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The potential of membrane distillation for desalination of cooling tower blowdown water (CTBD) is in-
vestigated. Technical feasibility is tested on laboratory and pilot scale using real cooling tower blowdown
water from Dow Benelux in Terneuzen (Netherlands). Two types of membranes, polytetrafluorethylene
and polyethylene showed good performance regarding distillate quality and fouling behavior. Con-
centrating CTBD by a factor 4.5 while maintaining a flux of around 2 I/m?*h was possible with a water
recovery of 78% available for reuse. Higher concentration factors lead to severe decrease in flux which
was caused by scaling. Membrane distillation could use the thermal energy that would otherwise be
discharged of in a cooling tower and function as a heat exchanger. This reduces the need for cooling
capacity and could lead to a total reduction of 37% water intake for make-up water, as well as reduced
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energy and chemicals demands and greenhouse gas emissions.
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1. Introduction

In industry it becomes more important to close water cycles.
Closing water cycles and thus (internal) reuse of water relieves
water stress on the environment and on other activities such as
urban or agricultural water use. Industrial processes often need a
considerable amount of fresh water. Among these processes, large
water consumers are cooling towers (CT) using 60-70% of the total
fresh water demand in industry [1]. In the cooling tower, water
evaporates resulting in an increased concentration of salts and
other contaminants. This leads to problems such as scaling and
corrosion. Hence the concentrated cooling tower water is regularly
discharged from the tower. This discharge is called cooling tower
blowdown water (CTBD). Make-up water is added to the tower to
compensate for the evaporated water and the CTBD. When the
blowdown water can be reused, after treatment, this will save the
need for about 15% of the make-up water [2]. Electrical con-
ductivity is generally the parameter that is used to determine the
rate for blowdown as salts are the main cause for problems in the
tower. Treatment of blowdown water should therefore focus on
the removal of salts. However, a high concentration of TOC also
causes problems due to fouling. Removal of TOC is therefore also
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required. Several treatment options can be thought of such as
desalination using reverse osmosis (RO), nanofiltration (NF) or
electrodialysis (ED). A disadvantage of pressure driven membrane
processes is the sensitivity of the membranes towards fouling
while electrodialysis minimally removes TOC. Another option is
the use of membrane distillation (MD) [3]. Although this is also a
membrane process, pressure is low, temperature on the mem-
brane is high and the hydrophobic nature of the membranes may
lead to less fouling problems compared to other membrane de-
salination technologies [4,5]. The advantage of the combination of
MD and cooling towers, is the presence of waste heat [6]. Whereas
RO and ED use electricity to create a driving force, MD uses (waste)
heat as driving force. Membrane distillation is a thermally driven
transport of water vapor through non-wetted porous hydrophobic
membranes, the driving force is the vapor pressure difference
between the two sides of the membrane, which is usually caused
by a temperature difference between the two sides of the mem-
brane. Therefore the option of using membrane distillation for the
treatment of cooling tower blowdown water is investigated. De-
salination by membrane distillation could use the heat that would
otherwise be cooled away in a cooling tower. This results in a re-
duction of required cooling capacity by cooling towers, thus re-
ducing the need for more make-up water intake, costs and GHG
emissions [7,8].

Cooling tower blowdown water at Dow Benelux BV in Ter-
neuzen (NL) was used for the experimental evaluation of desali-
nation of CTBD. The main research focuses on whether it is pos-
sible to desalinate CTBD water by membrane distillation, and what
type of problems that are met. As biocides, biodispergents,
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corrosion inhibitors and antiscalants are present, it is expected
that they may affect the membranes and may causes leakage or
wetting of the membranes. The pores of the hydrophobic mem-
brane may become hydrophilic because these components may
enter the pores and make them hydrophilic. Furthermore the high
TOC concentration may result in fouling. Both short term labora-
tory experiments and long term pilot scale experiments are per-
formed to identify the general treatability and preferential set
points as well as the long term behavior such as fouling impacts.
As far as the authors are aware, this is the first time that CTBD
from a real industrial site is used for desalination by MD on pilot
scale. Experiments were executed to investigate the flux while
concentrating the CTBD, to determine maximum recovery, and to
test if a constant flux could be maintained over a longer period at a
set concentration factor.

Potential water saving when recovering distilled water from
CTBD and reusing it as make-up water will be discussed. Also the
total concept to integrate membrane distillation with the cooling
system of an industrial site is discussed. When this desalination is
done by membrane distillation, it does not only produce desali-
nated water, but also uses heat. This could therefore replace part of
the cooling done by the cooling towers and decrease the required
capacity from the towers.

