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Thank you for picking up the latest print edition of Innovation in Water | Singapore .
We hope you will enjoy reading all about some of the latest, most cutting-edge water
research carried out in Singapore.
PUB, Singapore’s national water agency welcomes research collaborations that are in
line with our mission: to ensure an adequate, efficient and sustainable supply of water.
The opportunities for collaborative research abound for partners in the water and
related industries, universities and research institutions (locally and overseas) and
creative individuals who share our objective of improving water supply management
through use-inspired fundamental research, application and technological
development, as well as investment in process improvement, knowledge
management and implementation.
To support this endeavour, PUB offers many opportunities for the collaborative
development of new water technologies. If you are interested in finding out more
about collaboration opportunities with PUB, please visit
http://www.pub.gov.sg/RESEARCH
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Towards Water Innovation

At the Environment and Water Industry Programme Office (EWI), our mission is to nurture
and grow the water industry in Singapore. Through EWI’s multi-agency efforts, Singapore has
been transformed into a Global Hydrohub supporting a vibrant water eco-system. We believe
that technology is the key to continued growth in the water industry and we pave the way
by offering a variety of avenues to support research and development in water technologies.
These range from research funding and PhD scholarships, to offering facilities for companies to
test-bed potential breakthrough technologies and solutions.
Let us help bring your innovations to fruition. Visit www.pub.gov.sg/ewi today to find out more
about our schemes.
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Message from the Executive Director
Welcome to the second issue of Innovation in Water | Singapore.

As an island not naturally endowed with an abundance of land or water, Singapore had to
rely heavily on water from local catchments and imported water as its main water sources
for more than four decades. Its early years were also marked by a series of challenges such
as water shortages, flooding and pollution problems. These challenges have inspired us to
innovate and develop capabilities in water research and development, turning our vulnerability into a strength.
Developing innovative solutions in water management is an important part of our work. We
are continually developing new technologies and best management practices to meet the
challenges of ensuring a sustainable supply of water to meet growing demands from both the
industrial and domestic sectors.

Our investments in water research and development have strengthened Singapore’s position
as a global hydrohub boasting a vibrant water research ecosystem that is the centre of a myriad of activities in the water industry ranging from fundamental research and development to
test-bedding, the development of water solutions, and also as a launch pad for the expansion
of water technologies into the region. Spearheading the growth of Singapore’s water industry
is the Environment & Water Industry Programme Office (EWI), an inter-agency effort led by
PUB, Singapore’s national water agency, International Enterprise (IE) Singapore, the Singapore Economic Development Board (EDB) and the enterprise development agency SPRING
Singapore. Our collective vision is to advance Singapore’s position as a global platform for
innovative and sustainable water solutions.

The water research and development ecosystem in Singapore consists of 24 research institutes and corporate laboratories, which, together with the local research community, have
carried out 341 projects valued at S$216 million. One such project involves the development
of membrane bioreactor (MBR) technology, which is a cleaner, more energy-efficient and
cost-effective method for water reclamation. The MBR project, which was covered in the inaugural edition of Innovation in Water | Singapore, shows our commitment to take the lead in
early adoption of new technologies. In this second edition, we highlight the award-winning
Variable Salinity Plant (VSP) technology — a unique innovation developed in Singapore. This
technology is based on adapting membrane technologies to treat water of varying salinity into
potable water. This technology has the potential to increase the water catchment area in Singapore from the current two-thirds to 90% by tapping the rivulets and streams in Singapore
as sources of water.
I am pleased to share more results of our research and development efforts in this issue of
Innovation in Water | Singapore. Through this publication, we hope to reach out to those with
ideas for water R&D to come forth and collaborate with us, and join us on this journey of
discovery in search of sustainable water solutions.
Chew Men Leong
Chief Executive, PUB, Singapore's national water agency
Executive Director, Environment & Water Industry Programme Office

www.pub.gov.sg
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NEWater Visitor Centre, Singapore

Innovation in action: Singapore’s
water management strategies
Singapore is fast becoming a global hub for some of the most advanced and
innovative water research across the entire water value chain. By investing in R&D
and integrating best management practices, Singapore’s water management
strategies are geared toward ensuring a secure and sustainable supply of water
to meet the growing demands of its population and industries. Water research
and development in Singapore is spearheaded by PUB, the national water
agency, and the Environment & Water Industry Programme Office. The activities
conducted by these two agencies not only drive innovation in water research but
also improve the quality of life through the implementation of sustainable water
management strategies.
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Over the last 40 years, numerous water projects have been initiated and developed into full-fledged water resources management systems in Singapore to meet the challenges of securing
a stable and sufficient water supply for both the industrial and
domestic sectors. The Environment & Water Industry Programme Office (EWI) was set up in 2006 to strengthen Singapore’s environment and water technology industry. Led by
PUB, Singapore's national water agency, EWI partners with the
Economic Development Board (EDB), International Enterprise
Singapore (IE Singapore) and enterprise development agency
SPRING Singapore to develop Singapore into a global hydrohub with a thriving water ecosystem. PUB has spawned the
development of innovative research into new water treatment
technologies and methodologies to overcome water shortages,
despite the considerable challenges posed by the country’s lack
of natural water resources, river pollution, and a rapidly changing urban environment.
Today, Singapore has established a robust, diversified and
sustainable water supply known as the Four National Taps:
water from local catchments; imported water; high-grade
reclaimed water known as NEWater; and desalinated water.
Singapore’s current demand for water is 1,730,000 cubic metres, or 380 million imperial gallons per day. Water demand is
expected to double within the next 50 years. By taking an integrative approach to maximise the efficiency of each of the Four

Rain

National Taps, strategic initiatives and partnership projects are
underway to harness Singapore’s research strengths in developing new ideas and technologies to ensure a sustainable water
supply that is both weather-resilient and capable of supporting
the country’s continued growth.
The NEWater initiative is a major breakthrough in Singapore's
water research that has led to the production of high-grade
reclaimed water through the application of state-of-the-art
membrane technologies. The initiative has won international
acclaim, firmly placing Singapore as a world leader in the application of water recycling technologies and sustainable water
management strategies. In addition, PUB is actively engaged in
wide-ranging water conservation initiatives to encourage people and industries to use water wisely. Singapore’s per capita
domestic water consumption has been brought down from 165
litres per day in 2003 to the current 154 litres, and one of the
nation’s key targets is to lower this figure to 140 litres by 2030.

Building a sustainable future

As Singapore’s national water agency, PUB is responsible for
developing the country’s water R&D programmes and managing all aspects of the nation’s water resources. The agency
integrates the management of each of the key components of
Singapore’s entire water cycle (Figure 1), from sourcing and
collection, purification and supply of drinking water to the
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Figure 1: Singapore’s water cycle. With desalination and reclamation of used water, water resources are managed within a closed water loop
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treatment of used water and its reclamation into NEWater, as
well as the drainage of stormwater.
Rainfall is collected by a network of drains and canals and
channelled to the reservoirs for storage. From there, the water
undergoes treatment to make it into potable water. Used water
is collected by a separate network of sewers and sent to the
water reclamation plants for treatment, before it is discharged
into sea or further purified into NEWater. NEWater is used
primarily for non-potable industrial purposes while a small
amount is also mixed with raw reservoir water before it undergoes conventional treatment at the waterworks.
Singapore’s water R&D programme is aimed at ensuring
a safe and sustainable supply of water and encompasses the
whole water cycle to meet four specific goals: increasing Singapore’s water resources; reducing production costs; enhancing
water quality and security; and growing the water industry.

Advancing Singapore’s water R&D

Singapore’s approach to water R&D covers idea conceptualisation, basic research, applied research, demonstration and
test-bedding right up to commercialisation. In researching and
developing the entire water value chain, PUB and EWI work
closely with tertiary and research institutions, as well as with
the private sector. In addition, the Centre for Advanced Water
Technology, PUB’s in-house research arm, conducts research
in water analytics, advanced water technologies and water
resources management. In this way, PUB also acts as a bridge
between upstream research and downstream application, adding value to its collaborative partnerships.

The Environment and Water Research Programme (EWRP)
aims to accelerate the process of transforming new ideas and
technology into innovative applications that can eventually be
brought to market (Figure 2). By strengthening international
collaborative partnerships, Singapore is attracting large-scale
investments and high-calibre researchers in water R&D, and is
a test-bedding and piloting base for new water technologies.
Grooming talent and manpower to meet the fast-growing
needs of the industry and research institutions is an important
area of focus at PUB. Besides training research personnel and
engineers, PUB is actively developing human resources, supporting graduate scholarships programmes and inviting internationally-renowned experts to base their work in Singapore
and collaborate with local researchers. The total number of
jobs in the water sector is expected to grow to about 11,000 by
2015, with a large part of the growth coming from the professional and skilled manpower categories.

Reaching out to private and public sectors

Singapore’s approach to researching and developing the entire
water value chain is divided into an upstream arm covering
fundamental research and a downstream arm covering the
testing of new technologies for downstream applications. For
fundamental research on projects with potential application at
Singapore’s water facilities, PUB leverages on the resources and
expertise of Singapore’s tertiary and research institutions.
Beyond fundamental research, PUB works closely not only with
tertiary and research institutions, but also with the private sector. Private companies can test their new technologies at existing
Strategy 4
Early adoption of technology
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Applied research
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Market
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Figure 2: Singapore’s strategies to catalyse growth of the water industry from idea conceptualisation to commercialisation
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PUB facilities. This on-site testing under actual conditions is a
key step towards the eventual application and commercialisation
of innovative new technologies.
To work with the private sector, PUB has about 150 officers in
six technology groups — Intelligent Water Management, Membrane, Network Management, Used Water Management, Water
Treatment, and Water Quality and Security — to help with the
transition from fundamental research to test-bedding and pilotor demonstration-scale studies. They also conduct studies to
solve or improve daily operational issues. Once the outcomes of
these studies are known, the officers consider the implementation of these technologies in PUB’s daily operations.
In various development schemes run by the EWI office, PUB
is also actively developing human resources to support the
nation’s rapidly expanding water industry, with a particular
interest in researchers with R&D expertise and middle managers. The Visiting Professorship Programme, for example,
encourages knowledge transfer from international experts
to local researchers. Meanwhile, the graduate scholarship
scheme sends researchers overseas to train under prominent
experts so that they can bring back their expertise and apply
it in Singapore.

