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SDG 6

srapel IMPROVE WATER QUALITY, WASTEWATER
TREATMENT AND SAFE REUSE

By 2030, improve water quality by reducing

6 CLEAN WATER

AND SANITATION

pollution, eliminating dumping and
minimizing release of hazardous chemicals
and materials, halving the proportion of
untreated wastewater and substantially
increasing recycling and safe reuse globally.

IMPLEMENT INTEGRATED WATER RESOURGES
MANAGEMENT

By 2030, implement integrated water

Ensure availability and
sustainable management

of water and sanitation resources management at all levels, including

through transboundary cooperation as
appropriate.




The Water Bankruptcy TOR VERGATA

The world is still very far from
meeting SDG 6.

About 2.2 billion people still lack

S afel y mMman ag ed d I‘i n k| n g W a’[el’, High demand Acute, time-limited Persistent
vs. limited supply episode post-crisis state
“11: * High consumption relative to ® Shock-driven disruption (e.g., ® Long-term over-extraction has
3 . 5 b I I I I O n I aC k S afel y m an ag ed avgilable supzly and droughts, floods, czntamingtion) :eg?afied aquifers,triv;rs, :nd
san Itatl on an d ab o) ut 4 b | | | | on hydrological carrying capacity; that temporarily pushes the ecosystems, reduced
1 ] pressure on ecosystems still system beyond capacity with no hydrological carrying capacity,
p eo p I e ex p erience severe \Y; at er within safe limits. or little irreversible damage. and caused irreversible damage.
scarc | ty fo r at | east one mon t h p er * Largely reversible through * Emergency measures, short- ® Only partial, costly recovery is
incremental management, term restrictions, and crisis ossible; governance must focus
year . efficiency measures, and communication aimed at zn deman% reduction,
modest reforms. mitigation and rapid restoration. reallocation, and adaptation.
: , Madani K. (2026) Global Water Bankruptcy
Nearly —75% of the world’s . 'Water bankruptcy!: persistent post-crisis condition
population lives In  countries of a human-water system in which long-term water
classified as water-insecure or use has exceeded renewable inflows and safe
critically. depletion limits, causing irreversible or effectively

irreversible degradation
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The Water Bankruptcy