2. Material and methods
2.1. Raw water

Cooling tower blowdown water at Dow Benelux BV in Ter-
neuzen (NL) was used for the experimental evaluation of desali-
nation of CTBD. Two types of cooling tower waters were used:
LHC3, which is cooling the exothermal processes from the Dow
factories, and Elsta, which is the powerplant that provides Dow
with power and steam. Currently, sand filtered surface water is
used as the source for make-up water at Dow. The water is rela-
tively high in TOC concentration [9] which is not removed during
filtration and mainly consists of humic acids. Cooling tower
blowdown water from the Elsta cooling tower near the Dow site in
Terneuzen amounts 1*106 m3/yr. The cooling tower is operated as
a natural draft counter flow CT. The make-up water for the cooling
tower was supplied and monitored by Evides for 7.5 yrs (01-01-
2005 to 15-06-2012) before the start of the experiments with an
average conductivity was 676 pS/cm. This water is concentrated in
the cooling tower by a factor 5-6.5 reaching a conductivity of
3500-4500 pS/cm. CTBD water quality from the Elsta cooling
tower was analyzed for main composition (Nov 2012, Sept 2013-
Jan 2014). The results are shown in Table 1. Chemicals are added to
the cooling tower. These chemicals are: H,SO, 96% for pH-ad-
justment, corrosion inhibitor (Nalco, 3DT187), biodispersant
(Nalsperse 7348, 4.3 mg/l), corrosion inhibitor (Nalco, 3DT199,
3.2-6.3 mg/l sodium benzotriazole), NaClO. The blowdown is cur-
rently discharged to the river directly (2 x 10 h per day).

The second type of cooling tower blowdown was called LHC3
and the composition of the blowdown is shown in Table 1. The
make-up water of this tower is for at least 50% fed by the effluent
from the industrial wastewater treatment plant at the Dow pre-
mises. The chemicals provided to the cooling tower are different as
it is provided by a different supplier.

2.2. Laboratory experiments

Laboratory experiments were performed in a direct contact
membrane distillation set-up with a membrane area of 429 cm?.
Blowdown water from two cooling towers, Elsta and LHC3, were
used as raw water. A constant feed temperature and temperature

Table 1
Composition of Elsta and LHC3 cooling tower blowdown (raw water).

Elsta LHC3
Average (st  Number of Average (st dev)
dev) data points 2 datapoints
EC uS/cm 3944 (610) 11 4600 (140)
Cl- mg/l 549 (36) 1 487 (12)
NO3 mg/l 88 (21) 8 93 (43)
HCO3 ‘ mg/l 65 (16) 8 46 (22)
50‘21— mg/l 1109 (82) 11 1056 (68)
Na* mg/l 332 (41) 11 408 (8)
Ca%+ mg/l 437 (45) 11 351 (14)
Mg?+ mg/l 61 (7) 1 49 (0)
K+ mg/l 81 (12) 11 59 (0)
Dissolved Fe  mg/l <0.2 11 <0.2
P mg/l  2(3) 10 8 (0)
TOC mg/l 53 (5) 8
TSS mg/l <15 11
Chlorophyll A mg/l <0.2 11
pH 7.5-8 11 6.5

" This value is not very accurate as it is highly dependent of pH, and balancing
with the gas composition above the liquid.

difference were maintained in the set-up using an external heat
exchanger. A temperature of 70 °C was maintained. Temperature
difference (Tfeed > Taistinate) Was 10 °C. The circulation flow of the
feed water was 3-4 1/min. Two different membranes were used:
polytetrafluorethylene (PTFE) and polyethylene (PE) membranes.
In all experiments no pretreatment was used. lon concentrations
in the feed and distillate were measured using ICP analysis. Elec-
trical conductivity was measured every minute in the feed and
distillate, and once in the raw water, as this was a single batch
with constant quality.