Creating new opportunities

Collaborative research is a key part of Singapore’s water technology strategy. With sound expertise in the local water industry and a willingness to share its facilities, PUB continues
to welcome research collaborations that support its mission
to ensure an adequate, efficient and sustainable water supply
for Singapore.
Whether based locally or internationally, opportunities
abound for partners in water and its related industries, as
well as universities and research institutions. There are also
opportunities for creative individuals looking to collaborate
in researching and developing innovative water technologies.
Prospective collaborators simply need to share Singapore’s
objective of improving water supply management through useinspired fundamental research, application and technological
development, as well as being willing to invest in process improvement, knowledge management and implementation.
PUB’s experience with collaborative R&D demonstrates that
partnerships often result in the transfer of complementary expertise, thus creating a win-win situation for all parties.
The water industry’s traditionally conservative outlook on
new and unproven treatment technologies protects water safety and public health. However, it can also stifle the application
of potentially revolutionary water innovations. Singapore seeks
to foster the growth of these innovations by facilitating the
testing of products, processes, systems and services. PUB has
facilities — including waterworks, water reclamation plants,
NEWater plants, reservoirs and stormwater canals — that can
be made available as industrial test-bedding sites for both public- and private-sector innovators.

Partnering PUB

Breakthrough innovations often arise from research that transcends the boundaries of different disciplines. Advancements in
www.pub.gov.sg

polymeric membrane materials, which have greatly benefited
seawater desalination and water reuse today, are an excellent
example. PUB encourages such cross-disciplinary research with
the potential to lead to high-impact innovations and applications for the water industry. To this end, PUB will partner with
proponents seeking funding support from external agencies to
work on potential projects even if the research may not relate
directly to its operations and expertise.
Partnering allows different parties to share the costs of R&D,
while reducing associated risks. The funding schemes available
in Singapore to support environmental and water research
include the Incentive for Research and Innovation Scheme of
the Environment & Water Industry Programme Office, the Innovation Development Scheme of the Economic Development
Board, the Enterprise Challenge of the Prime Minister’s Office,
the Innovation for Environment Sustainability fund of the National Environment Agency and the TechPioneer Scheme. PUB
welcomes enquiries from interested parties. For further information, visit www.pub.gov.sg.
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Shoring up a sustainable
water supply
Although Singapore has been making efficient use of the rainwater that falls across
the island, exploiting some of the outlying catchments had proved logistically
challenging. New technology known as ‘variable-salinity plant’ (VSP) now makes this
possible by processing collected rainwater during the wet season and shifting to
seawater desalination during the dry season. Having successfully demonstrated the
effectiveness of the VSP technology in two pilot projects, PUB is building additional
facilities and has begun making this technology available to other nations interested
in maximising efficiency in water use.
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The Marina Reservoir, Singapore’s first
reservoir in the city, also provides the
added benefits of flood control and a
hotspot for water activities

Singapore’s daily water demand — about 1,730,000 cubic metres or 380 million imperial gallons a day — is met by a blend
of the four National Taps: water from local catchment; imported
water; NEWater; and desalinated water. PUB continues to invest in R&D to ensure a sustainable water supply to meet the
long-term needs of Singapore.
Today, up to 30% of the nation’s total water demand is met
by NEWater. Since 2005, Singapore has also exploited the surrounding seawater as a resource, with the SingSpring Desalination Plant at Tuas, which produces 136,000 cubic metres of
potable water every day; a second plant is scheduled for completion in 2013 to bring the total desalination production up to
more than 400,000 cubic metres per day.
Rainwater is another source of water, with two-thirds of
Singapore’s land area being water catchment. PUB currently
maintains a total of 17 reservoirs across the island; of these, the
Marina Reservoir is the first to be built within city limits. The
Marina Reservoir is formed by the Marina Barrage built across
the mouth of Marina Channel. The Marina Catchment is the
largest and most urbanised catchment in Singapore at 10,000
hectares, one-sixth the size of Singapore. The Marina Barrage
www.pub.gov.sg

site has won numerous domestic and international design and
innovation awards, and has brought about three benefits — a
new supply of freshwater, flood control and a lifestyle destination (see Box 1).
A considerable amount of rainwater, however, still goes to
waste at smaller rivulets situated at the outskirts of the island.
During the rainy season, these tiny streams routinely brim
with water that could be collected in canals, but during most
months they can run completely dry. Indeed, some parts of the
island see only minimal rain for up to four-fifths of the year. The
construction and maintenance of a full-scale water-processing
facility at sites that could achieve only meaningful productivity for several months per year would not be cost effective,
but neither would a smaller plant that cannot achieve the high
throughput required after a heavy downpour.
To balance the two extremes, PUB has pioneered a technology called ‘variable-salinity plant’. Not only can a Variable Salinity Plant (VSP) effectively process collected brackish rainwater,
but it can also adapt to changes in precipitation by switching
over to seawater desalination during dry spells. As a proof
of concept, the PUB team (Fig. 1) designed and constructed
INNOVATION IN VVATER | SINGAPORE 9
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a prototype VSP at the Bedok NEWater facility in 2004. “Raw
water was extracted from the Bedok Canal, which leads to the
sea,” explains Sarah Hiong, an engineer at PUB and part of the
VSP team. “This pilot plant had a capacity of 24 cubic metres per
hour in brackish water mode and 10 cubic metres per hour in
seawater mode.” The Bedok plant proved a remarkable success,
so in 2007, PUB decided to scale up and construct a dedicated
demonstration-scale variable salinity plant.

Purification for any condition

Fig. 1: The VSP development team (from left to right ): Aini Noor, Chua
Joon Yong, Tay Poul Meng, Harry Seah, Khoo Kay Leng, Terence Tan,
Chua Seng Chye, and Dave Toh.

Fig. 2: An inflatable rubber weir traps rainwater, which is processed via
the VSP’s brackish water workflow

Fig. 3: Water processing at the VSP entails the passage of microfiltered
water through a series of RO membranes
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The fundamental design of a VSP is relatively simple. Each
facility receives source water via two inputs. During the wet
season, rainwater accumulates in a nearby canal where it remains trapped via an inflatable rubber weir (Fig. 2); the water
retained within this canal is transferred to the plant and purified via the VSP’s ‘brackish water’ process. When the canal runs
dry, the VSP can shift to a seawater processing workflow, using
source water obtained from an intake feed positioned a few
hundred metres offshore.
Given the potentially dramatic variability in the quality of
the water that may be processed, this system requires considerable robustness and flexibility. “The raw water is of varying
salinity, a factor that is dependent on tide and surface runoff,”
explains Hiong.
The initial stages of processing are the same for both feeds.
The source water is first screened and strained to remove large
solids; then it is passed through a series of microfiltration membranes that remove finer particulate matter. The two paths subsequently diverge, with water from each source undergoing a
different reverse-osmosis (RO) purification process to remove
organic matter and dissolved salts. Seawater is subjected to two
rounds of RO (Fig. 3), first with a specialised membrane element
designed for seawater (SWRO) and then with a pair of membrane elements suitable for use with brackish water (BWRO).
The use of the SWRO membranes is important because they are
specifically designed to reduce the elevated concentrations of
boron that are typically found in seawater. Brackish water, on
the other hand, requires only one round of processing, through
either a single SWRO or a pair of BWROs. Finally, the output
from both reverse-osmosis processes is subjected to a standard
post-treatment protocol by adding sodium hydroxide for pH
adjustment and sodium hypochlorite for disinfection.
PUB's demonstration-scale VSP, which was constructed in
Pasir Ris town and received water from the nearby Tampines
Canal, was considerably larger than the prototype tested at
Bedok. It has the capacity to handle some 7,570 cubic metres
(two million gallons) of brackish water per day and 3,785 cubic
metres (one million gallons) of seawater per day. This gave the
PUB team the opportunity to identify and resolve many of the
issues associated with the operation of a full-scale water processing facility at normal throughput1 continuously.
One of the issues facing the team was the high density of microorganisms in the seawater feed that resulted in unforeseen
consequences when the plant was running continuously in that
mode (Fig. 4). “It led to uncontrolled biological growth in the
seawater pipeline,” says Hiong, “to the extent that 20 bags full
of mussels were collected!” The team resolved this problem by
An R&D publication of PUB, Singapore’s national water agency | March 2012
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Box 1: Not just another reservoir
Marina Barrage, a dam built across
the Marina Channel, was completed
in 2008, creating Singapore’s 15th
reservoir — Marina Reservoir. Since
the Barrage and reservoir opened at
the end of October 2008, this site has
quickly become both a landmark and
a major lifestyle destination within the
city, providing opportunities for activities such as boating and picnicking,
and playing host to diverse community
and cultural events. By May 2010,
the Barrage had already welcomed its
one-millionth visitor.
This site also represents a major
engineering triumph. The concept
originated with former Minister Mentor
Lee Kuan Yew, who first conceived
of closing off the mouth of the Marina
Channel in 1987, when he served
as Singapore’s prime minister. Some
15 years later, the project came to
life: PUB awarded the Koh Brothers
Building & Civil Engineering Contractor
Pte Ltd a S$226 million contract in late

