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When water supply restrictions increasingly escalate to water supply risks, developing strategies to minimize the
water footprint of wet cooling systems becomes crucial. This study compares two water engineering approaches
to minimize the water footprint of a recirculating evaporative cooling tower (CT): (1) reusing cooling tower
blowdown and (2) producing demineralized water to increase the cycles of concentration (CoC) of the CT.

Our techno-economic analysis across various scenarios and CT settings reveals that reusing blowdown (option
1) is the most feasible approach for an industrial cooling system currently operating at CoCs of > 3, discharging
blowdown with a conductivity of 2 mS/cm and a total organic carbon (TOC) concentration of approximately 20
mg/L. Compared to enhanced make up treatment, blowdown reuse allows higher water savings (13 %) and
involves lower implementation and operation costs.

Pilot scale trials validated the feasibility of both approaches. Blowdown and enhanced make up treatment
included biologically activated carbon filtration, ultrafiltration and reverse osmosis, producing high-quality
permeate, suitable for (re)use as CT make up or within other processes. The blowdown treatment reached a
product quality of 80 pS/cm conductivity and 70 pg/L TOC, make up treatment 20 pS/cm in conductivity and 60
pg/L TOC, respectively.

The study’s findings underscore the viability of blowdown reuse as a cost-effective and efficient strategy to
minimize the water footprint of cooling systems under increasing water scarcity conditions.

1. Introduction

Water scarcity has become a visible threat in many countries. Sea-
sonal record low water levels in rivers/lakes and constantly decreasing
groundwater levels indicate that action needs to be taken (Toreti et al.,
2022; Wunsch et al., 2022). Using 45 % of all abstracted water, the in-
dustry is Europe’s largest water user (FAO, 2022; UNESCO, 2023). More
than 80 % of abstracted freshwater in the industry was reportedly used
for cooling purposes in 2019 (Eurostat, 2023). Thus, it is crucial to
emphasize the optimization and general water use minimization of
cooling processes in the industrial sector, especially in areas of (sea-
sonal) water scarcity. Maximizing heat integration and reuse (total site
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heat integration, see, e.g., Dhole and Linnhoff (1993); Wang et al.
(2021)) can concurrently reduce cooling and, thus, water requirements.
Additional strategies involving water engineering measures are avail-
able and necessary to minimize the water footprint of the cooling pro-
cess. Further, using reclaimed water for application in cooling towers
has and should be gaining popularity in reducing overall freshwater
abstraction in industries (Cherchi et al., 2019; Hansen et al., 2016).
Typical large water-using cooling systems (> 100 MWy, capacity)
utilized for industrial applications can be classified into two main cat-
egories: (1) once-through and (2) evaporative (open) recirculating
cooling where (1) requires large water volumes (approx. 86 m®/h/
MWy,) to feed heat exchangers and directly discharges the heated water

E-mail addresses: mueller@isa.rwth-aachen.de (S.I. Miiller), GChapanova@dow.com (G. Chapanova), TDiekow@dow.com (T. Diekow), CKKAISER@dow.com
(C. Kaiser), lies.hamelink@outlook.com (L. Hamelink), Ivaylo.Hitsov@UGent.be (LP. Hitsov), lisa.wyseure@evides.nl (L. Wyseure), D.Moed@evides.nl
(D.H. Moed), palmowski@isa.rwth-aachen.de (L. Palmowski), Wintgens@isa.rwth-aachen.de (T. Wintgens).

https://doi.org/10.1016/j.jenvman.2024.121949

Received 16 April 2024; Received in revised form 12 July 2024; Accepted 23 July 2024

Available online 30 July 2024

0301-4797/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:mueller@isa.rwth-aachen.de
mailto:GChapanova@dow.com
mailto:TDiekow@dow.com
mailto:CKKAISER@dow.com
mailto:lies.hamelink@outlook.com
mailto:Ivaylo.Hitsov@UGent.be
mailto:lisa.wyseure@evides.nl
mailto:D.Moed@evides.nl
mailto:palmowski@isa.rwth-aachen.de
mailto:Wintgens@isa.rwth-aachen.de
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2024.121949
https://doi.org/10.1016/j.jenvman.2024.121949
https://doi.org/10.1016/j.jenvman.2024.121949
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2024.121949&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S.1. Miiller et al.

back to receiving water bodies. Thus, applying these systems only in
areas with sufficient water resources (e.g., close to the sea/large rivers)
is compulsory. While (1) does not actually consume (evaporate) the used
water, receiving water bodies are thermally “polluted”. The latter (2)
uses water that is recycled within the system as a medium for heat
transfer, incorporating the mechanism of evaporation by ambient air for
cooling. It results in a specific cooling water demand of approx. 2 m®/h/
MWy, (Cherchi et al., 2019; European Commission, 2016; 22449-1,
2020). In regions with water supply restrictions, where water-cooled
systems are necessary, it is recommended to use an evaporative recir-
culating system, which shows an approximately 50 times lower water
demand per MWy, (European Commission, 2016). As regions with water
scarcity are predicted to be extended far beyond the current status
(UNEP, 2017), systems running on once-through cooling might be
forced to change cooling practices to the less freshwater-demanding
recirculating cooling system.

1.1. Water use in evaporative recirculating cooling towers

Before the required water for cooling is fed to the recirculating
cooling tower, it typically undergoes treatment for hardness removal,
depending on initial and required quality. After this treatment, treated
water, called cooling tower make up, is sent to the cooling tower. The
make up is conditioned chemically to prevent severe system failures
potentially caused by corrosion, scaling, and biofouling (Gartiser and
Urich, 2002; Pinel, 2021). As a cooling method, evaporation inherently
results in water losses from the system. The discharge of cooling tower
blowdown is essential for controlling the accumulation of minerals and
organic matter in the recirculating water (Gartiser and Urich, 2002;
Guyer, 2014; Hill, 1990).

