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Abstract

Nanofiltration is an effective techniquein improving the organic matter removal from coagul ated surface water,
but the process should also be economically feasible and environmentally sustainable when applied. Cost and
environmental impact of nanofiltration installed after conventional surface water treatment were calculated and
evaluated at different operating parametersin thisstudy. Theinstallation of nanofiltration after conventional surface
water treatment would increase the cost of treated water in a minimum by 0.11 €/m? in the studied case. The least
cost was gained at the higher studied recovery (83%) at the driving pressure of 6 bar, where also the total
environmental impact waswell balanced. However, theinstall ation of nanofiltration would increase the environmental
impact of water treatment remarkably and improvements should be done to minimise these effects. The main ways
to minimise the cost of nanofiltration were related to recovery of the process, energy consumption, membrane life-
time and membrane cleaning, whereas the environmental impact minimisation was mostly related to recovery of
the process and energy consumption.
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1. Introduction NF arehighremoval of organic matter and bacteria
Nanofiltration (NF) has proved to be effective and consequent |ow formation poterttial of harmiul

in improving the quality of coagulated and sand disinfection-by-products. In some cases efficient

. . . removal of multivalent ionsisimportant aswell.
filtered surface water [1,2]. The main benefits of High quality requirement for NF feed water,

membrane fouling, high energy consumption,
* Corresponding author. largevolume of water lost asretentate and overal
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cost of the NF process are the main barriers that
arisewhen considering NF for improving conven-
tional surfacewater treatment. When NF isapplied
the process should be technically and economic-
ally feasible and the best performing and the most
economical options of process design and opera-
tion should be found.

Despitethelack of datafrom NF plantstreating
surface water, some knowledge about the costs
can be obtained from the studies of the membrane
treatment costs at other water treatment applica
tions. Some of the studies are based on data col-
lected from real operating plants [3,4] while the
others use empirical cost calculations and pilot-
scal e operational data[5-8].

The cost of the NF processislargely afunction
of the membraneflux: higher flux correspondsto
higher pressures and higher energy consumption,
smaller membrane area, less membrane modules
and less associated equi pment. Thus, estimates of
the process cost require accurate flux estimates
for specific application from pilot tests. Both
Wiesner et al. [6] and Chellam et al. [8] noticed
that the economics of NF wasextremely sensitive
to the flux, but the recovery had relatively small
effect on the cost of NF.

The cost of membrane modulesis proportional
to the design capacity and flux of the membrane
plant, but the data.collected from thereal operating
plantsindicatethat the other componentsof invest-
ment costs have a significant economy of scale
[3,4]. The proportion of the membranerelated in-
vestment costsare 20-30% of thetotal investment
costs a small plants (plant capacity 4,000—
8,000 m3/d), and the proportion increases to near
50% as the plant size increases (plant capacity
53,000-125,000 m¥d) [3,4]. Therefore, the cost
of membrane modules become more important
factor of cost and smaller economy of scaleisrea
lised at larger plants[3,4].

Operation and maintenance (O& M) costs of a
membrane plant can be separated into fixed and
variable costs[3]. Fixed costsinclude labour and
general maintenance that are not dependent on

plant operation, whereas variable costs vary pro-
portionally with plant production and include
energy, pre-filter replacements, chemicalsand re-
tentate treatment. Membrane repl acement, which
isgeneraly amajor factor in O&M costs|[3], can
be categorised to fixed costs if the membranes
arereplaced according to acertain fixed schedule
or to variable costsif the membranes are replaced
according to need.

In some casesthe cost of membrane treatment
can be lowered by blending membrane filtered
water with less treated water to produce overall
product water. The degree of possibleblending is
controlled by therequired quality of product water
and the quality of lesstreated blending water. The
plant operation rate also affects the cost of mem-
brane treatment. The operation rate should be as
high as possible to minimise the effect of amor-
tised annual investment costs and fixed O&M
costs that are not influenced by operation rate.