2004 to build the Barrage. Construction began the following March.
The Barrage complex is a huge
structure spanning the 350-metre-wide
channel mouth, with nine, massive, hydraulically operated gates weighing 70
metric tons each. During storms, when
the sea level is lower than the reservoir
water level, the gates are lowered to
drain excess reservoir water into the
sea; if the sea level is higher, excess
water is discharged via a pumping
system. Through these two parallel
systems, the reservoir water level is
steadily maintained at a constant level.
The Marina Reservoir, together with
the Punggol and Serangoon Reservoirs, has increased Singapore’s water
catchment from half to two-thirds of
its land area. The Marina Reservoir
can meet about 10% of the nation’s
water needs. Furthermore, the Barrage
complex was designed to be as environmentally friendly as possible, with
a grass-covered garden on its Green

pumping brackish water from the canal into the system, thereby
creating an environment that was unsuitable for the growth of
seawater microorganisms.
The canal water, however, brought complications of its own.
In the aftermath of heavy rains, this water routinely contained
large quantities of silt and debris, and considerable optimisation of the first-stage filtration process proved necessary. The
PUB team was also cognisant of the risk of mosquito populations becoming established in the canal if the trapped water
was allowed to grow stagnant. To prevent this from happening,
the team compromised on brackish-water production by deflating the weir on a weekly basis.
In general, the Tampines facility saw far greater use for
brackish-water processing; although the system was originally
projected to handle a 50:50 ratio, the breakdown was closer to
60% brackish water and 40% seawater over the course of 2008.
As the former mode of operation is energetically more efficient,
this also resulted in considerable savings, with an average energy usage of 1.9 kilowatt-hours per cubic metre (kWh/m3) of
water rather than the predicted 2.99 kWh/m3. Notably, the VSP
also proved more efficient than a typical seawater desalination
plant, with approximately 50% lower energy consumption. To
optimise overall plant operation, the PUB team found it best to
www.pub.gov.sg

Roof that provides natural insulation
and an extensive array of solar panels
that provide roughly half of the facility’s
electricity during the day.
These attributes have won the Barrage considerable acclaim from experts
in the global environmental science,
engineering and hydrology communities. In 2009, for example, the Marina
Barrage was awarded the Superior
Achievement Award by the American
Academy of Environmental Engineers.
In 2010, it received the International Water Association’s Asia Pacific
Regional Project Innovation Awards for
both Design and Applied Research.
With numerous other domestic
accolades as well, it appears that
the Marina Barrage has successfully
achieved the integration of excellence
in aesthetics and design with robust
engineering principles, considerably
bolstering Singapore’s water supply
while also being a lifestyle destination
in the city.

alternate three days of brackish-water operation with a single
day of seawater operation when possible.
This demonstration-scale VSP also outperformed expectations in terms of reduced mineral scaling on RO membranes.
This problem is commonly observed at seawater desalination
plants that modulate the pH of source water as a means to remove excess boron. Such facilities are typically forced to add
additional chemicals to the water that prevent scaling from occurring. However, the RO membranes used at Tampines were
designed to remove the boron adequately without the need for
pH adjustment; this essentially minimised the scaling problem,
and eliminated the need for dosing with antiscaling agents.
The findings from this pilot effort have given PUB the momentum to develop additional facilities that employ the same
technology; and Tampines remains a working laboratory for the
further refinement of VSP implementation. “The demonstration
plant has been operating continuously since June 2007 while
undergoing process optimisation,” says Hiong.

Setting a good example

PUB’s successful solution to this complicated water processing
challenge has subsequently earned attention, both at home and
abroad. In 2010, PUB was lauded by the International Water
INNOVATION IN VVATER | SINGAPORE 11
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Fig. 4: After extended periods of seawater processing, the VSP pipelines tended to become overgrown with marine life, including barnacles and
mussels. This problem was rectified by periodically switching over to brackish water operation.

Association (IWA) at its World Water Congress in Montreal,
Canada. During its Project Innovation Awards ceremony, held
biannually by the IWA, the Tampines VSP facility was recognised
as the Global Winner in the Applied Research category — the
agency’s second achievement that night, alongside an Honour
Award in the Design category for the Marina Barrage project.
“The Variable Salinity Plant and Marina Barrage are shining
examples of PUB’s innovative solutions to meet the country’s
challenge in ensuring water sustainability,” said PUB’s Assistant
Chief Executive (Policy) Chua Soon Guan2.
In January 2011, PUB was awarded a patent for its VSP technology — the first patent to be granted to the water utility.
PUB’s innovative approaches are garnering interest worldwide.
“PUB has been sharing its know-how with other countries including China and the United States,” says Hiong.
The agency has also made charitable use of this technology.
The 2004 tsunami that wreaked havoc throughout the Indian
Ocean had a particularly devastating impact on the island republic of the Maldives, situated off the south-western coast of
India. The resulting damage severely affected roughly a third of
the Maldives’ 300,000 inhabitants3. Many of these individuals
also faced a shortage of fresh water in the weeks and months
following the disaster. Singapore stepped in by providing them
with VSP infrastructure. “The Bedok pilot plant was relocated to
the Maldives as part of the reconstruction efforts,” says Hiong.

Future directions

PUB’s focus now is on expanding the nation’s network of VSPs.
Its engineers have completed their preliminary design for a
new plant at Jurong, the largest yet, which will ultimately be
capable of processing some 4,921 cubic metres of seawater
per day and 9,842 cubic metres of brackish water per day (1.3
12 INNOVATION IN VVATER | SINGAPORE

million and 2.6 million gallons per day, respectively). As with
the two preceding plants, all the water produced will be potable and safe for drinking, meeting or surpassing the stringent
drinking water quality guidelines and standards established
by the World Health Organization (WHO) and the US Environmental Protection Agency (EPA). “Although VSPs are designed
to produce potable water, the product water from the Tampines
VSP is currently supplied to the industries for non-potable use.
The same is planned for the Jurong VSP for now,” says Hiong.
Nevertheless, these plants will play a crucial role in bolstering
Singapore’s water supply - it is expected that further expansion
of VSP operations will ultimately enable the national water
agency to turn as much as 90% of the island’s land area into
catchment area. The agency has already identified a total of
eight sites around Singapore that might be suitable.
Alongside other initiatives such as NEWater and seawater
desalination, the widespread implementation of VSP technology will aid PUB in meeting its aim of staying ahead of the
nation’s rapidly growing water demands for the foreseeable future. Hiong adds, “All these initiatives are laid out in Singapore’s
water master plan that will ensure sufficient water supply for
Singapore’s needs for the next 50 years.”
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1.		Seah, H., Khoo, K. L., Chua, J. Y., Toh, D. & Chua, S. C. Cost effective way to harvest
estuarine water: variable salinity desalination concept. Journal of Water Supply: Research
and Technology-AQUA 59, 452–458 (2010).
2. The Singapore Engineer, October 2010, “International honours for PUB’s innovative and
sustainable approach to water management.”
3. USGS SoundWaves, April 2005, “Assessing tsunami impacts in the Republic of Maldives.”
http://soundwaves.usgs.gov/2005/04/fieldwork3.html

An R&D publication of PUB, Singapore’s national water agency | March 2012

Intelligent
Watershed
Management

The Intelligent Watershed Management programme aims to leverage on
developments in instrumentation, controls and innovative information technology
solutions developed as modelling tools for hydraulics and hydrology research. These
enhance Singapore’s capability in managing water resources and controlling flood.
Using high-level simulations, Singapore water researchers can predict future events
and plan efficient counter-measures.
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Managing multi-purpose reservoir networks
Development of integrated computer models is underway to improve the efficiency
of water-management decisions in Singapore

Fig. 1: Computer models for predicting rainfall events are useful tools for
storm water management in cities like Singapore

Research efforts around the globe have
provided solid information about the
hydrology of urban and natural catchments in temperate climates. However,
the processes of infiltration and runoff
in tropical areas are only now becoming
a focus of research. The management
of multi-purpose reservoir networks in
vast tropical cities such as Singapore is
also receiving attention, particularly with
regard to their behaviour during tropical
storms and floods.
In Singapore, a project is underway
to model and predict the impact of the
city’s heavy, tropical rainfall on its reservoirs. The work is being done by Joost
Buurman, Stefano Galelli and colleagues
at the National University of Singapore,
together with PUB researchers and
colleagues from the Dutch research institute Deltares and other organisations.
They are developing a framework of
computer models that can help decisionmakers to rapidly satisfy water quantity
and quality targets.
Singapore’s complex network of
interconnected reservoirs, used for drinking water supply and recreation make
it challenging to satisfy the needs of different users. “Models that are commonly
14 INNOVATION IN VVATER | SINGAPORE

Fig. 2: Team member Ali Meshgi measures the water infiltration rate in a
grassy area of Singapore – a vital part of effective catchment management

used in urban drainage design have been
developed for temperate climate conditions and may not be entirely suitable for
tropical conditions,” explains Buurman.
The researchers are investigating
several aspects of water management in
Singapore, ranging from improving the
prediction of rainfall and flash floods
(Fig. 1), to more accurately calculating
the final destination of fast-flowing water
volumes. “One of the main challenges we
face is designing a field measurement
programme (Fig. 2) to monitor the entire
range of runoff conditions during tropical
precipitation events, from low to very
high flow,” says Buurman.
Another aspect of the team’s ongoing
research is accelerating the mathematical computing processes used for water
quality modeling, which supports more
rapid management. To this end, Galelli
and colleagues are developing novel tools
called ‘model emulators’.
“Water quality models can take hours
to run, and this creates a bottleneck if
you need to run your model hundreds or
thousands of times during the management process,” explains Galelli. “This is
a problem if you want to make a quick
decision such as discharging low-quality

water. Model emulators ‘simulate’ the
original water quality models in a much
faster way, by generating a computationally efficient approximation of physically
based models.”
The researchers aim to use their
models to address problems such as
flash floods caused by storm events and
will also use the model simulations to
provide better information to agencies
and the public.
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Monitoring water quality: Eye on the storm
PUB is involved in new efforts to monitor and predict contamination in runoff after
tropical storms