The blowdown percentage is recommended at 10 % of the make up
(EPA, 2017). In reality, this value can, however, be greater than 50 %
and therefore holds the potential for reducing freshwater needs in case
blowdown is (partly) reclaimed and reused (Altman et al., 2012; Gartiser
and Urich, 2002). Another approach, recently proposed by Pinel (2021),
considers new methods for cooling water conditioning requiring
enhanced make up treatment. It enables the blowdown percentage of
make up to be reduced much further than 10 %, potentially reducing
freshwater demand.

The water lost by evaporation (Qgyap) and drift (Qp), potential sys-
tem leaks (Qy), as well as water discharged as blowdown (Qc¢rsp), need
to be replaced with cooling tower make up water (Qcrumu), thus equation
(1) applies:

Qcrmu = Qevar + Qo + Q1 + Qersp (@8]

Cycles of Concentration (CoC) in cooling water systems often
describe their water use efficiency. It is defined as the ratio of Total
Dissolved Solids (TDS) in the blowdown, TDS¢:rpp (= TDS in recirculat-
ing cooling water in CT), to TDS in make up (TDS¢ryy)- This definition
inhibits potential inaccuracies, when TDS is altered by added condi-
tioning agents (acids, biocides or similar). Assuming Qp and Q; as
neglectable and using a mass balance of the TDS, the CoC can be
calculated using known Qcmyy and Qersp (Aquaprox, 2009; Guyer, 2014)
as shown in equation (2):

_ TDScrep ~ Qcrmu

CoC= =
TDScrmu  Qcrsp

@

Consequently, increasing the CoC of a given cooling system, e.g., by
improving make up water quality lowering, i.e., TDScrmy, will decrease
both Q¢rmu and Qerpp (smaller water footprint). However, the operating
efficiency of the cooling tower needs to be maintained and cooling tower
equipment protected, leading to a limitation of feasible CoC increase. As
water evaporates from the cooling towers, minerals and organic matter
are concentrated in the recirculated water. Accumulation of minerals
and organic matter in the water and their deposition on surfaces can
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adversely affect equipment and cooling system operation. Corrosion,
scaling, and biofouling can occur and thus need to be prevented. In full-
scale cooling towers, the electrical conductivity of blowdown, instead of
its correlated, time-consuming TDS measurements (Taylor et al., 2018),
is generally used as an indicator of water quality to control the required
flows of blowdown and make up. Blowdown electrical conductivity
seldom exceeds 4500 pS/cm in freshwater-fed systems (Koeman-Stein
et al., 2016; Pinel, 2021).

Furthermore, the make up/recirculating cooling water undergoes
regular conditioning with biocides, scale inhibitors, dispersants, and
corrosion inhibitors, as Gartiser and Urich (2002) outlined. This con-
ditioning is essential for preventing scaling, corrosion, and fouling.
However, it also raises environmental concerns, given the potential
formation of disinfection by-products and other environmental issues
associated with these conditioning agents (Grote et al., 2022). There-
fore, discharging Qcrpp from the system removes water with accumu-
lated minerals and emits conditioning chemicals. Higher Qcrpp
necessitates the reintroduction of more chemicals into the CT system.
Added conditioning agents (acids, biocides or similar) can alter the TDS
in the recirculating water. Thus, equation (2), utilization of TDS or
conductivity ratios includes minor inaccuracies to determine the actual
CoC. A water/solids balance check is recommended.

1.2. Water saving strategies

Various (retrofitting) strategies exist to lower the industrial water
footprint related to cooling. Owing to both energy and water conser-
vation, required cooling capacity should always be minimized through
improved heat integration (see, e.g., Chew et al. (2013)) and waste heat
recovery (e.g., Wallerand et al. (2018)). Further, the cooling system’s
architecture, type, and operations should be reassessed, i.e., hybrid
systems (involving partial waterless operation) and drift eliminators
(European Commission, 2016). The CoC should be optimized/maxi-
mized considering system limitations and local restrictions. (Pinel,
2021; Walker et al., 2012). In terms of water engineering, to minimize
the overall freshwater intake for cooling, the following two approaches
can be taken to retrofit existing open recirculating cooling systems,
which will be considered within this work (see Fig. 1: displayed relevant
variables are further introduced in section 3.3.1):

Option 1: Improving make up quality (through enhanced make up
treatment) for maximum achievable CoC (compare Pinel (2021)).

Option 2: Treatment of blowdown for Water Reuse (as make up or in
other processes) (compare Wagner et al. (2022); Jain et al. (2021);
Wagner et al. (2020)).

Thus, to find optimal water engineering measures for maximized
water saving and timely implementation in existing open evaporative
cooling towers, the goals of this investigation were to (i) apply different
water engineering strategies and (ii) determine the most feasible option
for water footprint minimization for the selected case study.

1.3. Applied water treatment technologies

Pilot plants were utilized due to their ability to simulate full-scale
operations under controlled conditions, allowing for detailed observa-
tion and refinement of treatment processes. The test campaigns aimed to
assess the performance based on chosen key performance indicators
(KPI): TOC, nutrients and salts rejection, fouling/blocking tendency by
permeability/pressure drops within treatment systems, water and cost
efficiency. Detailed information on KPI calculation can be found in the
Supplementary Material (SM).

A treatment configuration of Biologically activated carbon filtration
(BACF) and ultrafiltration (UF), followed by Reverse Osmosis (RO) was
used to assess both options evaluated within this work.

BACF and UF are applied as enhanced pretreatment to remove or-
ganics/nutrients (i.e. TOC) and potential foulants from raw water. UF
was removed from the treatment train for at least one week of operation
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Fig. 1. Illustration of analyzed water flows and variables relevant to assessed water minimization strategies; CTBD is Cooling Tower Blowdown, CTMU is Cooling

Tower Make Up, CoC is Cycles of Concentration.

to challenge its necessity. Reasons to choose these pretreatments over
others (e.g., coagulation/flocculation, softening) were several: (1) both
treatments require only minor amounts of chemicals, particularly when
compared to conventional coagulation/flocculation processes; (2) the
use of the macroporous granular activated carbon (GAC) medium in the
BACF was shown to result in enhanced protected bioactivity in com-
parison to other filtration media, including anthracite and sand - BACF
has the ability to adsorb and remove/retain swiftly biodegradables (i.e.,
responsible for fouling on subsequent treatment steps) as well as slowly
biodegradable components (e.g., the corrosion inhibitor benzotriazole)
(Wagner et al., 2020; Liu et al., 2011; Urfer et al., 1997; Li and DiGiano,
1983; AWWA, 1981); (3) longevity and efficiency of the subsequent
membrane treatment/desalination step is enhanced (ElHadidy, 2016;
Halle et al., 2009), (4) robustness and reliability have been proven in
several large-scale applications.

