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ALTERNATIVES TO CHEMICAL DISINFECTION OF DRINKING WATER

i

EXECUTIVE SUMMARY

BACKGROUND

Ensuring the microbiological safety of drinking water is of paramount importance.
Conventional drinking water treatment in the UK includes the use of chlorine or another
oxidant for final disinfection. In the case of surface waters, pre-treatment such as
coagulation, sedimentation and filtration is generally used to prepare the water before
final disinfection. The disinfection of drinking water using chemicals such as chlorine has
successfully protected public health against waterborne disease. However, chemical
disinfection produces potentially toxic by-products whose presence is undesirable. The
use of chemical disinfection can also cause problems with taste and odour leading to
customer complaints and growth in sales of bottled water and water filters. Some
consumers do not like the idea of chemicals being added to drinking water at all. The
emergence of water-borne pathogens which are resistant to chemical disinfection, such as
Cryptosporidium, has led to a reappraisal of traditional disinfection practice. Water
companies and regulators need to consider how they can respond to such complaints and
concerns without compromising safety and public health and whilst maintaining scientific
credibility.

Other factors may influence the choice of disinfection process. Increasing pressure on
water resources means that poorer quality source waters could be used with a range of
implications for the use of chlorine or chlorine-based disinfectants. Possibilities include
greater by-product formation, inadequate disinfection using conventional processes and
other contaminants. This could be exacerbated by the effects of climate change causing
flood or drought conditions, either of which could make treatment more difficult. In the
longer term, the pressure on the chemical industry to reduce production of chlorine and
chlorine-based disinfectants for environmental reasons may force water companies to turn
to other disinfectants or to employ non-chemical disinfection processes.

ALTERNATIVE DISINFECTION PROCESSES

A number of commercially available alternative processes, such as membrane processes,
are able to remove bacteria, viruses and protozoa as well as a range of chemical
contaminants. These are coming into use but generally only on a small scale. It may be
possible to operate these processes with no chemical disinfection or at least to reduce the
amount of chemicals used for final disinfection. Alternatives to chemical disinfection, such
as UV irradiation, are also being used for disinfection of drinking water. Such ‘non-
conventional’ processes and disinfection methods could in principle be used to replace, or
at least greatly reduce, the use of chemical disinfection of drinking water.

However, in some northern European countries final chemical disinfection has been
abandoned in many areas, reliance being placed on multiple barriers, often including
natural barriers and biological treatment stages, to prevent contamination and to remove
or inactivate micro-organisms. This approach is not viable in the UK, at present, due to a
number of considerations including: less efficient barriers in chalk aquifers; the much
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greater reliance on surface-derived supplies; lack of biological treatment processes to
reduce assimilable organic carbon loadings; and long distribution systems with long
retention times of water in the network.

UV irradiation and membrane processes are potentially suitable alternatives to chemical
disinfection. UV is capable of inactivating bacteria and viruses, and possibly protozoan
parasites. A range of pressure-driven membrane processes – microfiltration, ultra-
filtration, nanofiltration and reverse osmosis in order of decreasing pore size – are also
capable of disinfection as well as removal of chemical contaminants, depending on pore
size. The use of membrane processes would avoid the formation of disinfection by-
products and would reduce the concentrations of other undesirable chemicals, giving a net
benefit in terms of toxicological issues. The main microbiological concerns with
membrane systems are ensuring the integrity of the membrane and monitoring the
efficiency of micro-organism removal; with conventional chlorination the residual chlorine
concentration is easily monitored and provides reassurance that disinfection has been
carried out effectively.

SCOPE FOR CHANGE AND IMPLICATIONS

Both UV irradiation and membrane systems are sufficiently developed to be considered as
alternative disinfection strategies. A range of hypothetical process streams were
considered as potential alternatives to conventional treatment; it would not be sufficient to
consider unit processes in isolation because preceding treatments would affect overall
process performance, reliability and costs.