Fig. 1: After tropical storms, the runoff reaching Singapore’s Kranji Reservoir can reduce water quality

After a tropical storm or flash flood,
the water running over the surface of
the land can carry increased levels of
nutrients and contaminants such as
heavy metals. These contaminants can
then enter water intended for human
consumption, carrying potential dangers
to health. Monitoring and understanding
the type and level of contamination in the
runoff following storms or floods is therefore vital, especially in heavily urbanised,
tropical areas such as Singapore.
To this end, Lloyd Chua Hock Chye and
Le Song Ha of Nanyang Technological
University and colleagues at PUB are collecting compositional data from surface
runoff water at several sites around the
city. The sites represent different types of
land uses including forestry, agriculture
and low- and high-density areas. The
researchers are using the data to create
a computer model that is designed to
improve understanding of the level of
pollutants in the city’s runoff.
Singapore hosts a complex system of
interconnected drains and reservoirs,
used for a variety of different purposes
ranging from drinking water to recreation. For their study, Chua and colleagues
examined the catchment of the Kranji
www.pub.gov.sg

Reservoir (Fig. 1). This particular reservoir is known to experience eutrophication—an increase of plant biomass such
as algae, which in turn depletes oxygen
in the water, leading to general degradation in water quality. One of the causes of
eutrophication is the increase in nutrients such as those contained in fertilizers
from farm land.
The research team set up mobile gauging stations (Fig. 2) in the catchment zone

around Kranji reservoir. “We collected
samples from the runoff during storm
events and analysed these samples in the
laboratory for nitrogen and phosphorus
species and suspended solids,” says
Chua. The data were collected from areas
supporting different types of land use,
and then used in a computer model to
quantify the differences in nutrient load
after storms of different intensities.
The resulting data highlighted the
need for more intensive control and
management of storm runoff within the
reservoir catchments, particularly in high
risk areas.
Chua and his colleagues hope that
their model “will be able to simulate the
wet weather nutrient load for all Singapore's catchments in future, taking into
account water flowing in from different
land-use zones.”
Researchers and affiliations

Fig. 2: A mobile gauging station containing
water level and velocity sensors. Such systems
act as a low-cost and efficient method for
monitoring stormwater runoff.
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Detoxified water made cheaper

iStockphoto/NNehring

Peat provides a readily accessible, efficient and environmentally friendly means for
purifying microbial toxins out of reservoir water

Fig. 1: Algal blooms of cyanobacteria are a toxic threat to humans and
represent a serious obstacle for water processing facilities

Cyanobacteria (Fig. 1) pose a serious
challenge for water processing facilities, as these microorganisms produce
harmful compounds called microcystins
(MCs) that can induce liver damage in
those who consume or swim in contaminated water.
The problem is especially severe in
tropical regions, where these organisms
tend to flourish. “Under Singapore’s
weather conditions, MCs are likely to be
released into the water either through
natural death of the cells or their
disruption by other means,” explains
Rajasekhar Balasubramanian of the
National University of Singapore. New
work from his team, working with the
Singapore-Delft Water Alliance, has
revealed a cost-effective and efficient
solution to this problem that can be dug
cheaply from the ground.
Several methods are already available
to help water–treatment managers
achieve the World Health Organization’s (WHO) rigorous drinking water
standards regarding safe levels of
MCs: less than one microgram per liter
for microcystin-LR (MCLR), the most
16 INNOVATION IN VVATER | SINGAPORE

Fig. 2: Peat, a byproduct of decaying vegetable matter and precursor
to coal formation, may offer an abundant and affordable resource for
water purification

abundant MC. However, these methods
are complicated by issues of cost and
inefficiency. “Coagulation and flocculation techniques are less efficient at low
concentrations of MCs and use a lot
of chemicals,” says Balasubramanian,
“while advanced techniques employing
ultraviolet or reverse-osmosis require
very high operating costs.”
In contrast, peat — a byproduct of
decaying organic matter and a precursor
to coal — is abundant and relatively easy
to obtain (Fig. 2). It has already been
demonstrated as a useful resource for
filtering out other contaminants, such
as dyes and heavy metals. Balasubramanian and colleagues tested this material
by examining how efficiently it extracts
microcystin-RR (MCRR), another commonly detected MC.
In a series of laboratory experiments,
they demonstrated that MCRR was rapidly sequestered within the tiny pores
of the peat particles: 80% of the toxin
adsorbed within half an hour of treatment — considerably faster than more
expensive materials, such as carbon
nanotubes. Importantly, the researchers

also identified a treatment that releases
MCRR from the peat, indicating that this
material could be re-used for multiple
cycles of water purification, after
which it can be safely composted. “This
technique is definitely eco-friendly and
‘green’,” says Balasubramanian “but is
also very efficient in removing MCs at
very low concentrations.”
Balasubramanian’s team has also
independently demonstrated successful
MCLR removal, and he anticipates that
this method has the potential for removing a diverse range of MCs in treatment
plants. “Usually, these toxins have the
same core structure,” he says. “To our
knowledge, there is no big difference
between MCRR and non-MCRR toxins.”
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Membrane
Technology

Membrane technology has played a vital role in the development of NEWater in
Singapore. Dating back to 1974 when a demonstration plant was set up to study
the feasibility of reclaiming used water using physico-chemical processes, the
technology has grown and developed and is now an indispensible part of Singapore’s
water strategy.
The NEWater demonstration plant, commissioned in May 2000, used microfiltration,
reverse osmosis and ultraviolet disinfection to produce reclaimed water from
secondary effluent. The quality of the reclaimed water—branded ‘NEWater’—
surpasses the drinking-water standards laid down by the US Environmental
Protection Agency and the World Health Organization.
Backed by almost 40 years of experience, Singapore’s water researchers continue to
explore innovative ways of applying and optimising membrane processes for water
treatment and used water treatment processes.
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Reverse osmosis membrane cleaning goes online
A blast of saline water dislodges foulants from reverse osmosis membranes without
the need to halt water-reclaiming operations

Reclaiming water to potable quality,
known as NEWater production in Singapore, requires using reverse osmosis
(RO) systems of semi-permeable membranes to remove a range of contaminants, including bacteria, viruses, heavy
metals, harmful chemicals, nutrients
and pesticides. Efficient removal of such
contaminants, however, results in fouling
of the membranes. Frequent ‘cleaning-inplace’ (CIP) is therefore required, but it
requires switching off the RO system —
taking it ‘offline’ — which causes downtime and reduces productivity.
Now, a novel ‘online’ cleaning
method, called the Direct Osmosis–High

Salinity (DO–HS) process can clean RO
membranes without interruption. The
process involves natural backwash of the
RO membranes and was developed by
Jianjun Qin and his team at PUB, working in partnership with Boris Liberman
from IDE Technologies, Israel.
“In the DO–HS process, a high-salinity
solution is injected into the RO feed
stream for a few seconds,” Qin explains.
Wherever this solution contacts the
membrane, the permeate changes direction and moves from a low-pressure
permeate channel to a high-pressure
feed channel. This dislodges foulants
from the membrane surface, which then

move towards the brine outlet in the
diluted saline water.
To test the DO–HS process, the team
designed and built a pilot plant at
Singapore’s Kranji NEWater Factory
(Fig. 1). They trialed the process for over
18 months running it at a capacity of
60 m3 of reclaimed water per day, with
one DO–HS treatment per day. They
reduced the amount of salt required
for the process by 84% by varying the
frequency, duration and concentration of the salt injection. Their results
also showed that the cleaning method
works without shutting down plant
operations — it reduced the need for
CIP by 80% — and has no adverse effect
on either the quality of NEWater or
membrane performance.
Since February 2012, the team has
been testing a full-scale demonstration
system (8000 m3/day) at the Kranji
NEWater Factory. According to Qin, the
DO–HS process is an environmentally
friendly preventive technique, requires
only simple mechanical changes to
incorporate it into an operating system.
Since RO membranes can be cleaned
at low cost, and without interruption
of the process, it will allow continuous
NEWater production water and bring
significant benefits to the overall system
performance at the same time.
If implemented in all NEWater factories, Qin says that the DO–HS cleaning
system would not only improve the
sustainability of RO operations, but also
provide potential energy savings of up to
16 GWh/year and enhance productivity.
Researchers and affiliations
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Fig. 1: A containerised pilot plant at the Kranji NEWater Factory testing the efficiency of the DO–HS
membrane cleaning system
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Fine filtering with ceramic membranes
Purifying water using a recently developed type of ceramic membrane may prove
cheaper and more effective than membranes made from polymers

Fig. 1: The CeraMac system uses ceramic membranes to filter water
efficiently; it is more compact and longer-lasting than conventional
membranes made from polymers