Several studies indicate that NF may be eco-
nomically competitive with other treatment op-
tionsmostly at small water treatment plants[6,8].
The cost estimates of Wiesner et al. [6] suggest
that NF is cheaper in enhancing the disinfection-
by-product removal after conventional treatment
than ozonation and granular activated carbon
adsorption, at least at facilities with capacities
lower than 80,000 m*d. Thefindings of Pianta et
a. [9], in turn, indicated that the treatment of
karstic spring water with acombination of micro-
filtration/ultrafiltration and NF costs approxi-
mately twice the cost of conventional treatment
with ultrafiltration and powdered activated carbon.

Few studies have been carried out to establish
the environmental impact of water treatment [ 10]
and desalination plants [11-13], but only one
study was found on the environmental impact of
NF aswater treatment technique [14]. Sombekke
et al. [14] found out that from the environmental
point of view there was no significant difference
between treating groundwater by NF or by pellet
softening and granular activated carbon filtration.
Despitethelack of previousstudiesand informa-
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tion, it is essential to take the environmental as-
pectsinto consideration when evaluating NF asa
water treatment option.

The cost and the environmental impact of NF
asarefining treatment after conventional surface
water coagulation and sand filtration were cal-
culated and evaluated in this study. The aims of
the study were to value the NF process as water
treatment technique from the economica and
environmental point of view and to find the most
efficient ways to minimise both the cost and the
environmental impact of the process. The calcula-
tionsare based on the pilot-scale NF trials carried
at areal surface water treatment plant.

2. Materials and methods

2.1. Cost of NF

The additional cost caused by the installation
of the NF process after the conventional surface
water trestment at Espoo City Waterworks (ECW)
wascalculated at different operational parameters.
The production capacity of the designed NF pro-
cess corresponds to the present production of the
ECW plant and was 18,000 m*/d plus an extra
capacity of 5% for the use at the plant.

The required membrane area and the conse-
guent membrane related investment costs were
calculated from the fluxes extrapolated from the
data of the pilot-scale NF studies conducted at
ECW. The costswere cal culated for NF operation
at driving pressures from 4 to 7 bar and at recov-
eriesof 68% or 83%. Thedesign fluxesweretem-
perature normalised to 1°C according to the mem-
brane manufacturer’s guideline for investment
cost calculations to ensure the capacity require-
ments during cold feed water temperature. In the
total membrane module requirement an 20%
allowance was reserved for the NF plant main-
tenance. The expected price of amembrane mod-
ule (NF255-400) was 780 € and the active mem-
brane surface area of one membrane module was
37 m?,

Based on theliterature[3,4] and the manufac-
turer’s knowledge the membrane modules were
expected to cause 40% of the total investment
costs. The non-membrane investment costs in-
clude all equipment and facilities necessary to
support the use of membranes:. pressure vessels,
pumps, monitoring equipment, pre-filters, mem-
brane cleaning system, process automation, build-
ings, retentate disposal, etc. No investment costs
were reserved for the feed water pre-treatment,
sincetherequired pre-treatment capacity isavail-
able at the present process of ECW. A 20-year
pay-back period and 7% interest rate were used
in the investment cost cal culations.

The O&M costs of the NF process consist of
energy, pre-filter and membrane replacement,
chemicals, wastewater discharge and labour.

Energy isrequired for the pressure increase at
the pre-filters and mostly at the NF membranes.
The pressure requirement at the pre-filters was
expected to be 1 bar. The NF driving pressures
varied between the compared options. The ex-
pected price of electricity was 7 c/lkwWh and the
expected efficiency of the pumps was 70%.

A 20% yearly replacement of membrane
modules was planned according to the supposed
modulelife-time of 5 years. The used membranes
are disposed at the refuse dump. The weight of a
used membrane module was expected to be 30 kg
and the cost of waste disposal 60 €/t. According
to the pilot-scale studies and the experiences at
three operating NF plantsin Finland [15] the cost
of pre-filter replacement and disposal was cal-
culated as 20% of the membrane replacement and
disposal cost.