Supply/Income

Water Assets = Checking account + Savings account

Provide essential water

) services protecting

~~~~~ d ) 7 ‘ public health, safety,
0 ’ : and livelihoods

Regulate, store, and
convey surface water
(e.g. rivers, lakes,
wetlands, and snowpack)

Support food production,
irrigation, and
Insolvency = Water Income < Water Expenses processing, sustaining
Store water, stabilizing Irreversibility = Irreparable Natural Capital Damages regional food security

seasonal variability and Wa te r B a n kr u ptcy \@

interannual supply
reliability

Enable industrial and
economic activities and
support services

Sustain energy
generation, supporting
development, growth,

and stability

Renew water storage,
slowly releasing
meltwater

@ checking Account |

' @ Savings Account

@ Water Expenses

Retain precipitation,
regulating infiltration
and evapotranspiration

Madani K. (2026) Global Water Bankruptcy




Circular Water Economy
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A circular water economy (CWE) is a
system that challenges linear economy
models of take, make, waste in a linear flow

It aims at decoupling economic activity
from the of water resources and from
environmental degradation.

Designing out water and nutrient waste,
Keeping current water resources in use,
and regenerating natural systems,
mirroring the world’s natural processes.

© Ellen MacArthur Foundation, Arup
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Unlocking value from circularity TOR VERGATA

 Buildings and construction account for
50% of primary energy demand, 30% of the
waste flows generated and 15% of
freshwater use.

 Implementing CWE into a wider scale is
where the maximum value can be
unlocked \ekg, Integrated

water

management

* Integrated Water Management (IWM)
principles, such as those implemented in
Victoria, look at a whole city scale and
consider where opportunities can be
developed in every area of the built
environment.

© Ellen MacArthur Foundation, Arup




The 5R strategy and the Water Circularity Indicator TOR VERGATA

"\\.

- Global water scarcity is aggravating with [ peuce o\
Increasing urbanization and inappropriate X losses by I\A\
s \  boosting water | N
/ i ’ff -.’f
e Impl ' Ci | E CE Recover ~ \ ~_ " / Heuseﬁi.rf::fthat
mp em-entl-ng ircular conomy (CE) | F-tfcnuerresnurc&;s | [ acasewarer fha \
strategies in the water sector followed by | fromwastewater | | treatment for the |
o 5 \ and putthem  / Circular Water\  same or different /
t elr assessment can pI’Ove tO e kY to use ,": Managemeﬂt '\h processes
beneficial. - . ‘ g
 Recently, the Water Circularity Indicator * Restore ' /
(WCI) has been developed to measure, [ Jeumwater Recycle |
) ) .~ tosourceatthe | ' Recycle resources |
monitor, improve and promote urban water \ sameorbetter | | andwastewater |
circularity using the 5Rs (Reduce, Reuse, \ Quality ‘

Recycle, Restore, Recover). ~—_ ~_

Kawkani and Kalbar, Water Policy Vol 26 No 5, 480 doi: 10.2166/wp.2024.233
World Business Council for Sustainable Development, 2017
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The Water Impact Index

« CDP's Water Impact Index ranks different
industrial activities according to their
relative  potential Iimpact on water
resources, both water quantity and quality.

0- No
damage to
« The tool ranks for the three key stages of freshwater
the value chain: direct operations, supply FESOUrces
chain and product use. .
2- Significant
o damage to
« It ranks for: dependence of the activity on freshwater
high volumes of freshwater withdrawal or el lliass
consumption; the water pollution or 1- Minor or

3- Major
damage to
freshwater

degradation potential of the activity. short-term
damage to
freshwater
resources

resources

© Ellen MacArthur Foundation, Arup




Circular water management for underground infrastructures
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For

large underground infrastructures, a circular

approach typically includes:

Reduction of freshwater intake through reuse of
drainage water, treated wastewater, and stormwater

Closed-loop process water circuits (cooling,
washing, dust suppression, drilling fluids) with internal
recirculation.

Recovery of resources: heat (for district energy),
nutrients (if wastewater is present), and sometimes
chemicals or metals.

Discharge only as last resort, after treatment and
often to another beneficial user (industrial, municipal,
irrigation).

CIRCULAR WATER MANAGEMENT

Designing water system so that
extraction, use and discharge are
minimized, and water (and sometimes
energy andnutrients) is continuously
reused within or around the asset rather
than treated as waste

‘Becomes by-pradacts |
& orecgy for reuse |

Q
Wastewater
Treatment

Replenish
Water Store

.I-..

L ] R
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(Re”"‘e) « Circular %
s Water

water 'y Economy ¥ water

Use 0. ¢ Abstraction
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Reduction of freshwater intake

The Data Centers case Water is used to cool hot air produced by data servers. Data Centers

Daily Water Consumption in gallons

« Data centers, a major type of large
underground infrastructure, often use e D e
Immense amounts of water for cooling. | '

3,657,260

ITEquipment Cold |