In terms of whole-life costs, the alternatives are generally more expensive than
conventional treatment. This is particularly so for larger plants because there are
economies of scale with conventional plants that are not realised with UV and membrane
systems which are essentially modular. Chemical costs for membranes and UV treatment
are lower than for conventional processes but their energy consumption is greater.
Membrane systems generate liquid waste (containing impurities concentrated during the
process) which might require treatment to destroy toxic chemicals or kill micro-
organisms; not all available cost data include allowance for waste treatment and disposal.

To compare the relative risks associated with the various processes, the ways in which
output quality could deviate from target values were identified and ranked. The likely
frequency of failure and consequence of each failure were determined (or estimated) and
multiplied together to obtain the risk of each type of failure. These risks were then
summed for each process combination to derive an overall system risk rank. The risk
rankings did indicate differences between process combinations. However the variations
were within the likely error in this analysis. In terms of risk to the consumer, differences
between processes are probably less significant than plant design and operation.

An overall assessment of the alternatives and conventional treatment against several
criteria (microbiological and chemical safety, cost, reliability etc.) showed that along with
comparable disinfection ability, the alternatives can have benefits such as improved
chemical safety and customer aesthetics, but also disadvantages such as difficulty in
monitoring process performance. The overall assessment is summarised below:
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Summary of overall assessment
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Summary of overall assessment

Chlorine −− −− −− ++ ++ ++ ++ ++ ++ ++ −−

UF only −− ++ ++ −− ++ •• •• −− −− •• −−

UV only ++ ++ ++ •• ++ ++ •• ++ ++ •• ••
Alternative + Residual(1)

++ •• •• ++ ++ •• −− ++ ++ ++ ++

Chlorine only −− −− −− ++ −− ++ ++ ++ ++ ++ −−

Conventional pre-treat + Chlorine ++ −− −− ++ −− •• •• ++ ++ •• −−

UF only −− −− •• −− −− •• •• −− −− •• −−

Conventional pre-treat + UF •• ++ ++ −− ++ −− −− −− −− −− −−

Conventional pre-treat + Ozone + UF −− •• −− −− ++ −− −− −− −− −− −−

MF + UV •• ++ −− •• −− ++ •• −− −− •• ++

Conventional pre-treat + UV •• ++ ++ •• −− ++ •• ++ ++ •• ••

Conventional pre-treat + Ozone + UV ++ •• ++ ++ ++ −− −− ++ ++ •• ++
Alternative + Residual(2)

++ •• •• ++ ++ −− −− ++ ++ ++ ++

UF = ultrafiltration, MF = microfiltration, Conventional pre-treat = e.g. coagulation/sedimentation

+ = better than average, – = worse than average, • = average
(1) UF + chlorine residual or Conv + UV + chlorine residual
(2) Conv pre-treat + UF + chlorine residual or MF + UV + chlorine residual or Conv pre-treat + UV + residual
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One consequence of not using chemical disinfection would be the lack of a residual
disinfectant in distribution. The main benefits of this are that it acts as a preservative and a
simple indicator of failure of treatment or post-treatment contamination. To operate
without a residual disinfectant other than in newly constructed networks such as new
housing estates, would require a considerable amount of mains renovation and cleaning,
and careful monitoring of water quality in distribution. As noted above, there would also
need to be a means of monitoring the efficiency of disinfection with defined frequency of
measurement and action levels.

CONCLUSIONS

It is appropriate to consider alternatives to chemical disinfection due to concerns over
disinfection by-products, disinfectant-related tastes and odours and the emergence of
some chlorine-resistant protozoan parasites. Changes in the quantity and quality of water
sources and environmental pressure to reduce the production and use of chlorine-based
chemicals provide additional reasons to consider alternative methods of water treatment.

The alternatives to chemical disinfection are the use of more physical and chemical
barriers to contamination, UV irradiation, and membrane processes. In the UK only UV
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and membranes would be feasible alternatives without fundamental changes to methods of
water abstraction, treatment and distribution. UV irradiation is effective against bacteria
and viruses, and may be effective in inactivating parasitic protozoa. Membrane processes
could be used to replace conventional treatment and provide adequate disinfection.
Membrane-based processes may remove or leach undesirable substances as well as
producing waste streams. A reduction in the concentrations of chemical disinfectants and
their by-products, as well as other contaminants, could provide a net benefit in terms of
toxicological issues.