The membrane cleaning is performed at inter-
valsrealised at the pilot-scale NF studiesat ECW.
An acidic cleaning solution followed by an alka-
line solution and a pure alkaline cleaning solution
areused inturns. Theacidic cleaning solution con-
tains 0.8% citric acid and 0.1% oxalic acid and
the alkaline cleaning solution 0.2% Na,EDTA and
0.1% Na,P,0O, . The used prices of the cleaning

chemicalsvsve;Oe asfollows: citric acid 1.15 €/kg,
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oxalic acid 0.92 €/kg, Na,EDTA 2.50 €/kg and
Na,P,0O,, 0.92 €/kg. The cleaning solutions are
made of and the membranes are rinsed with the
NF permeate. Cleaning solution and rinsing water
volumes were expected to be 50 and 500 L per
membrane modul e, respectively.

The retentate stream is discharged by the
residual pressure to the nearby river, since the
volume and concentrations on the retentate are
not higher than would be allowed for the dis-
charge. Hence, the cost of retentate disposal was
considered negligible. The membrane cleaning
solutions and rinsing waters are neutralised and
discharged to the sewage network. The cost of
neutralising chemical was considered negligible.
The expected price of waste water was 1.21/m?.

Thevariation in therequired working timefor
O&M of theNF processismainly seeninthetime
required for the membrane cleaning and the time
for the other O& M is basically fixed. The basis
for the required weekly work time was 1 min/
membrane module for cleaning at two weeks
cleaning interval and 20 h/week for other O& M.
The expected cost of work was 30 €/h.

The instalation of the NF process after the
conventional surface water treatment requires
higher feed water intake and higher production
capacity of coagulation pre-treatment due to the
less than 100% recovery of the NF process. The
increased energy consumption, use of coagulation
chemical and sludge and sand-filter rinsing water
disposal to the sewage in the pre-treatment were
included in the O&M cost calculations. Other
changes in the O&M costs of the pre-treatment
were expected to be negligible. The energy
requirement of the pre-treatment process is
0.13 kWh/m?®. The used coagulant is polyal umin-
ium chloride at adosage of 65 g/m?® and the price
of the chemical is 0.22 /kg. The wastewater pro-
duction in the pre-treatment is 0.055 m3m3. On
the other hand, the ozonation that is used for the
removal of odour and taste causing small organics
is not needed after the installation of NF. The
saved energy consumption is 600,000 kWh/aand

the total savings 90,000/a. The higher product
water quality also allows the chloramine dosage
to belowered by 66%from 0.6 mg Cl /L t0 0.2 mg
Cl/L [16, 17]. The present price of the chloramine
disinfectionis 0.2 ¢/m?.

2.2. Environmental impact of NF

The environmental impact of using the NF as
arefining treatment step in the conventional sur-
face water treatment train was assessed by cal-
culating the inputs and outputs of the NF process
described above from the environmental point of
view at different operating parameters. Since the
goal was to evaluate the effect of adding the NF
after the conventional treatment train, only those
system inputs and outputs that differ from the
conventional treatment were included to the
analysis. Only the inputs and outputs related to
the O&M of the process were included to the
analysis. The data for calculations was derived
from the pilot study, from the manufacturers and
from the literature.

2.3. Pilot-scale study

The cost and environmental impact calcula-
tionsare based on the pil ot-scal e study conducted
at ECW between December 1999 and February
2000. The two similar NF pilot processes were
run in parallel at ECW. A schematic view of the
NF pilot plant is presented in Fig. 1. The feed
water wasfiltered by a5-um cartridgefilter before
it entered the pressure vessels. The array of the
plant was two-staged, and part of the retentate
from the final stage was circulated back to the
feed stream to enhance the recovery of the plant.