Reverse Osmosis (RO) desalination was chosen as bulk demineral-
ization step, due to its proven robustness and reliability as physical
barrier for salts and organics (e.g., Nthunya et al., 2022; Liu et al., 2022).
Due to high quality requirements for the treated water to be reused
(either in CT or elsewhere), nanofiltration was decided inferior to RO in
the regarded case. Treatment by ion exchange resins for bulk deminer-
alization would lead to significant chemical usage, while further not
being a complete barrier for relevant organic fractions, such as bio-
polymers or low molecular weight neutrals (Laforce et al., 2022; De
Meyer, 2020). Further, Electrodialysis (ED) is not considered as a
desalination option as it cannot sufficiently reject remaining uncharged
species in (pretreated) raw water or blowdown. Further, ED is more
capital-intensive than RO (Patel et al., 2021).

Comprehensive analyses, including water quality assessments (sec-
tion 2.2), water usage evaluations, and cost analyses, were conducted to
determine the overall viability and performance of the treatment con-
figurations. The objective was to trial treatment sequences that mini-
mize water use with minimum costs and environmental impact.

2. Material and methods
2.1. Pilot plant experiments
The pilot plant experiments for blowdown and make up treatment

were performed in Bohlen, Germany, at the Dow chemical industrial site
from June to August 2022. There, Dow operates and supplies a cracking

refinery and other chemical plants, producing commodity chemicals
such as ethylene, propylene, aniline, and others (Dow, 2023). The mo-
bile infrastructure of the IMPROVED containers was used to perform the
pilot plant experiments. The containers are mobile water treatment units
developed as part of an Interreg-funded project (Interreg, 2016). A
detailed process flow diagram (filtration mode) of the tested treatment
configurations is shown in Fig. 2.

Table 1 summarizes the primary operating conditions and charac-
teristics of the applied treatment technologies for both options trialed.

Blowdown was taken directly from the collection basin of a fan-
induced draft, counter-flow cooling tower located at the Dow Ole-
finverbund GmbH premises in Bohlen, Germany. It consists of 4-6 times
concentrated decarbonized surface water, being irregularly oxidized to
control biological growth (shock dosage with in-situ generated mono-
chloramine). Raw water for the enhanced make up treatment was taken
from a local reservoir (selected water quality parameters can be found in
Table 3).

The applied settings for RO Feed adjustment, i.e., antiscalant dosage
and pH adjustment, were estimated with the MM5 software provided by
Genesys International. Table 1 shows the operating conditions and
characteristics of the applied treatment technologies/pilot plants. The
applied system recovery rate of 84 % (Enhanced make up treatment
(Option 2)) was the maximum achievable recovery rate of the applied
RO system (minimum concentrate rejection of 34 L/h was necessary for
continuous operation).

2.2. Sample analysis

The pH values in grab samples were measured using a hand-held
Hanna (HI99192) pH meter. Conductivity and Dissolved Oxygen (DO)
were measured using an Orion Star A329 Multiparameter meter. The DO
sensor relies on optical measurement. Turbidity was measured using a
Hanna (HI98703) portable meter. TOC was analyzed by taking grab
samples with a Sievers M5310 C TOC analyzer. Na, Ca, Mg, and Phos-
phate were analyzed in the laboratory according to DIN EN 11885 (E22)
and sulfate according to DIN EN ISO 10304-1. Total Inorganic Nitrogen
(TIN) was calculated based on laboratory measurements of nitrite (DIN
EN 26777 (D10)), nitrate (DIN EN ISO 10304-1 (D20)), and ammonium
(DIN 38406-E5-1). Chloride (dissolved) was analyzed according to DIN
EN ISO 10304-1 D20.
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Fig. 2. Process Flow Diagram of trialed process configuration in IMPROVED containers (filtration mode) provided by Ghent University; Sensors (Indicator Trans-
mitters (IT)) on temperature (TIT), level (LIT), pH (pHIT), pressure (PIT), flow (FIT), conductivity (CIT) and chlorine (CLIT) are indicated; BACF is Biologically

Activated Carbon Filtration, UF is Ultrafiltration, RO is Reverse Osmosis.

3. Results and discussion
3.1. Produced water qualities

Selected main water quality parameters of produced water after each
treatment step, also giving the initial raw blowdown/lake water quality,
are shown in Table 2 (option 1) and Table 3 (option 2). These parameters
were selected due to their relevance in representing operational treat-
ment performance on nutrients (Turbidity, Organics, Phosphate and
Nitrogen) and salt content (Na, Ca, Mg, Cl and Sulfate). As can be seen
from Tables 2 and 3, high-quality water is achieved after RO treatment
for both raw waters, enabling reuse and higher CoC, respectively.

Tables 2 and 3 only display water qualities of treatment scenarios,
including UF as pretreatment. The water qualities of operations of both
treatment trains without UF can be found in the Supplementary Material
(SM).

3.2. Process stability

In the following, the three treatment technologies applied for
blowdown (option 1) and enhanced make up treatment (option 2) are
assessed regarding treatment stability and performance to evaluate their
feasibility for application at the respective industrial site.