2.3. Pilot experiments set-up

The pilot plant was built by Aquastill. It was built as a liquid gap
MD system using external heat exchange (see Fig. 1). In liquid gap
MD, water vaporizes on the hot side of the membrane, diffuses
through the membrane pores and condenses on the cold side of
the membrane producing a liquid gap between the membrane and
the cooling plate. The temperature difference was 10 °C at a top
temperature of 70 °C. A spiral wound module with membranes of
7.2 m? was used. The pilot experiments were all performed with
the Elsta CTBD. Two runs were performed with the raw CTBD
without any pretreatment or additives. Two runs were performed
using a filter cartridge with an average pore size of 10 um, as
pretreatment to prevent larger particles such as sand to enter the
system. The configuration was then changed to a configuration
with internal heat exchange (based on the Memstill principle [10]).
Two more runs were done. All experiments were performed in a
feed-bleed configuration. The pressure drop at the feed side along
the membrane was used as an indication for the need of cleaning.
Pressure increase does not tell anything about membrane fouling,
however it indicates fouling of the channels. Membrane fouling is
indicated by a decrease of flux. The set-up however was not au-
tomated to measure a flux and therefore it was only possible to
use pressure as an indicator for the need for cleaning. Cleaning
started when the pressured had increased to 300 mbar and was
done with HCl. The pH was lowered to 3 and the cleaning was
stopped when the pressure had dropped to below 50 mbar.

2.4. Analysis of precipitation

Precipitation was analyzed using light microscopy and scanning



N.E. Koeman-Stein et al. | Water Resources and Industry 14 (2016) 11-17 13

Heat exchanger

Feed recirculation: 650
I/h, EC = 19 — 20 mS/cm

T=60°C T=70°C
o )
© ©
= =
ot Distillate ot
C c
o o
O O
T=35°C T=45°C
Raw water: 25 I/h v Bleed: 5 I/h
Distillate: 201/h= WV
1.7 1/h/m2

Fig. 1. Schematic drawing of MD set-up. The water streams are given with the used
terms. The bleed stream is not used when concentrating.

electron microscopy (SEM). A SEM with X-ray diffraction analysis
was used for optical observation and elemental analysis.

3. Results
3.1. Laboratory experiments — fouling behavior

Laboratory experiments were performed to get insight in the
fouling of the PTFE membranes of the MD setup while a constant
concentration factor was maintained. It was possible to concentrate
LHC3 water from 4.3 up to 22.3 mS/cm (concentration factor 5.2,
water recovery of 81%) and keep a constant flux through the mem-
brane at this concentration factor for 25 h. Concentrating further
then led to a rapid decrease in flux. Analysis of ions showed that up
to a concentration factor of 3.6 of the feed EC, all ion concentrations
increased proportionally. However, at higher concentration factors,
the concentrations of SO3~ and Ca®* did not increase proportionally
but fell behind. This may indicate precipitation of these ions in the
system. Ca%™ concentration increases less fast than sulfate. Therefore
it is likely that both CaSO,4 and CaCOs; are precipitating at these high
concentration factors. The solubility product (in demiwater) of CaSO4
is also higher than of CaCO5 and therefore it is expected that CaCOs is
more likely to precipitate. This can be a reason for a decreasing flux.
In the used system precipitation is most likely to happen on the heat
exchangers as here the temperature is highest in the system, and this
was also observed. However, precipitation on the membrane is also
possible. It was possible to remove the scaling from the heat ex-
changer by cleaning with acid. This may indicate CaCOs scaling. As
C03%~ concentrations cannot be measured accurately, a balance can-
not be made.

Using Elsta water and PTFE membranes, it was possible to
concentrate from 4.0 to 21 mS/cm (concentration factor 5.25, see
Fig. 2). The flux slowly decreased from 16.6 to 13 I/m**h over a
period of 76 h.
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Fig. 2. A: EC of concentrate (grey, left axis) and of distillate (black, right axis) and
2B: flux of membrane distillation with Elsta water and PTFE membrane, Tfeeq
=70 °C, Treed — Taistitlate = 10 °C.

MD experiments were also performed to desalinate Elsta water
with a PE membrane (Solupor) at a feed temperature of 70 °C and
a temperature difference (dT) of 10 °C. It was possible to con-
centrate the feed from 2.3 to 22 mS/cm (concentration factor 9.6)
and keep a flux for 66 h. The flux slowly decreased from 17 to
14 1/m?*h as can be seen from Fig. 3. Analysis of the ion con-
centrations in the feed solution (see Fig. 4), showed that Mg?™,
Ca?*, HCO3 and SO3~ were concentrated slightly less than Na™.
Where Na* was concentrated by a factor 7 (conc_to/ conc_t;) at a
conductivity of 22 mS/cm of the feed, Mg2*, Ca>* ~ and SO3~ were
concentrated by a factor 6. HCO3 was concentrated only by a factor
4. HCO3 is hard to measure as the concentration depends largely
on pH, and CO, concentration. This may indicate that these ions
form precipitates at higher concentration factors. The solubility of
the salts cannot be calculated because of the presence of anti-
scalants. However the antiscalants will not be able to prevent
scaling completely at the high concentrations as seen here.