The pressure vesselsin the both stages housed
two spiral-wound modules with nominal dimen-
sionsof 9.9 cmin diameter and 101 cmin length.
The same membranes, Filmtec NF255-400 by
DOW, were used in the both pilots during the
whole experiment. The membraneswere used for
5 months in the same NF pilots at ECW before
the study. The active surface of the membranesis
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Fig. 1. Schematic view of NF pilot.

made of polypiperazine amide and according to
the manufacturer the membrane cut-off is appro-
ximately 200-300 g/mol. Thetotal membranearea
of each NF pilot plant was 4x7.7 m?,

The pilot processes were fed with the chemic-
ally treated and sand-filtered product water of
ECW. ECW takesraw water from asmall humus-
rich lake (average TOC 6.9 mg/L). The process at
ECW consisted of periodic ozonation, chemical
coagulation with polyaluminium chloride, dis-
solved air flotation, rapid sand filtration and post-
treatment with chloramine and lime during the
study. The feed water for the NF pilot was drawn
before the post-treatment. Some NF feed water
guality parameters during the study are presented
inTable 1.

Permeabilities, fluxes, flux declines, required
cleaning intervals and retentions of the studied
NF membranes at different operating parameters

Tablel
Some NF feed water quality parameters during pilot-scale
study as average values + standard deviation

pH 6.3+0.1
Conductivity, mS/m 13.7+25
UV, /cm 0.046+0.007
TOC, mg/L 29+0.1

Pressure vessels,
2*2 spiral-wound
modules

— — b
Recycle
flow

Retentate

— Temperature measurement
—* Conductivity measurement

wereevaluated. The used driving pressuresranged
from 4 to 7 bars at pilot-scale recoveries of 40%
and 55% (correspondsto 12% and 18% recoveries
per membrane modul e and to 68% and 83% plant-
scale recoveries, respectively) at the parallel NF
pilotsduring cold feed water temperature (T=0.5—
1.0°C). The NF processwas run for two-weeks at
the driving pressures of 4, 5 and 6 bar and for
one-week at the driving pressure of 7 bar.

Between the runsthe membraneswere cleaned
by an acidic cleaning phase followed by an
alkaline cleaning solution. The cleaning solutions
compositions were the same as designed for the
NF plant.

3. Results and discussion

3.1. Operation of NF pilot at different driving
pressures and recoveries

The permeabilities of the NF membranes at
the parallel pilotsoperated at different recoveries
with varying driving pressures are presented in
Fig. 2. The permeabilities are normalised accord-
ing to the membrane manufacturer’s guidelines
to the year-average feed water temperature at
ECW (T = 10°C) to give areliable picture of the
average operation of the NF process. The flux



R. Liikanen et al. / Desalination 201 (2006) 5870 63

9,0
8,0

7,0 o it A |

50 1

I AN AN

Fig. 2. Temperature normalised (T = 10°C)

4,0 T— — 55% recovery

permeabilities of membranes at parallel NF

30 T 40% recovery
2,0

pilotsoperated at different recoveriesand driv-
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declines were remarkably higher at the 55%
recovery than at the 40% recovery.

The normalised permesbilities, required clean-
ing intervalsand retentions of the membranes ob-
served in the study are well in accordance with
the performance of the NF-pilot during an all-year
experiment at ECW. Thus, despitethetemperature
effects seen by Sharma and Chellam [18], the
results of the study are considered representative
of the NF installed after the conventional surface
water train at ECW at all temperatures.

At the Méry-sur-Oise NF treatment plant,

Table 2

at 40% recovery).

treating polluted and conventionally pre-treated
river water of seasonally varying temperaturethe
average operational permeability isvery similar,
6 L/(m? h bar) with the same NF membrane [19].
However, the permeability of the membranes re-
mained stablefor longer periodsat M éry-sur-Oise.