3.2.1. Cooling tower blowdown treatment (option 1)

3.2.1.1. Pretreatment: Biologically activated carbon filtration and ultra-
filtration. Before initiating the blowdown trials, the BACF was employed
for surface water pretreatment, exhibiting DO removal and nutrients
(see Table 1: Operated Bed Volumes before starting trials). Thus, it is
assumed that the activated carbon filter was biologically activated at the
onset to feed blowdown. During the first 4 days of operation, a signifi-
cant removal of nutrients (TOC 39 (+£9) % (n = 4); Total Inorganic Ni-
trogen (TIN) 16 (+4) % (n = 3), Phosphate 9 (+6) % (n = 3)) was
achieved (also compare Figure SM 1). An increase in normalized water

permeability (NWP) of the BACF, coupled with a decrease in nutrient
removal and dissolved oxygen (DO) uptake in the second week, is likely
attributable to a decline in biological activity within the filter. This
decline can be related to shock dosages of in-situ generated mono-
chloramine (biocides dosage in recirculating cooling system). While
higher permeability is preferable, leading to lower energy requirements
and higher water recoveries, nutrient uptake and biological trans-
formation/growth (leading to lower permeability) should not be ruled
out completely. Thus, after 16 days, sodium bisulfite (SBS) was dosed in
the feed tank of the BACF (0.1 g/L) to neutralize chlorine. Initially,
permeability kept increasing for 2 days. The subsequent decrease in
permeability can be attributed to an increased regrowth of biology
(“protected” from chlorine through SBS dosing). Initial removal rates of
nutrients as seen during start-up (first week of blowdown treatment
operation) could not be (re)achieved within the 13 days of operating
with SBS. Full-scale technology will require further balancing/optimi-
zation of biological growth control.

UF Normalized Water Permeability (NWP) shows significant daily
fluctuations (directly related to temperature; see Figure SM 2 and
Figure SM 6). Thus, the normalization approach requires more in-depth
consideration not covered in this work. After 1 week of operation, the
NWP of the system shows a steep decrease in permeability. However,
after a CIP performed after 2.5 weeks, permeability is fully restored,
indicating that the pretreated water-specific UF fouling is reversible and
the system can be operated long-term.

TOC rejection decreases from > 10 % during the first 4 days of
operation to 5 % on average. This observed behavior could be linked to
alterations in the characteristics of TOC present in the BACF effluent.
Specifically, during the initial days, a higher proportion of biopolymeric
(larger molecular) TOC structures could have been retained in the ul-
trafiltration (UF) process.

To summarize, a reliable operation of the system and rejection of 23
% TOC (n = 20) (BACF) and 7 % (n = 16) (UF) on average could be
achieved, highlighting the feasibility of the proposed technologies as
pretreatment. A water recovery of 99.9 % (5 backwashes a 50 L for an
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Table 1
Operating conditions and characteristics of applied blowdown (option 1) and make up (option 2) treatment technologies.
BACF UF RO
- 3 cylindrical columns of each - 2 modules of 4’ inge dizzer® P Multibore® 0.9 membrane run in - 1 module DuPont FilmTec™ LCLE-4040: partial recirculation of
50 L volume operated in parallel (dead-end mode, filtration inside to outside, reused from concentrate
series previous trials) - Membrane Area: 8.7 m?
- Biologically activated NORIT - Membrane Area: 2x 6 m2 - Module Feed Flow: 1030 L/h

GAC830W (3x~43L)
Volume Flow: 500 L/h
Filtration velocity: 15 m/h
Empty Bed Contact Time:~5
min per column
Backwashing: as required (if
pressure drop > 1 bar)
- Operated Bed Volumes (BV)
when starting treatment: water, backwash for ~ 15 s
~ 4700 BV with (pretreated) - Average operating temperature:
surface water for option 1 18 °C for option 1
~ 3800 BV with (pretreated) 13 °C for option 2
surface water for option 2
- Average operating
temperature:
18 °C for option 1
12 °C for option 2

Permeate Flux:~35 L/(m2h)

Filtration Time: 30 min

Backwash Time: 15 s (not chemically enhanced)
Forward Flush Time: 30 s

Cartridge filter 50 pm

Cleaning in Place (CIP) procedure: 1 h acid circulation wash (0.1 M
HCD), flushing with demineralized water, backwash for ~ 15s,1 h min
alkaline circulation wash (0.1 M NaOH), flushing with demineralized - System recovery:

Permeate Flux: 20 L/(m>h)

Cartridge filter 50 pm

CIP procedure: Circulation in forward flush mode with acid (0.1 M

HCl, 1 h), System flush with demineralized water for approx. 5 min
for three times, Circulation in forward flush mode with base (0.1 M
NaOH, 1 h), System flush with demineralized water for approx. 15

75 % for option 1

84 % for option 2

- Average operating temperature:

19 °C for option 1

13 °C for option 2

- Feed adjustments:

Antiscalant (Genesys LF): 4 mg/L; 20 w.-% HCI for pH 6.1 (~ 0.14 g/
Lgeeq) for option 1

Antiscalant (Genesys LF):

1.5 mg/L; no pH adjustment for option 2

operation period of 28 days) was achieved for the BACF, while UF was
operated with a water recovery of 96 %. Water recovery of UF could be
increased to > 98 % through the reuse of UF backwash water (similarly
by UF, see, e.g., drinking water treatment plant in Roetgen (Gemeinde
Roetgen et al., 2017)) or further optimization of operating parameters
(e.g., longer filtration cycles).

3.2.1.2. Desalination: Reverse osmosis. The RO operation was initiated
with a new DuPont FilmTec™ LCLE-4040 membrane. As the produced
concentrate is partially recirculated to the system’s feed tank, the
applied module represents both the front and end module, considering a
full-scale system scale-up including several RO stages. Both scaling and
fouling are expected to affect one module.

Similar to UF normalization, fluctuations of normalized operational
RO KPIs due to temperature are still visible, which could not be removed
by further tuning of normalization (see Fig. 3 and Figure SM 7).

During start-up, all KPIs settled around an average value within two
days of operation, showing fluctuations attributed to high variability in
temperature (AT > 15 °C) with nearly stable, slightly increasing,
respectively decreasing trend (Fig. 3). Normalized Pressure Drop (NPD),
related to fouling phenomena/membrane integrity, increases by ~ 1
%/day, while the Mass Transfer Coefficient (MTC), indicating temper-
ature normalized membrane permeability, shows a ~1 %/day
decreasing trend. Salt Passage, normalized for temperature and
permeate flow (NSP), remained stable at approx. 0.9 % after two days of
operation. A CIP restored initial operational KPIs, leading to comparable
behavior of KPIs till the end of week 3.