Supply Air Intake 550,000

18,000 88,000 -
 An average data center consumes around e
68 m3 of water per day. Waina Ve e

« |t typically evaporates about 80% of the Recirculation and reuse — water is cooled after absorbing
water tit draws. The remainder would be heat from data center then reused,

dlscharged for wastewater treatment. Discharge — system may call for used water to be discharged

as wastewater into wastewater treatment facility or body of
water or,

Evaporative cooling — evaporated water is consumed while
cooling remaining water; may result in water loss

10
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Closed-loop process water circuits

Closed-loop systems recirculate treated water
through a train of storage tanks and pumps
connected to chillers and heat exchangers,
limiting makeup water to less than 5%

annually by compensating for evaporation and
leaks.

————————————————— Datacentercampus ----------=---=+,
|

3335 )

( ( ((( Water is recirculated to the
‘ > ((( ( cooling tower several times
j Cooling tower  before beingdischarged.  pata center
e

-- W
I I . . by evaporation == (ﬂﬁ««r;:?

e
Utility Heat - ES
exchanger i ==
wastewater trua :'tlgye;atf;m == A 2= A
treatment P -- : - k-
p'ant >>>>> |t e

The heat exchanger uses water

to cool the warm air leaving the

data center. Once cooled, the

T air is recirculated to continue
cooling the servers.

<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<

Blowdown water from the cooling tower is
treated and returned to the original source.
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Decentralized Water treatment

DECENTRALIZED WWTP
Decentralized wastewater treatment L 4 y
facilities for underground environments, T & 1

e
&

such as mining sites, subway systems,
or subterranean, provide localized, and
efficient sanitation without requiring

long, extensive sewer lines to a central
plant. These systems are highly
adaptable, allowing for modular,
containerized units that can be installed
on-site or underground to manage,
treat, and reuse water immediately.

12



Water treatment technologies for data centers
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Chemical pollution

As water circulates, it absorbs heat, resulting in
effluent temperatures of 30 - 40°C, while
accumulating chemical additives like anticorrosives
(e.g., molybdate), biocides, and leached metals
(Cu, Zn). Blowdown from cooling towers can
concentrate total dissolved solids (TDS) to 2,000

ppm.

Treatment technologies
Method Efficiency (% Removal) Energy Use (kWh/m3) Cost ($/m?)

While direct discharge to a Municipal
WWTP is often the default economic choice
for blowdown, a complex onsite treatment
train becomes a mandatory item under
Water Scarcity and Reuse Mandates.

Common Equipment Train

Filtration 80 - 90 (Solids) 0.1-0.5 0.2-0.5 Screens, Multimedia Filters

RO 95-99(TDS) 1-3 0.5-1.0 Pre-Filters, RO Modules, Pumps

Biological 85-95(BOD) 0.5-1.5 0.3-0.7 Equalization Basins, Aeration Tanks, MBBR Reactors, Clarifiers
Chemical Precipitation 90 - 95 (Metals) 0.2-0.8 04-0.8 Dosing Tanks, Agitators, Reactors, Thickeners

MBR 95-99 (COD/BOD) 0.8-20 0.6-1.2 Aeration Tanks, UF Membranes, Backwash Systems

13



Water treatment technologies for decentralized WWTP

Membrane Aerated Biofilm Reactor (MABR): Ideal for
underground or space-constrained areas because it offers
high nutrient removal with a low energy footprint (up to
90% less energy than conventional systems) and can be
packaged in containers.

Moving Bed Biofilm Reactor (MBBR): A compact,
efficient, and reliable technology suitable for smaller
spaces.

Anaerobic Baffled Reactors (ABRs): Effective for
organic degradation in low-energy environments.
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Water reuse case study — The Quincy Microsoft data center TOR VERGATA

The City of Quincy and Microsoft both recognized the
technical difficulty of using mineral-rich municipal
groundwater for cooling data center equipment, as well &= | B 72 s ™ =k
as the subsequent challenge of treating the data § T W e conar
center’s industrial wastewater with high levels of TDS " ’

City Scope

at the city’s municipal wastewater reclamation facility. Data Center
v
Treatment technologies “’“‘*s“:‘"g
Newly constructed systems, including a lime softening U'"aﬁ'tr;m
facility, an ultrafiltration facility, a permeate tank facility, D High-cffciency
a blend tank facility storage, and brine ponds. s“i““g
Previously existing infrastructure which was part of the ) ®o— ; lm p*d
city's industrial ~wastewater treatment systems, S . BT o
including a high-efficiency softening (HES) facility and - S ; P
reverse osmosis (RO) plant n o ) @ wensmcencne | | Lo B.end:,k&

15



Groundwater management

Groundwater management for large underground
infrastructure (tunnels, metros, deep basements,
shafts, TBM drives) is essential to prevent flooding,
ensure stability, and minimize environmental impacts.

It focuses on three main goals:

« groundwater control
« managing inflow water

e protecting nearby structures and the environment.
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Groundwater management techniques

« Dewatering: lowers groundwater levels using
submersible pumpsin  wells or wellpoints (ideal for