Thedesign fluxes extrapol ated from the pil ot-
scale studiesfor the cost cal culations of the plant-
scale NF process (at feed water temperature of
1°C) at different operating parameters are pre-
sentedinTable 2. Itisclearly seenthat theincrease
of recovery did not remarkably increase the

Fluxes of designed plant-scale NF process at different driving pressures, recoveries and feed water temperatures, driving
pressuresto produce design flux at 10°C feed water temperature aswell asrequired cleaning intervals. Extrapolated from

pilot-scale NF study

Driving pressure

4 bar 5 bar 6 bar 7 bar

Design flux, feed temperature 1°C

68% recovery 16,5 L/(m*h) 20.4 L/(n? h) 26.7 L/(m*h) 29.3 L/(m? h)

83% recovery 16.6 L/(m’ h) 20.7 L/(m” h) 27.7 LI(m? h) 30.2 L/(m’ h)
Operationd flux, feed temperature 10°C

68% recovery 23.4L/(m’ h) 29.0 L/(m” h) 37.8L/(m’ h) 41.6 L/(m*h)

83% recovery 23.6 L/(m’ h) 29.3L/(m? h) 39.3L/(m’ h) 429 L/(m*h)
Driving pressure, feed temperature 10°C

68% recovery 3.0 bar 3.6 bar 4.5 bar 4.9 bar

83% recovery 3.0 bar 3.6 bar 4.6 bar 5.0 bar
Cleaning interva

68% recovery 2 weeks 1.4 weeks 0.6 week 0.5 week

83% recovery 1.5weeks 0.7 week 0.5 week 0.4 week
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average operating flux. Thisis partly caused by
the lower feed water cross flow when operating
the NF pilot at higher recovery (0.6 m®h at 55%
and 0.9 m¥h at 40%). However, thereis no basis
to reliably assess the effect of the difference in
the cross flow on flux.

Theyear-average operating fluxes (normalised
to the year-average operating temperature, 10°C)
at different operating parameters are also pre-
sented in Table 2. The calculated year-average
fluxes were approximately 40% higher than the
design fluxesindicating that lower than designed
driving pressures can be used during higher temp-
erature season. The required driving pressures to
producethedesign fluxesat theyear-averagefeed
water temperature are presented in Table 2. These
valueswere used when cal culating the energy con-
sumption of the NF.

The membrane cleaning is recommended as
the operational flux declines 15% from the basic
line[20]. The cleaning intervalsthat are required
to comply with the 15% flux decline at different
driving pressures and recoveries are presented in
Table 2. The results show that as higher driving
pressures and recovery caused more intensive
membrane flux decline remarkably shorter clean-
ingintervalsareneeded. Thisleadsto higher usage
of cleaning chemicals, to higher time requirement

04 bar B 5 bar

for cleanings, to quicker membrane wear out and
to shorter membrane life-time.

Theaverageretentions of conductivity and or-
ganic matter (TOC) at different operating parame-
tersduring the pilot-scale NF study are presented
in Fig. 3. The permeate quality remained stable
and retentions high in terms of organic matter
despitethe varying driving pressure and recovery
of the NF process. On the contrary, the higher
driving pressure and the lower recovery increased
the conductivity retention due to the membrane
compression and thelower concentration gradient.
Since the NF was used mainly for the organics
removal the operating parameters did not affect
the applicability of the process in the terms of
product water quality.

3.2. Cost of NF

Theinvestment and O& M costs of the design-
ed NF process at the different driving pressures
and recoveries are summarised in Fig. 4. There-
sults suggest that at certain operating parameters
investment and O&M costs are balanced in an
optimal way resulting in the least total cost of NF
operation. Inthis casethe optimum operating para-
meters were 6 bar at 83% recovery. As awhole,
theuseof higher recovery seemed moreeconomical.

B 6 bar B 7 bar

=

Retention, %
obB8888833888

Conductivity
40%
Conductivity
55%

TOC, 40%
TOC, 55%

Fig. 3. Average retentions of conductivity and organic matter (TOC) at different driving pressures and recoveries of NF

pilot process.
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Fig. 4. Investment and O& M costs of NF process at different driving pressures and recoveries.

The calculated investment costs ranged from
0.024 €/m?® at the driving pressure of 7 bar to
0.043 €/m? at the driving pressure of 4 bar with
the both studied processrecoveries. Lessvariance
and non-linear relation to driving pressure was
seeninthe O& M costs, which ranged from 0.103
to 0.112 €/m? at the recovery of 68% and from
0.083 to 0.089 €/m?® at the recovery of 83%. The
total es-timated cost of installing NF at ECW
ranged from 0.110 to 0.151 €/m?® at the studied
operational para-meters.