Except for the first day (70 % recovery), the RO system was operated

Table 2
Initial and treated water quality parameters of blowdown treatment (option 1).

with a recovery of 75 % for the four-week trial period with and without
UF. TOC in RO permeate was measured below 100 pg/L for more than 80
% of the analyzed samples (average TOC in Permeate: 69 pg/L; average
TOC rejection: 99.4 %).

After 3 weeks of operation, the UF was removed from the treatment
combination to see the effects on the RO. Within 2 days, MTC dropped
significantly (approx. 13 %). No changes were visible on the cartridge
filter compared to previous days. A CIP was performed after day 2
operating without UF, restoring initial conditions. However, a similar
strong decline of MTC (approx. 7 %/day) could be observed after the
CIP, which indicates no long-term feasibility of the treatment train
without UF with chosen operational settings (i.e., 75 % recovery of RO
system).

The produced water quality of permeate is shown in Table 2.
Regarding TOC, permeate could be reused as boiler feed water
(requirement of TOC < 0.2 mg/L). However, the remaining salts require
further treatment, e.g., by ion exchange or additional RO treatment, if
boiler feed water is the desired point of reuse (DIN, 2003).

Summarizing, the RO with UF as a pretreatment was operated stably
for 3 weeks, demonstrating the reversibility of fouling by a CIP per-
formed after one week of operation, making it a suitable technology to
be applied. Without UF, RO MTC showed no stable behavior (approx. 7
% decrease per day); thus, pretreatment of blowdown by BACF and UF is
recommended.

Parameter

Raw Blowdown

BACF Filtrate

UF Filtrate

RO Permeate

pH [-]

Conductivity [pS/cm]
Turbidity [NTU]
TOC [mg/L]

PO4-P [mg/L]

TIN [mg/L]

Na [mg/L]

Ca [mg/L]

Mg [mg/L]

Cl (dissolved) [mg/L]
Sulfate [mg/L]

7.7 (£0.1) (n = 16)
1934 (+43) (n = 16)
6.6 (+2.8) (n =15)
20.6 (£0.7) (n = 16)
1.6 (£0.1) (n = 8)
16.0 (£0.5) (n = 8)
1742 (£14.3) (n =8)
173.4 (£11.1) (n = 8)
46.2 (£3.7) (n = 8)
282.4 (+5.6) (n = 8)
531 (+10.8) (n = 8)

7.2(+£0.1) (n=8)
2080 (+57) (n = 15)
2.9 (£0.2) (n =18)
15.8 (+£2.3) (n = 18)
1.5 (£0.2) (n =8)
15.0 (+1.5) (n = 8)
179.2 (£20.8) (n = 8)
170.7 (£11) (n = 8)
46.7 (£4.4) (n = 8)
286 (+6) (n = 8)
534 (£12) (n = 8)

7.4 (£0.2) (n = 8)
0.5 (£0.3) (n = 14)
13.5(£0.4) (n = 16)
1.4 (£0.3) (n =8)
13.7 (£2.2) (n = 8)

5.6 (£0.1) (n = 8)
79 (£9) (n = 15)
0.2 (£0.06) (n = 15)
0.07 (£0.06) (n = 18)
0.05 (£0.01) (n =7)
2.4 (£0.5) (n=8)
11.8 (£2.8) (n = 8)
0.2 (+£0.08) (n = 8)
0.04 (£0.02) (n = 8)
10.3 (1.4 (n=8)
0.6 (£0.1) (n = 8)
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Table 3
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Initial and treated water quality parameters of enhanced make up treatment (option 2).

Parameter Raw Make Up

BACF Filtrate

UF Filtrate RO Permeate

pH [-] 7.47 (0.04) (online)
Conductivity [pS/cm] 537.5 (£2.95) (n = 6)
Turbidity [NTU] 6.10 (+£2.14) (n = 5)

7.41 (£0.10) (n = 3)
539.83 (+1.83) (n = 6) _
0.73 (£0.14) (n = 5)

7.84 (+0.45) (online) 6.34 (+0.36) (n = 3)
19.37 (£12.76) (online)

0.22 (£0.10) (n = 5) 0.19 (£0.03) (n = 5)

TOC [mg/L] 5.13 (£0.14) (n = 8) 3.25(+£0.17) n =7) 2.62 (£0.21) (n = 7) 0.06 (£0.08) (n = 6)
PO4-P [mg/L] 0.07 (£0.03) (n = 3) 0.058 (+0.013) (n = 3) 01(n=1) 0.04 (£0.01) (n = 3)
TIN [mg/L] 1.56 (£0.56) (n = 3) 1.56 (£0.56) (n = 3) 1.65(n=1) 0.41 (£0.08) (n = 3)
Na [mg/L] 31.23 (£6.44) (n = 3) 29.7 (£4.63) (n = 3) - 2.13 (£0.45) (n = 3)
Ca [mg/L] 53.0 (£3.34) n = 3) 52.63 (£3.09) (n = 3) - 0.40 (£0.35) (n = 3)
Mg [mg/L] 10.43 (+£0.88) (n = 3) 10.36 (£0.92) (n = 3) - 0.07 (£0.06) (n = 3)
Cl (dissolved) [mg/L] 45.53 (+2.40) (n = 3) 45.87 (+£2.42) (n = 3) 44(n=1) 1.84 (+£0.06) (n = 3)
Sulfate [mg/L] 100.07 (£8.60) (n = 3) 99.4 (£9.42) (n = 3) 95 (n=1) 0.41 (£0.35) (n = 3)

3.2.2. Enhanced cooling tower make up treatment (option 2)

3.2.2.1. Pretreatment: Biologically activated carbon filtration and ultra-
filtration. Before make up trials were initiated, the BACF, meaning the
new granular activated carbon NORIT GAC 830 W, was continuously fed
with pretreated surface water (TOC = 3.3 + 0.2 mg/L) (operating with
the same operating conditions as shown in Table 1) for approx. 50 days
for inoculation. TOC removal reached a plateau after 29 days with
subsequent TOC rejections of 48 % (1.7 mg/L) for the remaining 32 days
before make up trials. Thus, the activated carbon filter is assumed to
show biological degradation, with adsorption sites mostly occupied. As
shown in Figure SM 3, the growth of biology and the deposited sus-
pended solids on the filter media steadily decreased their permeability.
System failure after day 10 was due to external circumstances (power
interruption), not due to the technologies applied. Backwashes to
maintain a maximum pressure drop of 1 bar for the whole system were
required approximately once per week.