The conductivity of the permeate was in all experiments below
20 uS/cm. Membrane distillation can thus be regarded as total
desalination as the salt retention is >99% and individual ion
concentrations in the permeate in most samples were below the
detection limit (0.1 mmol/l for K*, Na*, Mg?*, Ca®>*, NO3, CI-,
S0%-, HCO3, 0.05 mmol/I for P and 0.1 umol/I for Fe (total Fe?* and
Fe3+), cu?+, B3+, Mo (total: Mo*4, Mo™*®), Mn?*, Zn2+).

3.2. Pilot experiments
3.2.1. Long term performance of MD with external heat exchange

The average electrical conductivity (EC) of the CTBD was
3.7 mS/cm. A concentration factor of 4.5 was reached, leading to
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Fig. 3. Membrane distillation of Elsta CTBD and Solupor membrane, Tfeeq="70 °C,
Tteed — Tdistilate= 10 °C. 3A: EC of the concentrate solution (grey squares) and EC of
distillate (black line, right axis). 3B Flux through the membrane.
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Fig. 4. Concentration factor of individual ions in the concentrate solution (Elsta
CTBD) as a function of the conductivity of the concentrate solution (Solupor
membrane, Treeq="70 °C, Treed — Taistillate= 10 °C).

concentrate EC of 17 mS/cm. The distillate EC was 70-120 uS/cm.
This is slightly higher than found in the laboratory experiments.
However it is still below the set limit of 1 mS/cm. It was possible to
keep this distillate EC for over 1500 h (2 months). This indicates
that the membrane was not wetted by the CTBD. As can be seen in
Fig. 5 the distillate EC increases at the moment that the con-
centrate EC also increased. This indicates a small hole/leakage in
the membrane, but as the low EC was restored after the con-
centrate EC is lowered, no wetting was observed.
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Fig. 5. Pilot results: electrical conductivity of concentrate (black, left axis) and
distillate (grey, right axis) of membrane distillation of cooling tower blowdown
water. The dotted marked periods at t=550h, 850 h and 1150 h, are cleaning
periods, using HCI. Pressure difference across the membrane was used as an in-
dication for cleaning. The pressure before the external heat exchanger is given in
the graph. Tiop=70 °C, Tfeed — Tpermeate=10 °C.

The pressure before the heat exchanger was measured. Fouling
could be caused by either scaling or (bio)fouling. After cleaning
with acid (pH lowered to pH3 using concentrated HCl) it was
possible to restore the pressure and this is an indication that
scaling was the major cause for the pressure drop, as opposed to
(bio)fouling of the membrane, which would not be removed by
acid. Scaling may be a faster process than biofouling but the
duration of the experiments ( > 2 months) was long enough to
show that biofouling was not a (major) cause for pressure drop.
Even after two months only acid cleaning was sufficient to restore
the pressure and the flux (See Fig. 6).

3.2.2. Long term performance of MD with internal heat exchange -
energy usage

Pilot experiments were done with a membrane configuration
with internal heat exchange. The flux was 1.7 I/m?*h at an EC of
15 mS/cm. Increasing the EC to 16 mS/cm however, gave a de-
crease of flux to 1.51/m?*h and increasing the EC even further
made the flux decline very rapidly. As with this configuration, heat
is exchanged internally, it was possible to calculate the energy
efficiency and the performance ratio. The average energy that had
to be supplied for a flux of 1.7 I/m?*h through the membrane was
25.8 MJ/h, which is a specific heat of 1500 M]J/m? distillate and an
energy efficiency, calculated as the latent energy transfer divided
by the total energy transfer, of 60%.

This is not a very efficient system. However simulations
showed that the design of the modules can significantly decrease
the energy demand. When a module with the same surface area
would be used, but which has a module length that is doubled, the
specific energy requirements decrease drastically by approxi-
mately 50%. Optimization of the module design can therefore
significantly improve the set-up.