Membrane technology is a key component of the water purification process,
which is becoming increasingly important as the need to recycle water
swells with population growth. Ceramic
membranes have a number of advantages
over their traditional counterparts that
are manufactured from polymers. They
do not suffer from broken fibres or
clogging, and can be made with narrower pores than polymer membranes to
provide a finer level of filtering. Ceramic
membranes also have a life span of more
than 15 to 20 years, and can withstand
strong chemical cleaning.
The high costs associated with producing ceramic membranes, however, has
limited their use. Jonathan Clement and
colleagues at PWN Technologies in the
Netherlands are now collaborating with
PUB and other partners to demonstrate
the effectiveness of a new, cheaper form
of ceramic membrane that potentially has
significant advantages over traditional
polymer membranes.
The recently developed technology,
called the ‘CeraMac system’ (Fig. 1), was
www.pub.gov.sg

Fig. 2: The CeraMac system is now being tested extensively in a
demonstration plant at the Choa Chu Kang Waterworks in Singapore to
determine suitability for large-scale use

designed by PWN Technologies, and is
more efficient than traditional systems.
“While ceramic membranes have many
advantages the problem has always been
their high [manufacturing] cost,” Clement
notes. “Our system is very compact with a
reduced capital cost.”
CeraMac contains up to 200 ceramic
filtration units called METAWATER elements, which do not contain any fibres
that can become detached and create
blockages. The elements can also
withstand high backwashing rates
when they are cleaned to restore their
permeability. “Ceramic membranes are
composed of metal oxides making them
very strong and long-lasting compared to
the conventional polymeric membranes,”
Clement adds.
Clement and his team are six months
into an 18-month project that involves
subjecting the CeraMac membrane to a
series of intensive tests in a demonstration plant based at the Choa Chu Kang
Waterworks in Singapore (Fig. 2). The
aim is to determine the overall lifetime
cost of the CeraMac system and its

suitability for large-scale use in purifying
drinking water.
The researchers are also trial testing
the ceramic membranes with an ozonebased cleaning process. “Ozone is an important treatment chemical for drinking
water. It destroys pathogens — bacteria
and viruses — and many other toxic
compounds,” says Clement. The application of ozone improves the permeability
of the membrane by removing excess
sludge build-up, but cannot be used on
polymer-based membranes owing to its
chemical strength.
The team hopes that the CeraMac
system will prove cost effective in the
development plant, and will therefore
become a more common way of treating
used water in future.
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Deriving clean energy from salt water
Mixing seawater with fresh water releases a source of energy that could rival the
energy generated by solar panels

Fig. 1: A computer-controlled test rig assesses the power-generating
potential of salt water across different membrane types

Water can pack quite a punch. From
watermills to hydroelectric dams, humans
have harvested the power of flowing
water for hundreds of years. However, this
is not the only form of energy that water
can carry — the salt in seawater also
carries energy. It is this energy that is the
subject of an innovative study by Chuyang
Tang and his colleagues at the Nanyang
Technological University in Singapore, in
collaboration with PUB.
The energy in question is called
osmotic power, and it is released when
seawater and fresh water mix, diluting
the salt solution. The trick for turning
osmotic power into electricity is to use
a membrane that allows water to flow
across it but not salt. When the membrane separates pressurised seawater on
one side and fresh water on the other, the
fresh water is sucked across by osmosis.
This forces the pressurised seawater to
flow faster, driving a turbine to generate
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Fig. 2: A scanning electron microscope image of a hollow fibre membrane
reveals the finger-like pores that allow water to easily flow across it

electricity. Turning osmotic power into
commercial reality depends critically on
power density — the amount of power
that can be generated for every square
meter of membrane. “The power density
determines the amount of membrane
area needed for an osmotic power plant
and so the capital cost of the plant,” Tang
explains. Calculations suggest that at
least 4 watts of power per square meter
of membrane is needed to make the
technology cost-competitive with other
renewable energy sources such as solar.
Tang and his colleagues have tested
commercially available membranes, but
could only generate 1 watt per square
meter of membrane using seawater
(Fig. 1). However, the team is developing its own ‘hollow fibre’ membranes, a
technology pioneered by project member
Rong Wang that allows water to cross at a
higher rate (Fig. 2). Using this membrane,
the team has achieved a commercially

viable power density of over 10 watts per
square meter.
“This is an exciting first step, and there
is still huge room for improvement,”
says Tang. “At the moment, mechanical strength is a major limiting factor.
Our membrane currently operates at
800–900 kilopascals. If we can operate at
2000–3000 kilopascals, a power density
of greater than 20 watts per square meter
may be achieved.”
As well as working to improve membrane strength, the team is currently
considering sustainable sources of salty
and fresh water for the plant, such as brine
streams to avoid using drinking water.
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Network
Management

Singapore’s water strategy focuses on the management of water resources in an
integrated manner at all points of the water loop.

A key aim of water research and development in Singapore in the field of network
management is to ensure the delivery of high-quality water from the waterworks
to consumers while ensuring the collection and reclamation of used water in an
effective and efficient manner.

The management and maintenance of Singapore’s networks is therefore a critical
function, as well as a responsibility that spurs Singapore’s water researchers to even
greater technological innovation.
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Keeping cool while saving water
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An energy recovery system for air-conditioning cooling towers could cut the vast
amount of water currently lost to the atmosphere

Fig. 1: Singapore’s skyscrapers are cooled using air-conditioning systems
that pump hot air back into the atmosphere

In hot and humid Singapore, even the
buildings have a fierce thirst for fresh
water. The air-conditioning systems used
to keep shops, offices and apartments
pleasantly cool, whatever the temperature outside, rely on cooling towers that
eject heat from the building by evaporating water (Figs 1 and 2). Keeping Singapore’s cooling towers topped up requires
enough water to fill 64 Olympic-sized
swimming pools every day. Reducing that
water demand — and saving energy in
the process — is the subject of a current
research project funded by PUB.
The ultimate aim of the project is to
divert away from the cooling tower some
of the heat captured by air conditioning,
and put it to good use. Rather than ejecting all the heat back into the atmosphere,
the idea is to use it to supply the building’s hot water demand. Consequently,
the cooling tower will consume less
water thanks to the reduced heat load
to be discharged there. Singapore-based
company Natflow is leading the project in
collaboration with A*STAR SIMTech and
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Fig. 2: Chiller units and storage tanks of a rooftop air-conditioning system

the Nanyang Technological University
of Singapore. The team already has a
working prototype, says Tay Cher Seng,
Natflow’s managing director.
To directly transfer the ‘waste’ heat
from the hot refrigerant generated by an
air conditioner into a building’s water
supply, the system uses a tube-in-tube
design: the pipes of hot coolant exiting
the air conditioner run within the building’s hot water pipes. “This is markedly
more efficient than if the heating occurs
indirectly via a third medium,” says Tay.
The team designed the system to prevent
leaks that could result in the water supply
becoming contaminated with refrigerant. “Our heat exchanger has a safety
circuit designed to detect any leak before
contamination occurs, Tay adds.
Currently, the researchers are striving
to increase the efficiency of the system,
so that they can minimise its physical
footprint as much as possible. A building
owner retrofitting the technology to a
building’s cooling system would reduce
their energy bill, and reduce the area of

floor space taken up by bulky systems
that could otherwise be rented out. “In
this project we are increasing the area
of the heating surfaces and also taking
better advantage of the superheated
refrigerant coming out of the compressor,
increasing the heat transfer capacity,”
says Tay. “Our target is to reduce the
footprint of the heat exchanger by as
much as four times.” The team plans to
pilot their latest, more compact system
from mid-2012 in buildings at Singapore’s CleanTech Park. By supporting the
project, PUB hopes to maximise water
savings while still helping to keep the
country cool.
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Smarter maps for better water planning
A new computational strategy promises to boost the efficiency of sewer network
planning as Singapore continues to grow

Fig. 1: The Network Planning Module currently under development

As a population expands and shifts, water
managers must adapt used-water networks to ensure that the sewage handling
capacity is sufficient for both present and
likely future levels of use.
This is a complicated process, however, which requires experts to make
careful projections of water utilisation
based on their assessment of land-use
maps. “It is onerous to gather all of these
planning data and to then carry out
manual computations to perform sewer
capacity checks for new developments,”
says Tan Chee Hoon, assistant director of
the Water Reclamation Network Department at PUB.
Tan and colleagues are currently
using computer-based tools to improve
Singapore’s used-water network. PUB
recently upgraded its mapping database
to a platform compatible with geographic
information systems (GIS), which are
software tools designed for the processing
and manipulation of geographic data.
The new workflow will consist of two
modules that employ GIS data. The first
www.pub.gov.sg

Fig. 2: The Sewer-Modeling Module aims to analyse the performance of
the used-water network in response to various factors

of these is the network-planning module
(NPM) (Fig. 1), which will be a powerful
mapping tool.
“The NPM will integrate all of the landuse planning data and map-based sewer
network planning parameters onto the
new GIS platform,” says Tan.
The usefulness of this module will be
bolstered with specialised planning applications; for example, one of these will
estimate waste-water production based
on the level of consumption taking place
at a given catchment.
The second component, which is still
in the early stages of development, is the
sewer-modeling module (SMM) (Fig. 2).
The SMM will analyse the performance
of the used-water network in response
to various land-use, urban development
and environmental changes, providing
valuable guidance to PUB in developing
plans for future optimisation.
According to Tan, this module will
be designed for compatibility with
Singapore’s land-use Master Plan, which
establishes a strategy for the nation’s

growth and development over the next
decade. Tan cautions that this transition
will not be an overnight switch, and that
growing pains should be expected.
“There will initially be a steep learning
curve for our staff, and we will probably need to maintain both old and new
processes … until we are skilled in the
new system,” says Tan.
Once the early hurdles are passed,
however, this implementation of GIS
should result in time savings as well as
boosted efficiency via the tight integration between these two modules. Tan
adds, “Any updates in land-use parameters or other new developments will immediately be available for both network
planning and sewer modeling.”
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Advanced approaches to water treatment
Flexible design of a water-treatment process improves the cost efficiency to remove
contaminants using ultraviolet light and hydrogen peroxide