After 14 days of technology operation producing make up, UF was
added as an additional treatment step for the remaining 11 days of trial
set-up. During the 11 days of operation, the trend of UF NWP remains
stable, neither de- nor increasing (see Figures SM 4 and SM 9).

To summarize a reliable operation of the system and TOC rejections
of 38 % (n = 20) (BACF) and 19 % (n = 7) (UF) on average could be
achieved, highlighting the feasibility of the proposed technology as
pretreatment. A 99.9 % (BACF) and 96 % (UF) water recovery was
achieved.

3.2.2.2. Desalination: Reverse osmosis. Like UF normalization and
blowdown results, fluctuations of normalized operational RO KPIs due
to temperature are still visible (see Fig. 4 and Figure SM 8). For the make
up trials, the same membrane type was used as for the blowdown trials.
However, the membrane was not new but had previously been used in
another set-up treating pretreated surface water for approx. 50 days. A
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Fig. 3. Option 1 - Time series of RO operational KPIs (Normalized Salt Passage
(NSP), Normalized Pressure Drop (NPD), Mass Transfer Coefficient (MTC);
upper graph) and TOC in permeate (lower graph); CIP is Cleaning in Place.

CIP on the membrane was done before initiating the make up trials,
restoring conditions comparable to the new membrane. System failure
after day 10 was due to external circumstances (power interruption).

After start-up, operating without UF, NPD, and MTC continuously in-
, respectively decreased (i.e., NPD ~ 5 %/day; MTC: ~4 %/day). This
behavior illustrates the unstable operation of the BACF + RO system
with the given operational settings in Table 1. NSP shows a small
decreasing trend (i.e., ~2 %/day). On day 13, a CIP was performed,
restoring initial conditions (compare Fig. 4). After operating for one day
after the CIP, on day 14, the UF was added to the treatment train. Thus,
with the additional pretreatment of the UF, the de-resp. increasing trend
of the RO MTC and NPD could be adapted to 0.5 %/day and 0.3 %/day,
respectively. Similarly, NSP shows a lower decreasing trend than oper-
ation without UF: ~1 %/day. Partly missing data on NPD in Fig. 4 right
after the addition (day 14-17) of the UF is attributed to operational
problems with the concentrate valve — which were solved after day 17.

The RO system was operated with a recovery of 84 % (maximum
applicable recovery of the applied system). In optimized systems, this
recovery rate could be increased. The module itself operated at a re-
covery of 17 % for the 25 days with and without UF. TOC in permeate
was measured below 100 pg/L for 79 % of the samples with and without
UF (average rejection with and without UF: 98 %).

In summary, the RO was operated stably with the pretreatment of
BACF and UF for 11 days with a set recovery of 84 %. Without UF, no
stable operation was achieved. Thus, UF as a pretreatment before RO is
recommended for make up treatment.

3.3. Comparison of options

3.3.1. Water saving

Material/water flow analysis modeling was performed considering
scenarios of differing initial (2, 4, and 8) and resulting CoC in the
operating CT, as well as water recovery rates (55-85 % (Rcrap), and
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Fig. 4. Option 2 - Time series of RO operational KPIs (Normalized Salt Passage
(NSP), Normalized Pressure Drop (NPD), Mass Transfer Coefficient (MTC);
upper graph) and TOC in permeate (lower graph); CIP is Cleaning in Place.
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75-95 % (Rcrmu) resp.) of analyzed treatment options. Water recovery
(i.e., Rermu or Rerpp) is the percentage of purified water to water fed
into the complete treatment train, including all treatment steps. Flows
and relevant (varied) parameters for make up/blowdown are illustrated
in Fig. 1. Bypassing parts of raw water in option 2 was not considered as
this does not imply a minimization case (it reduces the water footprint
but does not minimize). Salt Rejection (R¢rep, sal and Rermu, sald) is
based on pilot trials performed and depends on the most relevant ion
rejections (e.g., Na' rejection for blowdown treatment was 93.8 %,
while Mg?* rejection was 99.9 %, see SM). The resulting CoC was
calculated based on the maximum TDS accumulated in blowdown (i.e.,
1.3 grps/L for the considered industrial application). The make up
treatment in option 1 implies hardness and organics removal (e.g.,
coagulation/flocculation) typically done for surface/groundwater-fed
cooling towers. The water recovery rate of option 1, initial make up
treatment (coagulation/flocculation, incl. sand filtration) was measured
to be 99.9 %. Further details on calculations are given in the SM.

Using built model calculations, Fig. 5 illustrates results on potential
water savings/losses: option 1 always shows potential for water savings
(treated water is to be fed back to the CT as make up), while water-
saving opportunities of option 2 are highly dependent on (i) the initial
CoC that the cooling tower was operating on (baseline scenario), (ii)
achieved CoC after CTMU treatment (Resulting CoC) and (iii) achievable
water recovery (Rcrmu) of the applied make up water treatment system.
With option 2, significant water losses may also occur (see initial CoC of
8 with Rermu of < 90 %). The resulting CoC for option 2 asymptotically
approaches a limit value, thus highlighting that increasing CoC to > 100
only results in minor relative water savings. Fig. 5 also highlights the
dependence of potential water savings on the baseline scenario (initial
CoCQ).