3.2.3. Analysis of precipitation

Precipitation in the heat exchanger after the first run was
analyzed. The precipitation looked like brown fine grains (Fig. 7A).
Addition of acid caused creation of gas bubbles, indicating the
formation of CO,-gas. However, the gascomposition was not ana-
lyzed. Scanning electron microscopy (Fig. 7B and C) showed the
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Fig. 6. Flux through the membrane during the pilot runs. Dotted marks at t=>550 h,
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presence of many organic components including diatoms (after
acid addition). To prevent large organisms like diatoms to enter
the system, the cartridge filter (10 pm) was used in run 3 and
further. Elemental analysis of the precipitate was also performed
(Table 2). A small amount of S was seen, indicating little SO,
precipitation. The atomic ratio (4th column in Table 2) of the
precipitate was Ca:C:0 circa 1:1.7:4. As CaCOs precipitation has an
atomic ratio of Ca:C:0=1:1:3, we see approximately twice as
much C. This is probably present as organic components. However,
as the pressure is restored after acid cleaning, this organic material
does not cause major fouling during the experiments (1600 h).

3.3. Water recovery

One of the main objectives of the experiments was water re-
covery and reuse from CTBD. Using membrane distillation, water is
recovered through the distillate. The distillate EC was below
120 pS/cm in all experiments. Two types of CTBD were tested. On
laboratory scale LCH3 could be concentrated by a factor 5.3 using
PTFE membrane, giving a water recovery of 81%. Elsta CTBD water
could be concentrated by a factor 5.25 using PTFE membrane,
giving a water recovery of 81% as well. Concentrating Elsta CTBD
water with a PE membrane in the MD module, a concentration
factor of 9.6 was reached, giving a water recovery of 90%. A water
recovery of > 80% of cooling tower blow down water could thus
be obtained over a longer period using membrane distillation. In
the pilot experiments a concentration factor of 4.5 was reached,
giving a water recovery of 78% while maintaining a good flux for a
long period (average 12.5 days). For the cooling towers at Dow,
where the blowdown is approximately 1 Mm?/year, this would
save 800,000 m>/year on make-up water.

4. Discussions and conclusions
Both laboratory scale experiments and pilot scale experiments

show that membrane distillation is a promising technology for
desalination of cooling tower blowdown water from Dow

Terneuzen. When membrane distillation is used the recovered
water has a very high quality with an electrical conductivity below
120 puS/cm and barely any TOC. This water can thus be used for
many applications.

4.1. Fouling

The main fouling that was observed was scaling at high con-
centration factors. This could be removed and flux could be re-
stored by cleaning with acid. No pretreatment was used apart from
the cartridge filter to prevent large particles such as sand and
diatoms to enter the system. No problems were found with bio-
fouling. This is a major advantage over other membrane based
desalination processes such as RO. Much focus is put on the pre-
treatment of CTBD water before RO treatment. Even then, chemical
cleaning on a regular basis is still required [9,11].

4.2. Total concept - integration of MD for water reuse

At this moment in the site of Dow in Terneuzen, the power
plant is operated by Elsta, having its own cooling towers. Fur-
thermore Dow has 16 cooling towers that are used to cool the
exothermic processes on site of which LHC3 is one. As in the
cooling towers water evaporates, make-up water is provided from
different sources. The components such as salt concentrate in the
tower, and when the electrical conductivity is above 3.6-4 mS/cm,
water is discharged as blowdown water. When this blowdown
water is desalinated it can be reused as make-up water. Assuming
a cooling tower evaporates 80% of the make-up water, this re-
presents a certain amount of energy as heat of evaporation. This
evaporation will lead to a concentration factor in the cooling tower
of salts with a factor 5. The blowdown is being discharged. This is
20% of the make-up water. When this is desalinated by membrane
distillation with a recovery of 80%, in total 16% of the make-up
waterflow can be recovered for reuse. This is an advantage as
stress on the surrounding water bodies is relieved. Moreover,
when this desalination is done by membrane distillation, it does
not only create desalinated water, but also uses heat, which is
partly used in the process and for the most part transferred to the
brine. This could therefore replace part of the cooling done by the
cooling towers. The current design of the modules with internal
heat exchange is in theory very efficient. However, the modules
used in the pilot were not so efficient and design could be im-
proved for a full scale installation. For the application of using
waste heat an inefficient system is not a disadvantage when seeing
it in the concept of replacement of cooling towers. (Table 3).