Fig. 1: Fluctuations in contaminant levels in water en route for treatment
can alert the flexible UV–H2O2 to switch to the appropriate mode of
operation without the need to shut down

Advanced oxidation processes use ultraviolet (UV) light and chemical oxidants,
such as hydrogen peroxide (H2O2), to
effectively rid water of pathogens and
organic contaminants. However, the
high energy cost of these processes
has limited their implementation at
water purification plants. To reduce this
energy, pilot testing of a flexible UV–H2O2
plant is underway using water samples
from the Choa Chu Kang Waterworks
in Singapore.
The pilot plant switches seamlessly
between two modes of disinfection,
depending on contamination levels. During normal operation, UV light disinfects
the water; but when the system detects
high concentrations of organic chemicals
in upstream water (Fig. 1), the oxidation mode operates. Hu Jiangyong from
the National University of Singapore is
leading the research in collaboration
with PUB.
The researchers equipped the heart of
the pilot plant with a UV reactor (Fig. 2)
and four powerful UV lamps. They
directly connected the reactor inlet to
24 INNOVATION IN VVATER | SINGAPORE

Fig. 2: The UV reactor used in the pilot testing of a UV–H2O2 water
treatment plant

a monitor that constantly measures the
total organic carbon of the water. Changes
in these measurements trigger the
system to switch between disinfection
and oxidation modes.
Hu and colleagues evaluated the effectiveness of the pilot plant using water
samples from conventional treatment
processes. In these tests, they first
spiked the water samples with six types
of contaminants including pharmaceuticals, personal care products (PPCPs)
and perfluorinated compounds (PFCs).
Then they monitored the ability of the
UV–H2O2 system to degrade these organic
contaminants. The researchers found that
the contaminants in the spiked samples,
mixing with H2O2 before entering the
UV reactor, underwent degradation by
free hydroxyl radicals that formed upon
irradiation with UV light.
The tests demonstrated that the
perfluorinated compounds were the
most resistant to the UV–H2O2 treatment, and the PPCPs were the least
resistant. Adding hydrogen peroxide
also enhanced the removal of the

contaminants, except for the PFCs. The
researchers also discovered that higher
flow rates of water through the reactor
shortened the UV light exposure of the
samples, which reduced the efficiency of
oxidation. Moreover, energy consumption decreased significantly when they
increased the concentration of H2O2 in
the reaction mixture.
The team of researchers is currently
investigating the performance of the pilot
plant in disinfection mode using a virus
called MS2 coliphage. The researchers
are also planning to optimise the plant’s
efficiency. “Our pilot tests could help us
design and develop an advanced oxidation process of conventionally treated
water for application,” says Hu.
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Used Water
Treatment

Singapore’s research and development in used water treatment focuses on closing
the water loop to short-circuit the water cycle. Instead of discharging treated used
water into the sea and relying on the natural hydrologic cycle of evaporation, cloud
formation and rainfall to recycle the water, Singapore’s water scientists intervene to
close the water loop by reclaiming used water and distributing it for large-scale nonpotable use by industry as well as indirect potable use.
To do this, Singapore’s water scientists work to develop innovative, cost-effective and
efficient processes based on innovative technologies for sludge minimisation, biogas
utilisation and odour destruction to achieve high effluent standards.
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Improving energy-saving nutrient removal
A hybrid reactor that simultaneously removes carbon and nitrogen from used water
is set to reduce Singapore’s carbon footprint

Fig. 1: The hybrid UASB/MBR technology allows for municipal used water
treatment with a positive energy balance

Oxygen-free or anaerobic treatment of
municipal used water has several advantages over other types of treatments,
including lower energy cost, lower
sludge production and lower greenhouse gas emissions. It also produces
biogas, typically methane, which can be
used as a fuel. Because of poor nutrient
removal and incomplete carbon reduction, however, effluent from anaerobic
reactors generally fails to comply with
stringent discharge specifications.
This limits their direct use in a water
reclamation plant.
A hybrid system developed recently in
Singapore that is specially designed for
warm climates, may soon remedy this
problem. Fook-Sin Wong and colleagues
from the Institute of Environmental
Science and Engineering at Nanyang
Technological University, Singapore,
working in partnership with PUB, have
developed and successfully tested a
hybrid reactor known as the integrated
upflow anaerobic sludge blanket (UASB)
and membrane bioreactor (MBR).Used
water feeds into the bottom of the
anaerobic reactor unit (Fig. 1), then flows
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Fig. 2: Pilot plant at the Ulu Pandan Water Reclamation Plant to test the
efficiency of the hybrid reactor in the simultaneous removal of carbon and
nitrogen from municipal used water

up through the sludge blanket, which
converts carbon to methane gas, before
methane gas is being collected. The
effluent then flows into the membrane
bioreactor for further treatment.
In nature via the processes called
nitrification and denitritification,
microorganisms use ammonium ions as
a nitrogen source. This changes the ions
into nitrates and then into nitrogen gas.
Wong explains that ‘partial nitrification’ occurs in the MBR. Air that is
supplied to the membrane reactor is
controlled such that ammonium ions
in the municipal used water are converted to nitrites, instead of nitrates. The
supernatant from the MBR, which is a
clear non-sludge-containing solution, is
then supplied to the bottom of the UASB
for denitrification: the nitrites produced
in the MBR are converted to nitrogen gas.
The researchers refer to this nutrient
removal process as a “shortcut nitrification–denitrification process”.
After successful laboratory-based
studies, Wong and his team designed and
built a pilot plant (Fig. 2) and trialed it
for 20 months at Singapore’s Ulu Pandan

Water Reclamation Plant. The plant
treated 5 m3 of municipal used water per
day. Analysis of the reactor product water
showed that it was of high quality and
as much as 80% of the nutrients were
removed from the used water.
This hybrid technology uses 25% less
oxygen than a conventional ammonia-tonitrate nitrification process and 40% less
carbon. The simultaneous carbon and
nitrogen removal in the hybrid reactor
means that the product water may be
suitable to re-use in the production of
NEWater — potable water recycled
from used water — thereby reducing
the carbon footprint for the treatment of
municipal used water.
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Recycling industrial used water
A pilot plant for treating used water from industries in Singapore successfully
produces water that industry can re-use

Fig. 1: The pilot plant at the Jurong Water Reclamation Plant,
Singapore, cleans industrial used water so that it can be re-used
in industry

To supplement Singapore’s water supply,
huge efforts are underway to recycle
used water. PUB, for example, produces
NEWater — high-grade water recycled
from treated used water of domestic
origin. However, large-scale recycling of
used water collected from industries is insignificant, mainly because it is difficult to
remove pollutants from industrial sources
without using large amounts of energy.
Yeshi Cao and colleagues at the Centre
for Advanced Water Technology in Singapore, together with PUB scientists, have
therefore designed and built a pilot-scale
plant for treating used water collected
from industries (Fig. 1). The pilot plant
has successfully produced water that is
suitable for industrial re-use.
“NEWater is a benchmark for municipal
used water re-use, and it now contributes
to 30% of Singapore’s water supply,”
explains Cao. “If we can also successfully
re-use water from industries, we tap
into another source of water supply for
industrial use.”
The Tuas stream flows into Singapore’s
Jurong Water Reclamation Plant and
receives used water from petrochemical,
www.pub.gov.sg

Fig. 2: Industrial used water before (left) and after (right) treatment at
the Jurong plant

pharmaceutical and chemical industries.
The researchers designed their pilot
plant for the Jurong plant using three,
integrated, treatment processes to
remove chemicals such as ammonia
and phosphorus.
Firstly, the water flows upwards
through a blanket of anaerobic sludge
and is broken down by microorganisms.
“Using anaerobic process as a pre-treatment saves energy normally required for
aeration,” Cao notes. “The energy saved,
and the methane produced in the anaerobic process, mean that energy becomes
available for other uses.”
Working with a mix of used water
collected from different industries was a
major challenge. The high chemical oxygen demand — a measure of organic pollutants — and the presence of inorganic
chemicals affected the consistency of the
feed water. The occasional presence of
toxic chemicals, which inhibited critical
micro-organism activities in treatment
processes, also posed an issue, says Cao.
Following the sludge blanket, the water
passes through an activated sludge-membrane bioreactor. This combines further

biological degradation with filtering,
and “acts as a polishing step for different
reuse purposes,” Cao explains. At this
point, the suitability of the water is tested
for different types of industrial re-use.
The final step is reverse osmosis,
where the water is forced through a
membrane, leaving behind most final
residues of chemicals and solids. This
water is generally close to being suitable
for human consumption (Fig. 2). Based
on this work, private companies are now
aiming to improve the efficiency of the
anaerobic process and reduce fouling of
the membranes. Preparation for building
a larger-scale demonstration plant is also
being considered.
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Sensing troublesome toxins
Specially designed microbial fuel cell sensors warn of toxic compounds and surges
in the organic content of Singapore’s used water

Fig. 1: The Changi Water Reclamation Plant, located at the eastern end of
Singapore and operated by PUB, treats used water to the quality required
for NEWater production

Rapid development in Singapore has
increased its demand for fresh water. To
boost supply, a custom-built deep-tunnel
sewerage system collects, treats and
purifies almost 50% of Singapore’s used
water. The Changi Water Reclamation
Plant (Fig. 1) is part of this system and
can treat up to 800 000 m3 of used water
per day. The treated water is then returned to the environment or transferred
to NEWater plants for further purification.
To ensure that the effluent quality meets the standards required for
discharge or re-use, the operators at the
Changi Water Reclamation Plant require
prior warning of the presence of toxins or
a spike in organic matter in the upstream
water. To this end, How Yong Ng and his
team at the National University of Singapore, working in partnership with PUB,
have developed an integrated detection
system consisting of a microbial fuel cell
(MFC) sensor (Fig. 2).
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Fig. 2: The MFC sensor can detect toxins at low concentrations as well as
surges in organic matter that can degrade water quality