Considering limitations in the quality of recirculating cooling water
(CTBD) as a fixed parameter in the model calculations (here: TDS = 1.3
g/L), the CoC is based on the make up quality entering the system
(compare equation (2)). If the initial CoC is high (assuming a fixed CTBD
quality requirement), the make up quality is higher than that of a system
operating at a lower CoC. Thus, according to this estimate, it can be said
that a high initial CoC (> 4) corresponds with high make up quality,
while a low initial CoC (< 4) indicates lower make up quality. Thus, the
better the make up quality used for the baseline scenario, the lower the
potential water savings. In particular, for option 2, the recovery rate is
applied to the total water required (evaporated water, discharged
blowdown, and other losses). At comparably low recovery rates of op-
tion 2, even water losses will occur (compared to the initial scenario).
However, due to better raw water quality fed to the treatment system in

Option 1: Blowdown Treatment
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option 2, its recovery rate (Rcrmuy) is generally expected to be higher
than the recovery rate of option 1 (R¢rpp)-

Further water chemistry changes due to the mixing of RO permeate
and pretreated make up water were considered out of the scope of this
work. Additionally, as the water quality of the treated blowdown typi-
cally exceeds the required make up quality (RO permeate), other pro-
cesses within the industrial site requiring higher water quality (e.g.,
boilers) could and should be considered first for the reuse of treated
water. The cost of higher-quality water is higher; thus, using treated
desalinated blowdown can save costs for further water purification
elsewhere while saving similar amounts of water. Primarily if potential
end users are closely located, such as at large industrial sites, treated
waste water reuse as demineralized water appears most economically
attractive (Katsoyiannis et al., 2017; Kehrein et al., 2021).

3.3.2. Cost analysis

While maximizing water savings is necessary to avoid supply risks,
affected industries are further required to choose the most economical
option. Thus, assuming a required treatment train of BAC (20 min
EBCT) + UF + RO for option 1 (Water Recovery of Treatment Train: 70
%) and BAC (20 min EBCT) + UF + RO for option 2 (Water Recovery of
Treatment Train: 90 %), different scenarios were estimated for a recir-
culating cooling tower with an evaporation capacity of 1000 m®/h
(cooling capacity of approx. 500 MWy,). Estimates of advanced treat-
ments for water footprint minimization are based on Class 4 estimate
cost curves provided by Plumlee et al. (2014). The buying power of
September 2011 dollars was adapted to 2022 dollars (factor 1.29) ac-
cording to U.S. Bureau of Labor Statistics (2024) and subsequently
converted to Euro by the purchasing power parities (2022 factor of
0.694 €/$ (OECD (2024) data for Germany). Capital cost estimates
include installation, yard piping, landscaping, legal and administrative
costs, and contingency (30 % of equipment costs). Operations and
maintenance costs include energy, replacement parts, chemical usage,
and labor (if they represent a significant portion). More detailed infor-
mation on the cost curve’s development can be found in Plumlee et al.
(2014). Estimated capital and operational expenditures using cost
curves were used to calculate the Levelized Cost of Water (LCOW), based
on supplied thermal cooling capacity Cp [MWy,], provided for 1 h
[MWhy,], determined as:

con ] AT el

with r (capital recovery factor), calculated as

Option 2: Enhanced Make Up Treatment
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Cost comparison and applied cost factors for option 1 and 2 (Example System Size: Initial CoC of 5.3 and evaporation of 1000 m®/h (cooling capacity of approx. 500

MWth); all costs are based on year 2022.

Option 1:
Blowdown Treatment

Option 2:
Enhanced Make Up Treatment

Water Management

Initial required raw water abstraction (baseline scenario) [m®/h] 1230

Required raw water abstraction after water minimization [m®/h] 1070 1120

Water treated by advanced treatment [m3/h] 205 1120

Water recoveries of advanced treatment [%] 70 90

Resulting CoC [-1 5.9 100

Plant availability [%] 100
Water Withdrawal Costs (based on Water Abstraction Charge Law Nordrhein-Westfalen, Germany from 2004)

Abstraction Fee [€/m%] 0.035

Cost of water withdrawal [€/h] 37.3 39.3
Make Up Conditioning Costs (based on current operational practices at industrial site and research performed by Pinel (2021))

Biodispersant costs [€/kg] 2.5 -

Concentration biodispersant in recirculating water [mg/L] 30 -

Corrosion Inhibitor I costs [€/kg] 2 5

Concentration Corrosion Inhibitor I in recirculating water [mg/L] 20 1000

Corrosion Inhibitor II costs [€/kg] 5 -

Concentration Corrosion Inhibitor II in recirculating water [mg/L] 10 -

Biocide costs [€/dosage] 14000 -

Dosage frequency [-/year] 183 -

Sodium hydroxide costs [€/kg] - 1

Sodium hydroxide dosage [mg/L] - 280

Sodium bicarbonate costs [€/kg] - 0.3

Sodium bicarbonate dosage [g/L] - 2.8

Costs of make up conditioning [€/h] 326.3 61.7
Advanced Treatment Costs (based on Class 4 cost estimates provided by Plumlee et al. (2014))

Sum Capital Cost (BACF, UF, RO) [Mio. €] 14.8 51.9

Sum Operational & Maintenance Cost (BACF, UF, RO) [Mio. €/a] 0.7 3.6

Costs of Advanced Treatment [€/h] 252 1014.4

Costs of Advanced Treatment (-30 % contingency) [€/h] 176.4 710.1

Costs of Advanced Treatment (+50 % contingency) [€/h] 378 1521.6
Initial Make Up Treatment Costs (based on current operational practices at industrial site)

Lime costs [€/kg] 0.2

Lime dosage [kg/m>] 0.03 0

FeCl; costs [€/kg] 0.2

FeCls dosage [kg/m?] 0.03 0

Flocculant costs [€/kg] 2

Flocculant dosage [g/ms] 0.2 0

Energy costs [€/kWh] 0.2

Energy demand [kWh/m®] 0.02 0

Labor [h/d] 4 0

Labor costs [€/h] 60

Costs of Initial Make Up Treatment [€/h] 27.5 0
Total LCOW [6/MWhg,] 1.3 2.2
Total LCOW (-30 % contingency) [€/MWhg,] 1.1 1.6
Total LCOW (450 % contingency) [€/MWh,] 15 3.2

(1+2)"ez especially since make up conditioning (chemicals added to make up) can

r= 1+2)"-1 “) potentially be further reduced for option 2 (compare new conditioning

where z is the discount rate, assumed as 8 %, and n is the useful life of the
treatment system in years [a], considered 20 a for the following
estimates.