An example: a cooling tower has a temperature difference dTcr
between the top and bottom of 5 °C. A flow of 100 m3/h make-up
water has to be supplied of which 80 m3/h (Qcr) has to be heated
up these 5 °C before it evaporates. The total heat (E.) that has to
be supplied is

Ecr = Qcr (dHv + dTer-cp)

The blow down is 20 m>/h which is recovered for 80%, giving a
distillate of 16 m>/h. The total volume in the membrane distillation
set up has to be heaten up. This is more than just the water that
evaporates through the membrane. However most of the energy of
evaporation, as well as the energy for heating could be recovered.
The energy efficiency (EE) was 60%. The total energy that has to be
supplied is

_ Eevap _ QuisitatedHv
EE EE/100

The energy required for desalination of the CTBD is 1/3 of the
energy that is cooled away in the cooling tower (Epp/Ecc=0.3302).
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Table 2
Elemental analysis of precipitate in MD pilot.

Table 3
Values used for calculation of required heat in a cooling tower with 100 m?/h make
up water and 80% evaporation and membrane distillation of CTBD of this same

Spectrum cooling tower.
Element Atom number glg #[# Error (1sigma) Latent heat of evaporation dHv 2260 MJ/m3
wt% at% wt% Specific heat capacity of water cp 4184 MJ/m>*K

Evaporated water flow Qcr 80 m>3/h

C 6 15.3 24.7 214 Temperature difference in cooling tower dTcr 5 °C

[0} 449 54.5 5.65 Energy cooled away in CT Ecr 182,473 MJ/h

Mg 12 12 0.9 0.10 Flow of MD distillate Quistillate 16 m3/h

Al 13 0.1 0.1 0.03 Energy efficiency of MD EE 60 %

Si 14 0.3 0.2 0.04 Energy in MD Emp 60,266 MJ/h

P 15 6.7 42 0.30

S 16 15 0.9 0.09

Ca 20 28.8 14 0.94

Fe 26 12 04 007 that could be saved is (3*16 m3/h recovered CTBD+100 m3/h

Total 100 100 make up water for the fourth tower)=148 m?/h. This is a saving of

This means that the desalination of the CTBD of three cooling
towers costs as much thermal energy as would otherwise be dis-
charged by a fourth cooling tower. This means that by replacing
this fourth cooling tower also no make-up water has to be sup-
plied, no pumping is required, no chemicals are required, etc. The
replacement of 1 cooling tower by membrane distillation of
cooling tower blowdown of three other cooling towers thus gives a
significant reduction in environmental burden. The total water

(148/400) 37% of total water intake of which approximately 1/3rd
is due to reuse and 2/3rd is due to reduced cooling capacity. For
the cooling towers at Dow, where the blowdown is approximately
1 Mm®/year, and the water intake for cooling is approximately
5 Mm?/yr, this could save 1.85 Mm?/yr.

As heat is not transferred to the vapor phase but is now
transferred to the brine phase, this still leaves the industrial site
with a lot of heat. However, this heat could be used for other
purposes such as desiccant drying [8,12]. When the membrane
distillation process would be more efficient, less cooling towers
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could be replaced or more heat is transferred to the brine.
4.3. MD as technology for desalination of CTBD

This research was done in the context of the E4Water project,
where also nanofiltration [13], electrodialysis and several pre-
treatment methods for nanofiltratrion and reverse osmosis are
compared [9]. Membrane distillation as a technology for cooling
tower blowdown desalination is very promising. The technology
seems much more resistant to fouling than pressure driven desa-
lination technologies such as nanofiltration and reverse osmosis.
As waste heat is used as driving force this could lead to a water
intake reduction of 37% whereas nanofiltration leads to a reduced
water intake of 15% (assuming 75% recovery of the CTBD, which is
20% of the total make up water). The fluxes of membrane dis-
tillation are much lower than those for nanofiltration and reverse
osmosis. A flux of, on average, 2 I/m?*h could be maintained while
nanofiltration fluxes for desalination of CTBD are much higher
(12-40 1/m?*h). However the energy required to get the flux by
membrane distillation is mostly heat and a small amount of
electrical energy is required for pumping, while the flux for na-
nofiltration and reverse osmosis is completely driven by electrical
energy. Typical energy costs for desalination by reverse osmosis is
2-3 kWh/m?> while the electrical energy required by Memstill is
around 0.75 kWh/m>. The main advantage for using membrane
distillation instead of nanofiltration of reverse osmosis thus comes
from the savings in energy, make up water and chemicals.
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