permeable soils like sands)

« Grouting (permeation, jet, or rock): reduces
permeability ahead of excavations to block inflows.

OPEN FACE TBM
+ COMPRESSED AIR P HYDROSTATIC

WATER
PRESSURE
\

P,

UNIFORM PRESSURE
(COMPRESSED AIR)
= (P+P)/2-+AP

17
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Groundwater management techniques

Dewatering (Copenhagen Metro)

. Groundwater levels were primarily controlled by * The amount of water pumped from the

the installation of impermeable reinforced sites had to be balanced by pumping back
concrete secant pile cut-off in the quaternary a similar amount of abstracted water into
layers and the upper part of the limestone, the limestone outside the secant pile wall,
constructed to below excavation level. via the construction of recharge wells.

Abstraction well for drinking water Monitoring Recharge Retaining Recharge Monitoring Copenhagen
Frederiksberg Municipality wells well walls well wells =l e Bour
Piezometric level | |
in Limestone @

Station
excavation

I Blind pipe I:I Gravel pack

I Screen I Sealing

2. Groundwater flow

18
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Groundwater management techniques

Permeation grouting (Xianglushan tunnel)

 Permeation grouting is used for Pre-
excavation Ground Treatment to stabilize
the soil face and prevent collapse or water
inflow.

* Application: Ahead of Tunnel Boring
Machine (TBM) drives or NATM headings.

« Permeation grouting is a ground improvement
technique that involves the injection of low-
viscosity grout into the void spaces of granular
soil or fissured rock without displacing the soil
particles. The grout permeates the pores or
fractures and, once set, forms a solid matrix

A S b :
s water-rich
fault

TPt raet e ES TIPS M TET Pt b et LA (ST tebt
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Groundwater reuse for cooling

« Utilizing groundwater and geothermal cooling for
sustainable operations
« Constant groundwater temperature for cooling s A -t o e

2. Inlet brine temperature 14. Thermal energy meter / heat generated

« Water returned to ground with no chemical change : enefouw

4. Consumption of brine circulation pumps 16. Electrical consumption of terminal units
17. Inner room temperature & humidity

18. Ambient/Outside air temperature & humidity
6. Inflow groundwater temperature 19. Data logger and remote data transfer unit
. 7. Outflow groundwater temperature Distribution side 20. DHW storage tank temperature
C aS e S t u d y : U n d e r g r 0 u n d d at a C e n t e r S & Gibliduater-flowrate ‘ S 1 21. Buffer /decoupling storage tank temperature
9. Injection well water level 1
10. Production well water level
11. Monitoring well water level

5. Ground temperature (single, multi-point
sensors, and or Fibre Optic DTS, etc.)

Acronyms

GSHP — Ground Source Heat Pump
BHE — Borehole Heat Exchanger
W= GWL— Ground Water Level

12. Electricity consumed by submersible pump
DTS - Distributed Temperature Sensing
Hex — Plate Heat Exchanger (with filter)

Temperature: Constant year-round
GSHP DHW — Domestic Hot Water

1
___________________________________ | N ..t
round source side | |”ﬁ
@) Plate Hex ‘
5 o!

System: Closed-loop groundwater circulation

Impact: Zero chemical alteration
Energy Savings: Reduces chiller requirements

Examples: Aruba IT3 (ltaly), Lefdal (Norway) SRS

20



Groundwater monitoring TOR VERGATA

The quality of the groundwater near the underground
Infrastructure can be impacted by chemicals
eventually released either during construction or |
during operation. :

. ’ - Gwh
Case study: Gran Sasso National Laboratory PRt ‘-«-..'.:::m!! = e NP
- .~-., ‘Hm 5%

Flow Rate: ~200 L/s continuous drainage
Monitoring: Real-time TOC detection

Alert Levels: 1000/2000 ppb thresholds

Water Type: Low mineralization, bicarbonate

Usage: Half diverted to tunnel drainage

21



Groundwater treatment
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The extraction wells built for site dewatering can be
used to used to convey the groundwater to dedicated
treatment plants with a Pump&Treat approach.

Aboveground
Treatment System
(e.g., Air Stripper +
Activated Carbon)

Groundwater

Dissolved

Plume

Acuifer Restoration
Pumping Wells for Cleanup

L:L:t(l IR RN

Source Removed
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Groundwater treatment
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Wells
— Flowmeter
(Le., oilfwater
separation, solids
L removal, metaks
— treatment, chiorination,
— ] heat exchanger)
< =t
T
Vahe \\/
—
—_— Siorage
E— and Flow
— Equiization
—] Tank

Example: conceptual treatment diagram for a P&T system using air-
stripping and optional granular activated carbon treatment of liquid and
vapor phase effluent from the air stripper.

SIREEPS
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l
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Conclusions TOR VERGATA

Water is a critical resource (water bankruptcy!)

Proper water management in terms of consumption and discharge is required

Circular water economy concepts/indicators should be considered in the design phase

Reuse of (treated) process water is a key element for a sustainable infrastructure

Groundwater management is also key for the whole lifecycle of the infrastructure