The cost of conventional water treatment at
ECW isapproximately 0.17 €/m? excluding capital
costs. With that respect the addition of NF at ECW
process would increase the price of water treat-
ment notably.

It was assumed that the pilot-scale studiesgive
reliable basis to assess the effect of the operating
parameters on the performance and the cost of
the designed plant-scale NF process when the
plant-scalerecovery wasincreased proportionally
the pilot-scale study. However, the real perform-
ance and cost of the plant-scale NF processwould
differ from the calculations e.g. due to the fact
that the NF pilot corresponds to the performance
of the NF process in the beginning of the plant-
scale NF process where the operational environ-
ment ismuch easier than in the end of the process.

A booster pumping may also be required at the
real NF process.

When comparing these treatment costs with
other cost data, it should be borne in mind that
the system boundaries, the used unit costsand the
application sites affect costs and calculations re-
markably and may make comparisonsimpossible.
For example, the seasonal variation of the feed
water temperature in the Finnish applications
reguiresthe NF processto be designed for winter
conditions (design flux at feed water temperature
of 1°C). This caused up to 20% higher total cost
of NF in comparison to the design at the year
averagefeed water temperature of 10°C. However,
the calculated cost of installing and operating NF
at ECW isvery similar to the estimated cost caused
by NF at the M éry-sur-Oise plant (0.12 €/m?®) treat-
ing conventionally pre-treated river water [19].
On the other hand, the calcul ated costs are some-
what lower than the estimated cost of membrane
softening in Florida (8% interest rate and 20-year
pay-back time): thetotal cost ranged from 0.15to
0.27 €/m3*andthe O& M cost from0.11t00.18 €/m?®
at aplant size similar to the designed NF process
[3].

Thedistribution of O& M costs at the different
driving pressures and recoveries are presented in
Fig. 5. Theresultsindicatethat at thelower driving
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Fig. 5. Distribution of O&M costs of NF process at different driving pressures and recoveries.

pressuresthe O& M costs are dominated by mem-
brane replacement and at higher driving pressures
the shares of energy consumption, membrane re-
placement and cleaning interval related costs of
cleaning and labour becomemore equal. The other
authors have noticed the same dominating cost
factorsof themembrane O& M, but the sharesvary
according to the applications and the sites [3,5-7].

Energy consumption and membrane replace-
ment account for 42—61% of the O&M costs at
all the studied operational parameters. Accord-
ingly, changesin the pricesof electricity and mem-
branes as well as in the energy requirement and
the membrane life-time affect the total cost of NF
remarkably. For example, a2 c/kWh increase in
the price of electricity (29% addition to present
price) would increase the total estimated cost of
NF by 4-6%.

The effect of recovery was seen basicaly in
the lower O&M cost of increased pre-treatment
at the higher recovery (the cost of increased pre-
treatment 0.028 €/m?d at the recovery of 68% and
0.003 €/m3at the recovery of 83%). No expected
decrease was seen in the investment and mem-
brane replacement costs at the higher recovery
because the average operational fluxes did not
increase remarkably in comparison to the lower
recovery.

Thedifferencesinthe cost of labour are partly
theoretical, since the operational personnel can
not be hired exactly according to the need calcu-
lated based on the requirements of the cleanings.
If the NF processwould beinstalled at ECW, the
present personnel could operate the NF process
and hiring onefull-time operator would be needed
at each operational option at most. One full-time
operator would cause fixed labour related cost of
0.009 €/m?3. That would reduce the total costs up
to 10% when using the highest driving pressures
while no change would be seen at the lowest driv-
ing pressures.

Since shorter cleaning intervals are needed at
the higher driving pressures and recovery, quicker
membrane wear out and shorter membrane life-
time can be expected. Thereisno basisto predict
the effect of the shorter cleaning interval on the
membrane life-time accurately. Decreasing the
expected membranelife-timeto 4 yearsor increas-
ing it to 6 years increased and decreased the
cal culated membrane replacement costs at maxim-
um by 0.009 €/m?3 and 0.006 €/m?®, respectively.
These caused up to 7% changesin the total costs
of NF process.