Bacteria, which occur naturally in the
water, form a film on the sensor’s anode
surface and then degrade organic matter
in the used water. Ng explains that the
breakdown of these organic molecules
leads to the release of electrons. The
flow of electrons between the anode and
cathode surfaces through an external
circuit of the MFC generates an electric
current, which is measured as the voltage output.
As the used water flows over the
bacterial biofilm on the anode, the
presence of a toxin inhibits the bacteria
and their ability to degrade the organic
matter. Consequently, fewer electrons are
released, which results in a drop in the
voltage reading. Once alerted to this drop,
an operator can take appropriate action
at the treatment plant.
The sensor can also detect surges
in biological oxygen demand: a spike
in organic content leads to more

electrons being released and therefore a
higher voltage output. Ng and colleagues
simulated toxicity at a laboratory scale
by adding cadmium and copper to the
water. The MFC detected both metals at
concentrations as low as 1 ppm.
“MFCs could provide reliable warnings
of toxic compounds or organic content
surges”, Ng explains. This would allow
operators of a used water treatment plant
to ensure that the effluent is of sufficient
quality for further water reclamation or
discharge to the environment.
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Water
Quality and
Security

In Singapore, as in any country, the quality and security of the water supply is of the
utmost importance for its citizens. Singapore’s water scientists constantly strive
to improve water quality sampling methodologies through continual innovation
in biological and chemical detection methods in order to deal with sources of
contamination with one goal in mind: to achieve better, safer and more secure water
for the nation’s needs.
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Emulating the tongue to screen water quality
A chemical sensor array modeled on the human tongue simultaneously
differentiates between contaminants in drinking water

Fig. 1: Layout of the SGT

Drinking-water quality could soon be
assessed rapidly using a chemical sensor
array called the Singapore Tongue (SGT).
In this array, each sensor is a small
organic dye molecule that can detect
minute differences between water samples. The SGT was developed by a team
led by Ken Lee from Singapore Polytechnic, working in collaboration with
colleagues from the National University
of Singapore and PUB.
Conventional water quality testing relies on laboratory equipment that ranges
from standard pH meters to sophisticated instruments, such as inductively
coupled plasma mass spectrometers.
However, these instruments require
the careful collection, preservation and
transportation of water samples before
analysis at an off-site location—a timeconsuming and expensive approach.
Since water quality is under increasing
threat from contaminants in developing
and industrialised countries, Lee’s team
designed a device that will provide an
instant read-out of water composition.
To create their sensor array, the researchers emulated the structural design
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Fig. 2: Response of the SGT to different water samples

of the human tongue, which exploits
the analytical abilities of hundreds of
receptors to differentiate between a
plethora of tastes. In the natural sensory
organ, these receptors generate distinctive patterns in reaction to gustatory
stimuli, which it uses to identify each
flavour. Similarly, the artificial tongue
manufactured by Lee’s team accounts for
combined optical responses that result
from interactions between dye molecules
and target analytes. These interactions
enhance, or ‘quench’, the intensity of
the light emitted by the dyes depending
on the concentration and nature of the
target compounds, leading to the direct,
quantitative visualisation of contamination levels (Fig. 1).
Preliminary results showed that the
SGT could distinguish between various water samples, including different
brands of bottled water and water
originating from different geographical
locations (Fig. 2). The researchers then
analysed the small compositional changes recorded by the sensors in a statistical
model to determine whether or not
water quality had been compromised.

“Many of the existing rapid water
analysis kits, including the [commonly
used] 5-in-1 and 3-in-1 test kits, analyse
specific contaminants,” explains Lee.
Unlike these systems, the SGT is a yes/no
kit destined to provide a safety screening
for the quality of drinking water, he adds.
As a proof of concept, Lee’s team
fabricated a bench-top ‘metal tongue’ that
could identify up to eight heavy metals
and toxic anions such as cyanide. Moreover, the array determined the presence
of copper and cyanide ions levels below
acceptable drinking-water standards.
“We are currently working on strategies to translate this bench-top-based
SGT into a portable platform,” says Lee.
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Beating the biofoulants
Identifying biofouling microbes should help improve the efficiency and costeffectiveness of seawater desalination plants

Fig. 1: A reverse osmosis module fouled by microbes

Microbes associated with biofouling in
seawater reverse osmosis desalination
plants have been identified by Mohamed
Saeed of the Saline Water Conversion
Corporation working in collaboration
with PUB and Hyflux.
Many hot countries with limited
freshwater resources depend heavily on
seawater desalination for drinking water.
In Singapore, one-tenth of the water
supply comes from desalinated water.
The production of desalinated water is
increasingly dependent on a membranebased separation process called reverse
osmosis (RO). The method works by
applying pressure to seawater on one
side of a membrane, which allows water
molecules to pass through the membrane
but blocks the passage of solutes and
large molecules.
“Unfortunately, RO membranes become
fouled by particulate matter, and organic
and inorganic compounds, as well as the
growth of microbes that produce slimy
biofilms (Fig. 1), which are difficult to
eliminate,” explains Saeed.
To help understand biofilm formation on RO membranes, the researchers
www.pub.gov.sg

Fig. 2: A biofilm of bacteria visualised using a method called fluorescent
DNA staining

set out to identify and characterise the
microbes responsible. To do this, they
sampled microbes from RO membranes
and glass ‘coupon’ slides installed at various stages of the desalination process.
The researchers also used a technique
called DNA-fluorescent staining to
monitor and visualise biofilm formation:
live and dead bacterial cells were labeled
green and red, respectively (Fig. 2).
To identify the microbes present, the
researchers separated and sequenced
species-specific DNA molecules extracted
from the biofilms.
“DNA-based techniques allowed the
rapid identification of the microbes found
on the fouled RO membrane,” says Saeed.
The researchers found a diverse community of bacteria growing on biofouled
RO membranes and glass coupon slides.
They identified the most abundant and
persistent bacterial species as members
of two bacterial groups, the alpha- and
gammaproteobacteria.
“Most of the identified bacterial species
are capable of producing slime and are
motile — characteristics essential for
biofilm formation,” Saeed notes.

Similar microbes have been reported
as RO membrane biofoulants in other
desalination plants. Indeed, the researchers found that the diversity of bacteria on
RO membranes remained high even when
intake water was pre-treated to reduce
bacterial abundance.
Nevertheless, the researchers hope that
the identification and characterisation
of potential biofoulants will help assess
the effectiveness of pre-treatment and
membrane cleaning methods used to
minimise microbial fouling. The work
aims at increasing efficiency and costeffectiveness of desalination plants using
RO-membrane-based processes.
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Spotting nanoparticles in Singapore’s water

From socks to sunscreens, ever-more
consumer products contain nanoparticles. As nanotechnology leaves the
laboratory and enters the supermarket,
these miniscule particles are increasingly likely to find their way into the
environment, including the water system. Junqi Yue and his colleagues at PUB
are currently developing a technique to
detect nanoparticles in water supplies;
this is a critical, first step in developing
tools to remove nanoparticles from
drinking water.
Two key challenges face this PUB team:
detecting nanoparticles at the ultra-low
concentrations at which they are likely
to be found in water; and differentiating
between engineered nanoparticles and
naturally occurring nanoparticulate matter already present in the environment.
The team’s approach involves coupling
two existing techniques used to analyze
nanoparticles in water samples.
The first technique is called asymmetric field flow fractionation (AFFF),
which uses a flowing liquid to sort the
nanoparticles by size. After sorting, the
team applies the second technique by
feeding the particles to an analytical

Fig. 1: The inductively coupled plasma-mass
spectrometer used in single-particle mode can
detect ultra-low concentrations of nanoparticles
in water samples. This type of mass
spectrometer can also provide an estimate
of particle size through a correlation with the
measured mass of an individual particle.
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A two-pronged analytical approach promises to detect ultra-low concentrations of
nanoparticles in water supplies

Nanoparticles in products such as sunscreen can reach water supplies and potentially cause
health problems
instrument called an inductively coupled
plasma mass spectrometer (Fig. 1),
which is run in ‘single particle’ mode (SPICPMS). This device measures the mass
of each particle and the concentration of
particles in the sample.
“We are very satisfied with the
detection limit of SP-ICPMS,” says
Yue. “Comparing SP-ICPMS with other
well-established techniques for particle
analysis showed that this technique has
much better sensitivity.” Using samples of
water spiked with gold nanoparticles, the
team was able to detect the gold at levels
as low as 400 particles per millilitre of
water. Technologies such as transmission electron microscopy (TEM), in
comparison, cannot detect nanoparticles
below concentrations of 108 particles
per millilitre.
Yue and colleagues are now testing
their coupled technique using samples of
Singapore water; and, the initial results
are promising. The researchers found
that the raw water that they sampled
contained nanoparticles of titanium

dioxide — a component used in sunscreens — at low levels of approximately
1000 particles per millilitre of water.
Encouragingly, 90% of those particles
were later removed by conventional
water treatment processes.
As their next step, the researchers
will assess whether their technique can
distinguish between engineered nanoparticles and naturally occurring particles in
water. Natural nanoparticles tend to stick
to lightweight oil–water mixtures called
colloids, giving them a low mass relative
to their size. By comparing the AFFF
particle size data with the SP-ICPMS mass
data, they should be able to spot these
naturally occurring particles so they can
be removed from the water supply.
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Water
Treatment

For an island nation like Singapore, the development of innovative technologies
to optimise water treatment processes for the production of drinking water from
seawater is a key element of any water research programme.