Cost estimates are exemplary and detailed for a CT with an
approximate cooling capacity of 500 MWy,. It currently operates with a
CoC of 5.3 in Table 4, showcasing the economic superiority of option 1.
CT Make Up Conditioning Costs were taken from consultations with field
experts and research published by Pinel (2021). Initial make up treat-
ment costs are based on current operational practices at the selected
industrial site case study.

When applying estimated costs to different scenarios of initial CoC,
Fig. 6 highlights that the enhanced make up treatment (option 2) is
estimated to be significantly higher in levelized, summed-up costs in
cases of initial CoC > ~ 3 (higher water input quality). Higher costs are
mainly due to the large amounts of water to be treated (no dependency
on initial CoC) by the enhanced make up treatment. Fig. 6 further shows
that advanced treatment options (particularly RO desalination) are the
main contributors to costs per cooling capacity. In a system running with
an initial CoC of 2, option 2 may become the more economical option,

strategies proposed by Pinel (2021)). However, evaporative (recircu-
lating) cooling systems are open to the atmosphere, leading to input of
pollen, dust, or similar contaminations, potentially limiting achievable
CoC even with the highest make up qualities.

The management and related costs to RO concentrate management
are highly site-specific and are thus not considered in this work. At
neglectable additional costs, RO concentrate may be blended with other
wastewater treatment streams to mitigate the impacts of the high TDS
load while still complying with existing discharge permits.

3.4. Limitations of the study and future research questions

Visible fluctuations despite temperature and flow normalization of
the KPIs used to analyze technology performance and long-term stability
indicate that the normalization approach needs to be optimized.
Further, operational settings of technologies could be optimized for
better results during a more extended operational period (> 6 months).

The chemical demand for CT conditioning is diverse in practice.
Biocides, scale inhibitors, dispersants, and corrosion inhibitors are
added to prevent process failures. Water chemistry and operational
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Option 2: Enhanced Make Up Treatment
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Fig. 6. Cost Estimates (Levelized Cost of Water (LCOW)) of summed up water engineering costs comparing options 1 and 2 for a recirculating cooling system
evaporating 1000 m3/h, dependent on initial Cycles of Concentration (CoC) (baseline scenario); all costs are based on year 2022.

changes in the CT will affect the dosing requirements of these chemicals.
However, this aspect is only marginally addressed in this work: acces-
sible data are poor, and related water chemistry is extensive. Environ-
mental effects through disinfection by-products and persistent,
accumulating chemicals should be assessed in detail. Optimization of CT
conditioning, operating with less and more environmentally friendly
chemicals, should be accelerated.

Further water minimization can only be achieved with brine man-
agement/treatment (i.e., RO concentrate). Here, further studies are
required to find optimal ways to deal with, i.e., produced RO concen-
trates (Joo and Tansel, 2015). In some cases, discharges of industrial
plants (i.e. large flows of blowdown) make up significant parts of
receiving water bodies. The ecologically necessary flow of these water
bodies must be regarded and preserved.

Lastly, not only water use of industrial plants should be considered,
but particularly water consumption (i.e., evaporation/drift), which can
only be reduced by improved heat integration, application of heat
pumps, and expansion of renewable energies (Chew et al., 2013;
McKinsey and Company, 2021; Wallerand et al., 2018).

4. Conclusions

Based on experimental results, calculations, and theoretical consid-
erations, CT Blowdown Treatment (option 1) instead of Enhanced Make
Up Treatment (option 2) is the most feasible option for the case study to
minimize the cooling tower water footprint. The reasons for this finding
were the following: (1) higher water savings are expected for option 1
(Initial CoC of existing CT: 5.3, compare Fig. 5), (2) required estimated
operational/capital costs are significantly lower for option 1 due to
lower amounts of water to be treated, (3) high-quality RO permeate
produced by blowdown treatment could be reused at the industrial site
as demineralized process water.

Generally, both options presented for water use minimization in
recirculating cooling towers may be applicable in practical settings,
considering local restrictions and regulations (i.e., discharge re-
quirements, initial water quality, and operational prerequisites of CT).
However, treating all make up water by an elaborate desalination step
for water minimization, in comparison to treating only parts of the
remaining water after evaporation (the blowdown), is estimated to
become the preferable option in the following scenarios: (a) low initial
CoC of CT (<3) related to poor make up quality, (b) elevated costs
related to CT water conditioning (chemicals added for prevention of
biofouling/corrosion/scaling in the cooling tower). With a high initial
CoC of running a CT system (>4), the relative reduction (evaporation) of

water to be purified increases. Thus, treatment of blowdown is the
preferred approach for an industrial site operating its recirculating CT
with a CoC of 5.3, producing blowdown with 2 mS/cm conductivity and
21 mg/L TOC content.

The feasibility of the blowdown treatment train consisting of BACF,
UF, and RO was tested and validated: BACF will have to be optimized
regarding biological growth vs. increased pressure drop but showed an
average TOC removal of 23 %. Biology protection in BACF from biocide
shock dosages in the cooling system with SBS will not be necessary in
full-scale, as the discharge of blowdown and, thus, feed of BACF is
usually interrupted during biocide application. UF was shown to be a
necessary pretreatment in front of the RO due to a clear decrease in
membrane permeability of the RO without UF. Furthermore, despite
approximately 85 % permeability decline of UF during operation, initial
permeability could be restored by a CIP, highlighting the reversibility of
fouling on applied UF membranes. In full-scale, the CIP would need to be
performed as soon as possible to maintain energy efficiency. RO was
operated successfully with UF pretreatment with a system recovery of 75
%. RO Permeate qualities of 80 pS/cm with a TOC usually (> 80 %) <
100 pg/L were produced.

Extending such water minimization strategies even beyond the
cooling system to the entire industrial site level offers significant po-
tential for water and cost reductions. Most industrial installations
requiring cooling towers also need locally produced demineralized
water. Implementing make up and blowdown treatment units in synergy
with existing or planned demineralized water production processes can
leverage common steps, providing both economic and environmental
benefits.
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