In some applicationsit would be possible and
economical to treat just apart of the water by the
NF and mix less treated water with NF product
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water as a drinking water [3]. However, in the
studied case the whole water stream needs to be
treated by NF, because the goal isto enhance or-
ganics remova and odour and/or taste forming
compounds are involved.

3.3. Environmental impact of NF

The treatment steps of the water treatment in-
cluding NF and the related inputs and outputs
caused by the installation of NF are presented in
Fig. 6.

Theadditional inputs caused by theinstallation
of the NF process include extraraw water due to
less than 100% recovery of NF, extra energy for
pre-treatment of more raw water, energy for pre-
filtration and NF, extrachemical sfor pre-treatment
of moreraw water, pre-filters, NF membranesand
chemicalsfor membrane cleaning. The additional
outputs from the installation of the studied NF
process are retentate, used rinsing and cleaning

Inputs

Water treatment including

solutions and increased wastewater from pre-
treatment (emissions into water), emissions into
atmosphere and waste products.

Theinstallation of NF at ECW would decrease
some inputs and outputs of water treatment due
to no need for ozonation, lower required disinfect-
ant dosage and less need for distribution system
maintenance. The lower need for disinfection
chemical and less distribution network mainte-
nance arerelated to thelower potential for micro-
bial activity in the higher quality drinking water.

The inventory analysis of the environmental
impacts of water treatment after install ation of the
NF process in the conventional water treatment
trainat ECW are presented in Table 3. The biggest
environmental impact isaways seen at thelower
recovery. This indicates that from the environ-
mental point of view itismore efficient to usethe
higher recovery. Otherwise, theleast and the most
environmental impact is seen either at the lowest
or at the highest studied driving pressure.

Outputs

nanofiltration process

+ Increased raw water intake

|

Emissionsto air

+ energy production

Energy Surface water intake ]

. 1 + pre-filter, membrane and
+ increased pre-treatment Ssonation chemical production and
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Fig. 6. Changesin O& M inputs and outputs of water treatment after installation of NF.
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Table 3

Inventory of environmental impact of NF process O&M at different driving pressures and recoveries. Biggest impact

indicated by dark and least impact by light colour

Driving pressure

4 bar 5 bar 6 bar 7 bar

Increased raw water intake, m¥/m®

68% recovery 0.54 0.54 0.54 0.54

83% recovery 0.27 0.27 0.27 0.27
Energy consumption, kWh/m?

68% recovery 0.22 0.26 0.32 0.34

83% recovery 0.14 0.17 0.22 0.24
Membrane replacement, modules/a

68% recovery 310 250 191 174

83% recovery 308 247 184 169
Chemicals, g/m’

68% recovery 36.7 37.0 39.1

83% recovery 19.3 215 21.7 225
Wastewater stream, m*/m°

68% recovery 0.53 0.53 053 =

83% recovery 0.24 0.24 0.24 0.24
Waste disposal, ¢/m3

68% recovery 0.46 0.35 0.32

83% recovery 0.56 0.45 0.34 0.31

Sincethe NF processincreasesthe energy con-
sumption of the water treatment approximately
by 60-150%, efforts should be devoted to decrease
energy consumption and environmentally friendly
energy production should befavoured. Sombekke
et a. [14] found out that the use of green energy
wasvery efficient inimproving the environmental
impact of NF. At the moment the disadvantage of
the green energy is its high price in comparison
to the “ conventional” energy.

The pressureincrease for NF accountsfor 58—
75% of the energy consumption caused by the NF
process, and thus the most efficient option is to
reduce the energy consumption of NF. This can
be achieved by development and use of more
permeable NF membranes requiring less driving
pressure or by increasing the membrane areaand
using lower design fluxes and driving pressures.

The latter option causes more membrane related
production and transportation effects and bigger
waste disposal and optimisationisrequired to bal-
ance the various environmental impacts in an
optimal way.