Membrane techniques tend to be more expensive, on a whole-life basis, than conventional
treatment, especially for large plants as there is no economy of scale with membranes as
there is with conventional plant. Costs increase with the degree of particle size removal
i.e. microfiltration < ultrafiltration < nanofiltration < reverse osmosis. The use of UV
irradiation can add substantially to both capital and operating costs.

Risk analysis indicated differences between the process streams considered. However, all
the differences in risks were within the accuracy of the analysis; actual design and
operation of disinfection processes are likely to have a greater impact on risk of failure
than the disinfection method used.

The main consequence of operating without a disinfectant residual would be lack of a
preservative effect and loss of a useful indicator for failure of disinfection or serious post-
treatment contamination. Before operating without a residual, considerable mains
renovation and cleaning would be required. Intensive water quality monitoring would be
needed until it was established that water quality in distribution was acceptable.

The main implications for water treatment and process monitoring of changing to
alternatives to chemical disinfection would be the need to ensure the efficacy of
disinfection. Whilst there is no reason to impose tighter standards for non-conventional
treatment methods, there is no simple surrogate, like chlorine residual measurement, to
assess the integrity of a membrane-based process.

Taking these concerns into account, it is considered that if alternative processes are to be
used for primary disinfection, a low dose of chemical disinfectant should still be added to
provide a residual within distribution. This would enable effective disinfection and
disinfection by-product precursor removal, resulting in low production of by-products
whilst still ensuring microbiological safety, together with the benefits in terms of
monitoring and preservative effect of having a residual in distribution. The applicability of
alternative processes would need to be considered on a case-by-case basis, taking into
account source water characteristics, existing treatment, the nature of the distribution
system and the need to ensure protection of public health. For example, with a new
surface water treatment plant feeding a new distribution system it would be appropriate to
consider membrane and/or UV treatment alone whereas if the plant was to supply an
existing network then membrane or UV treatment should be followed by residual
chlorination. On the other hand, if an existing treatment plant is performing adequately a
change to non-chemical disinfection could not be justified on technical grounds.
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1. INTRODUCTION

1.1 Background

It is of paramount importance to ensure the microbiological quality of drinking water.
Chemical disinfection of drinking water, using chlorine, ozone or other oxidants, has been
practised for many years. Chemical disinfection has played a major role in the virtual
eradication of waterborne disease in the UK and is a fundamental part of water treatment; in
the great majority of cases chlorine is used as the disinfectant.

However, chemical disinfection is also known to result in the formation of a number of
potentially harmful by-products including trihalomethanes (THMs) and bromate. THMs are
formed by reactions of chlorine with naturally occurring precursor compounds whilst bromate
results from the oxidation of bromide by ozone, or as a contaminant in commercial or site-
generated sodium hypochlorite.

Standards have been set for some disinfection by-products, and the trend in Europe and
elsewhere is for the limits to become more stringent. Furthermore there is a general trend
towards limiting the concentrations of undesirable chemicals in drinking water to non-
detectable levels. Conventional options for controlling disinfection by-products include
installation of additional treatment stages to remove precursors and using less disinfectant.
These measures may be insufficient to meet future standards and guidelines, particularly if
poorer-quality source waters have to be used as a result of inadequacy of resources, or drought
or flood related to climate change. Further, there is also concern that present processes may
not offer adequate protection against some protozoan parasites.

Chemical disinfection, using chlorine in particular, can result in the formation of chlorinous
tastes and odours; a relatively frequent cause of customer complaints. Some consumers are
against the addition of any chemicals to drinking water. Comparison with other countries
where chlorine and other chemical disinfectants are not used, or are used less, and where water
quality is perceived by the public to be better than in the UK provides further pressure to move
away from chemical disinfection.

