source water to be treated/tons of distilled water 2.00

Maximum AT available to heat exchanger to operate (°C) 0.89 0.98 1.07 1.16 1.25 1.34 143
(2) Theoretical minimum m? and m® of heat exchanger

AT for heat transfer over boiling point temperature (°C) 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Maximum AT transfer available to heat exchanger to operate (°C)  0.89 0.98 1.07 1.16 1.25 1.34 143

Daily production of distilled H,O of plant (Table 2): m*d-plant 985 1,232 1,478 1,724 1,971 2,217 2,463

AT °C (from 15°C to 100°C) 85

Heat exchanger heat capacity (kWh/m?°C) 865

Heat exchanged/h by 1 m? heat exchanger at maximum 771 849 927 1,005 1,083 1,161 1,239

AT available (kWh/m?)

Minimum m? of heat exchanger needed 10.5 12.0 13.1 14.1 15.0 15.7 16.4

Minimum m? of surface heat exchanger needed (225.1 m?/m?) 2,370 2,690 2,956 3,181 3,374 3,540 3,685

Minimum n° of blocks 1.6 m x 1 m x 1 m heat exchanger needed 6.19 7.03 7.73 8.31 8.82 9.25 9.63

m? of heat exchanger per ton of hourly distilled water production  0.26 0.23 0.21 0.20 0.18 0.17 0.16

4.2. CaCO, and CaSO, scaling

One of the problems common to thermal desalina-
tion processes is CaCO, and CaSO, scaling. The problem
is caused not only by the increase in concentration that
occurs in the desalination process, but also by the fact that
their solubility decreases as the temperature increases,
and that is the case at 100°C.

Literature reports a long series of treatments to deal
with this problem: anti-scalants, treatments with acids,
nano-filtration pretreatment, etc. [4,5].

With reference to the technology covered by this study,
it should be noted that some of its peculiarities have possi-
ble positive effects with respect to this problem and could
be the subject of particular attention if the possibility of
proceeding to an experimental phase arises.

In this case we would deem it appropriate to experi-
ment with a solution to address scaling that we have not
been able to find in literature. Considering that the activa-
tion energy which is necessary for the formation of crys-
tals on surfaces not containing already deposited salts is
quite greater than that which can be supplied by the sim-
ple saturation concentration; considering that the seawater
brought to 100°C has a clearly oversaturated concentra-
tion of CaCO, which would therefore allow the formation
of new crystals; the solution we intend to experiment is to
pass the preheated sea water through layers of very min-
ute calcium crystals so as to cause part of the CaCO, and
CaSO, to deposit on them and lower the concentration
level to a level as close as possible to that of saturation.

This process would be repeated in the percolating water
collection tanks of percolated water located at the base of
each block (Fig. 2A) since evaporation leads to an increase
in concentration and therefore increases the saturation
level.

The purpose of this operation is to verify whether the
competition exerted by the crystals introduced into the col-
lection tanks in capturing the Ca salts present in the sea-
water, not only thanks to the extremely larger surface they
have, but also due to their lower activation energy in cap-
turing the CaCO,/CaSO,, causes that a sufficient supersatu-
ration is not reached to initiate the formation of crystals on
the metal surfaces and in any case make that process much
more limited/slower (probably made up of a smaller num-
ber of crystals which tend to get bigger and therefore more
fragile and easily removable).

Similarly, in consideration of the compatibility of our
process with the presence of small crystals and/or silt sus-
pended in the feed, it would be interesting to observe the
effect of favoring the preferential precipitation precisely
in suspension of the calcium salts in the feed, thanks to
the introduction in suspension of Ca microcrystals and/or
other chemical elements.

With reference to the possibility of CaCO,/CaSO, scal-
ing we point out how the presence of vertical walls of the
evaporator surmounted by the fluid supply allows intense
sprays to be carried out at intervals which can carry out a
beneficial action.

A further aspect to underline is the fact that the struc-
ture envisaged by our study favors, thanks to its modular
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structure in blocks which are easily removable from the
main container, their periodic extraction, thus being able to
proceed with washing, preferably with the distilled water
produced, favoring thus also a recovery of the calcium salts,
with much greater recovery if the washing also involves the
underlying collection tanks with the bed of calcium salts.

This also applies with reference to the HX if it is mod-
ular. We point out that it is also very simple to reverse HX
counterflows according to a pre-established timing. In this
case it would be possible to observe the possibility that the
distilled water with the possible modest addition of, for
example, some chemical product can avoid/clean the encrus-
tations forming.

5. Conclusion

Desalination technologies are numerous and each of
them has its own advantages and problems. In our opinion
the MVC variant developed by this study solves the electric
energy consumption problems to an excellent extent and to
a large extent those of the plant costs. Compared to other
technologies that use exclusively electric energy, MVC offers
high quality and pure water, considerable savings in terms
of feed treatment (it does not fear problems such as silt,
organic biological and inorganic fouling, particulate foul-
ing, algal bloom events, does not require continuous quality
controls or many consumables [5] and has a long duration);
to its detriment it requires a heat supply for starting the
plant and therefore is not suitable for continuous switching
on and off, tackles delicate problems due to calcium salts
scaling and corrosion which operating at 100°C are more
consistent.

We trust that this study will lead to a re-evaluation of
the MVC process and pave the way for renewed research
that will further improve GMVC efficiency and its eco-
nomic attractiveness.

Appendix

Assuming a mechanical efficiency of 75% and an electri-
cal efficiency of 94%, the optimal value of electrical energy
required for a desalination from 35 to 70 ppt obtained in
the study is approximately 3.0 kWh/ton when the cost of
electricity, respectively 0.1 €/kWh. A typical optimal unit
made of 6,350 m? evaporation surface area +3,000 m* HX

preheating area with the respective heat transfer coeffi-
cients of 10.1 and 3.5 kW/m?*°K will produce 1,000 ton/d
of desalted water with a AT for heat transfer driving force
for evaporation—condensation of 0.4°C and 1°C for pre-
heating heat transfer driving force. The estimated specific
investment in evaporation area heat exchange materials/
components is of about $160,000, the one in preheating HX
materials is of about $60,000. The optimal AT value for a
heat transfer of 0.4°C is calculated for the assumed prac-
tical data: electricity price of 0.1 $/kWh, 8,000 h-opera-
tion/y, 30 y of plant life time, 2% annual interest rate over
inflation rate with a conservative capital recovery rate of
the installed evaporator and HX of $36,000/y.
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