The installation of NF increases the use of
chemicasremarkably. Theincreased chemical use
originates mostly (73-94%) from the increased
coagul ation pre-treatment, suggesting that increas-
ing therecovery of the NF processisthe best way
to reduce the environmental impact of the chemic-
al use. However, the environmental impact of the
used chemicals varies and small output of some
chemical may be more harmful than high load of
another. The use of different chemicals after
installation of NF islisted in Table 4 at different
operational parameters of NF.

The application of the higher recovery reduces
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Table 4

Changes in chemical use after installation of NF in conventional water treatment

Driving pressure

4 bar 5 bar 6 bar 7 bar

Polyaluminiun chloride coagulant, t/a

68% recovery 2324 2324 2324 2324

83% recovery 113.2 113.2 113.2 113.2
Cleaning chemical Na,EDTA, t/a

68% recovery 20 23 41 45

83% recovery 27 4.6 4.8 55
Cleaning chemical NasP;0, t/a

68% recovery 4.0 4.7 8.3 9.1

83% recovery 53 9.2 9.6 11.0
Cleaning chemical citric acid, t/a

68% recovery 8.0 9.3 16.6 181

83% recovery 10.7 18.3 19.2 220
Cleaning chemical oxalic acid, t/a

68% recovery 1.0 12 21 23

83% recovery 13 23 24 2.7
Decrease in disinfection, t/a

68% recovery 6.5 6.5 6.5 6.5

83% recovery 6.5 6.5 6.5 6.5

also efficiently the need for raw water intake,
retentate discharge and production of wastewater
in pre-treatment. The application of the higher re-
covery reducesthe volume of the retentate stream
more than 50%, but also increases the concentra-
tions in the retentate remarkably. The effect of
the retentate stream on the receiving river should
be studied carefully when considering the dis-
charge permission.

Generally the small footprint is mentioned as
an advantage of membrane processes, but in the
evaluated case the installation of NF would re-
markably increasethefootprint of water treatment.
However, with proper mitigation measures the
adverse environmental impacts of the NF process
can be minimised. These measures include opti-
misation of pre-treatment process or even applica
tion of other pre-treatment technique, operational
optimisation of the NF process, use of lessenergy

requiring membranes, use of green energy, use of
environmentally friendly cleaning chemicals or
cleaning chemical reuse and retentate utilisation.

4. Conclusions

The installation of NF after the conventional
surfacewater train at ECW was estimated to cause
at minimum 0.11 €/m® increase in the cost of
treated water. At thiscost avery reliable and easy
to operate treatment process, remarkableincrease
in the quality and stability of treated water and
hence, a better customer acceptance would be
gained. However, theenvironmental impact of the
water treatment also increases remarkably after
the installation of NF and improvements should
be doneto minimisethese effects. The main ways
to minimisethe cost of NF arerelated to recovery
of the process, energy consumption, membrane
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life-time and membrane cleaning, whereas the
environmental impact minimisation is mostly
related to recovery of the process and energy con-
sumption.

Generally both thelower cost and theleast ad-
verse environmental impact were gained at the
higher recovery (83%) of NF. Theinvestment and
O&M costs of NF were, in turn, balanced to the
minimum total cost at a certain driving pressure,
while the environmental impact either increased
or decreased linearly with driving pressure. Asa
conclusion, the operating parameters minimising
the cost of NF seemed to also balance the total
environmental impact of NF quite well.

The presented costs are calculated estimates
and when analysing the data, one should bear in
mind the generalisations madein the cal cul ations.
However, the results indicate reliably the effect
of the operating parameters on the cost and the
environmental impact of NF when installed after
the conventional surface water treatment train at
ECW. The estimates also give useful information
about the scale of NF costs.

According to these cost calculations NF can
be considered asapotential treatment option also
inthe surface water applicationswhen evaluating
the construction of new or upgraded facilities es-
pecially when an efficient water treatment is re-
quired. Theresults also emphasi se theimportance
of the process optimisation in minimising both
the economical and environmental effects of NF.
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