However, desalination is a high energy demand process and the energy cost is
the biggest impediment to viable commercial development. Singapore carries out
innovative research and development efforts aimed at reducing energy consumption
for step-wise desalination and our water scientists are looking at alternatives to
reverse osmosis technology with the aim of reducing energy requirements still further.
In this we draw inspiration from natural systems such as the human kidney and
systems that allow marine plants and fish to survive in high salinity environments.
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A radical solution to clean drinking water
Removing persistent organic contaminants from drinking water becomes even easier,
thanks to free-radical-based oxidation technology

Fig. 1: Emerging contaminants meet radicals

Pharmaceutical and personal care
products (PPCPs) play critical roles
in sustaining health and wellbeing
worldwide, but their entry into drinking
water can have serious consequences for
human safety. Further, recent research
has shown that conventional chlorine
disinfection may break up these trace
organic pollutants and produce halogenated by-products that, in certain cases,
may act as endocrine disruptors or
cancer-causing agents. Finding economical ways to reduce these contaminants
below current part-per-trillion threshold levels is therefore a major challenge
for water treatment professionals.
A team from PUB and Xylem Water
Solutions of Germany, formerly ITT,
is spearheading efforts to achieve
this goal by developing an advanced
oxidation process (AOP) that uses
hydroxyl free radicals (•OH), instead
of halogens, to eliminate the persistent
micro-pollutants from drinking water.
The systematic study currently underway at the Choa Chu Kang Waterworks
in Singapore may be key to large-scale
implementation of this technology both
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Fig. 2: Interior view of the AOP pilot plant

for drinking-water production and
water reclamation.
Hydroxyl radicals have the highest
oxidation potential known to chemists.
According to Jenny Wang, one of the
research team’s engineers, this means
that the •OH-based AOPs can react
non-selectively with almost any type of
organic compound — even those that
are resistant to other used water treatments — and rapidly break them down
into harmless by-products.
Combining ozone (O3) with hydrogen
peroxide (H2O2) is one of the most effective ways to generate hydroxyl radicals,
owing to the simplicity and low cost of
this chemical process. However, most
studies on this technology have taken
place under laboratory conditions and
on a smaller scale. The team’s goal is to
optimise the AOP process in a real-world
treatment plant by identifying the optimal O3 and H2O2 demand to remove over
20 emerging micro-pollutants, including
selected PPCPs, endocrine disruptors, as
well as taste and odour compounds.
At the containerised AOP pilot plant
(Figs 1 and 2), the researchers first

spike the inlet stream with a mixture of
the contaminants of interest. After this
water passes through a series of AOP
reaction tanks, they analyse the remaining contaminants and residual O3/H2O2
concentrations in the water. “This study
requires a carefully designed testing
plan, sophisticated analytical instruments, and skilful operators,” says Wang.
While the team’s study is currently
in its first phase, Wang notes that its
findings could have wide impact. “Water
is a limited resource and micro-contaminants will increase in the future. AOPs,
which are being increasingly adopted
for full-scale applications, are a costeffective solution to this problem.”
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Counting up the savings
Replacing traditional turbidity meters with particle counters promises to boost the
operational lifetime of sand filters at water treatment plants

Fig. 1: Sand filters are an effective means to purify drinking water

Sand filtration is one of the simplest and
most cost-effective ways of eliminating
small particles and microorganisms from
drinking water (Fig. 1). By passing raw
water through a bed of graded sand, the
twin actions of mechanical straining and
physical adsorption can remove undesirable species, such as the protozoan
Cryptosporidium, which are resistant to
conventional chlorine-based disinfections.
However, engineers must clean sand
filters regularly through a process known
as backwashing to prevent breakthrough
of trapped particles into the filtered water.
Since backwashing leads to downtime
and reduced efficiency at water treatment plants, researchers at PUB are
striving to find new ways to reduce the
time intervals between sand filter cleanings. To this end, a team led by Wui Seng
Ang has improved a system that detects
dangerous particle levels faster and at a
higher resolution than standard monitoring techniques. This development
could more than double the operational
lifetime of sand filters.
PUB currently uses turbidity, a measure of scattered light from water-borne
www.pub.gov.sg

Fig. 2: Particle counters can measure contaminants in sand-filtered water
with greater speed and accuracy than existing techniques

particles, to monitor the cleanliness
of sand filters. Occasionally, however,
turbidity meters suffer from delayed
responses and fail to detect compromised filtered water until it is too late.
As a precaution, the operators backwash
sand filters every 24 to 36 hours even
if turbidity levels are within recommended guidelines.
To optimise backwashing frequency,
Ang and his team decided to use particle
counters (Fig. 2) to directly measure the
size and number of contaminants within
sand-filtered water. First, they siphoned
samples from the sand-filtered water
and passed them through a narrow
optical cell. Then, they aimed an intense
laser light beam crosswise at the water
flow. Particles passing through this beam
absorbed or scattered light, and that
changed the signal reaching a photodetector. Ang explains that counting
each ‘pulse’ of the laser beam provided
an extraordinarily accurate reading of
particulate levels in water, while the
energy lost during a pulse was proportional to particle size—a crucial feature
for identifying specific microorganisms.

The team’s experiments revealed that
particle counters have higher sensitivity
and detect turbidity increases faster
than light-scattering meters. Using this
technique, the researchers also found
that they could delay backwashing
operations by up to four days without
affecting turbidity levels.
In the future, the researchers plan to
install particle counters in a sand-filter
system at a PUB waterworks, and establish a quantitative relationship between
the particle-counter data and filter
performance. “There is potential for
development of an algorithm to optimise
backwash operations,” notes Ang.
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Better water quality at a lower price
An alternative approach for purifying reservoir water offers improvements in both
quality and cost

Fig. 1: Pandan Reservoir is largely an urban catchment ringed by
high-rise buildings

Reservoir water is inherently prone
to fluctuations in quality as well as
pathogen content, and risk levels can
differ considerably depending on the
environment surrounding a body of
water. For example, Singapore’s Choa
Chu Kang Waterworks receives inputs
from reservoirs that border residential,
industrial, agricultural and wilderness
areas (Figs 1 and 2).
Choa Chu Kang treats incoming water
using physical separation processes,
followed by chloramine, which eliminates
pathogens but can promote generation
of potentially harmful compounds called
trihalomethanes (THMs). “THMs are not
found in unprocessed reservoir water, but
are formed when chlorine is injected during drinking water production,” explains
C. B. Chidambara Raj of PUB. They arise
from traces of organic material in the raw
water, and levels of such matter can vary
at a given reservoir.
Chidambara Raj and colleagues
recently conducted a pilot study to find
effective ways to minimise THM production. “With fluctuations in water quality,
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Fig. 2: Singapore’s Kranji reservoir is surrounded by dense vegetation, but
also borders on industrial, agricultural and urban environments

such as total organic carbon (TOC) levels
and turbidity, it is a challenge to produce
drinking water of consistent quality,” says
Chidambara Raj.
Particulate organic matter is generally
eliminated via treatment with chemicals
that act as coagulants, leading to the
formation of clumps known as ‘flocs’ that
can then be removed via sedimentation.
The initial coagulant mixture used in the
study was selected on the basis of cost
and effectiveness, but the researchers
determined that it should be possible
to trim processing costs by up to 30%
without undermining quality. After
testing multiple compounds, they showed
that it was possible to achieve superior
performance at reduced expense by
replacing the original coagulant with
ferric chloride.
Importantly, Chidambara Raj and
colleagues also identified an improved
metric for determining whether THM
levels have surpassed the 100 microgram per litre maximum recommended
by the World Health Organization. In the
past, processing facilities have simply

measured overall organic carbon, but
this method is indirect and unreliable.
As an alternative, the researchers
measured specific ultraviolet absorbance (SUVA) at 254 nanometers, a
wavelength that effectively reveals
the subpopulation of organic carbon
molecules with the highest potential
for THM formation.
Discussions are presently underway to
determine how PUB will implement these
findings, but Chidambara Raj sees other
opportunities for further streamlining in
the future. “Each reservoir is unique in
terms of the quality of the raw water,” he
says. “In our efforts to purify water for
drinking needs, the science of process
optimisation will continue to play an
important role.”
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Camp Dresser & Mckee Inc.
CH2M Hill
CPG Corporation
Darco Water Technologies
Dow Chemical Company
Endress+Hauser Instruments International AG
Enviro Pro Green Innovation
Fluigen
GE Water Technologies
Glowtec Environmental Group
GrahamTek
HACH
Hitachi
Huber Technology Inc.
Hyflux
In -Situ Inc.
Interactive Micro-organisms Laboratories
Keppel Corporation
Koch Membrane Systems
Kuraray
Kurita Water Industries
Meidensha Corporation
Mekorot
Membrane Instruments and Technology
Memstar Technology
Memsys Clearwater
Metawater
Mitsubishi Rayon
Moya Dayen
Natflow
Nitto Denko Corporation
Norit NV
Optiqua Technologies
Orange County Water District
Pall Corporation
Pan Asian Water Solutions
PUB
PulverDryer
PWN Technologies
Rand Water
Rehau Unlimited Polymer Solutions
Saline Water Conversion Corporation
Sembcorp Industries
Siemens Water Technologies
SIF Eco Engineering
SUEZ Environnement
Teijin Limited
Toray Industries
Trojan Technologies
Ultra-Flo
United Engineers
United Envirotech
Veolia Environment
Vitens
Xylem Inc.
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