Concerns over the environmental effects of chlorine have led to pressure on the chemical
industry to reduce the production of chlorine and chlorine-containing chemicals; eventually this
may also lead to a need for the water industry to turn to alternatives.

A number of commercially-available ‘non-conventional’ treatment processes could be used as a
total or partial replacement for chemical disinfection (and possibly other processes) – these
include pressure-driven membrane systems such as microfiltration, ultrafiltration, nano-
filtration and reverse osmosis. These are capable of removing bacteria and viruses, as well as
protozoa such as Cryptosporidium which are highly resistant to chemical disinfectants. In
addition, there is increased use of UV irradiation for non-chemical disinfection, in general for
well protected groundwater supplies. Membrane-based processes and other alternatives to
chemical disinfectants have not been applied to a substantial extent for drinking water
treatment but they do offer the possibility of operating water treatment plants without the use
of chemical disinfection, or at least using lower doses of chemical disinfectants.
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One of the main concerns with stopping or reducing chemical disinfection is the public health
consequences of not having a specifically biocidal process in treatment and of not maintaining a
disinfectant residual in supply. It is normal practice to maintain a disinfectant residual of a few
tenths of a mg/l within distribution to limit the potential for microbiological growth and
suppress any contamination entering the supply after treatment. The persistent disinfectants
used to maintain a residual are chlorine, chloramine (produced by chloramination) and chlorine
dioxide (rarely used in the UK).

The perceived benefits of maintaining a residual include: suppressing microbiological
deterioration, providing a simple means for monitoring to check that disinfection has been
carried out, and providing very limited protection against contamination. The high Ct
(disinfectant concentration × time) values which can occur in long distribution systems may
also offer slight additional security against more resistant micro-organisms, such as
Cryptosporidium and Giardia. On the other hand, residual disinfectant (chlorine in particular)
has been associated with the development of unpleasant tastes and odours and the continued
formation of by-products within the distribution system.

Changes in the disinfection regime would affect biofilms, which are an unavoidable
consequence of water flowing in distribution systems. The impact of biofilms in terms of the
perceived quality of the water determined by the consumer is influenced by the available
nutrients in the water and the hydrodynamics of the distribution system. In a distribution
system with a constant water source an ‘equilibrium’ state is achieved. Changing to water
without a residual disinfectant would inevitably disrupt this equilibrium.

Water can be regarded as a perishable product which can undergo undesirable changes during
distribution and storage. These changes may cause the water to fail the stringent statutory
standards of quality or, in terms of the customer, become less palatable. The time taken for
these changes to occur can be viewed as a form of ‘shelf-life’ – a term commonly applied to
other perishable products such as food. The presence of a residual disinfectant may increase
this ‘shelf-life’; absence of a disinfectant may cause the water in parts of the distribution system
to have passed its ‘sell-by date’.

In spite of the reassurance in terms of microbiological safety that chemical disinfection
provides, terminal disinfection has been abandoned in some European countries. For example
in the coastal region of the Netherlands, dune water after intensive treatment is distributed
without terminal disinfection, and in Germany high quality groundwater is commonly
distributed without chemical disinfection. In these cases, microbiological safety should be
assured by multiple barriers, both natural and treatment processes, despite the abandonment of
terminal disinfection.

There is insufficient evidence to indicate whether non-chemically disinfected supplies are
associated with microbiological or health problems; a recent study for DWI (Investigation of
drinking water quality enforcement procedures in Member States of the European Union, WRc
report DWI 4419/1, June 1998) showed that microbiological compliance failures occurred in a
number of European countries but the available data are insufficient to determine whether
failures are associated with disinfection regime. Microbiological compliance failures occur in
other countries which maintain a policy of chemical disinfection, and may be associated with
aspects of water supplier organisation, management and control. The extent to which water
may be distributed safely without a persistent disinfectant will depend on a number of factors
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including water quality (availability of nutrients), condition and integrity of the distribution
system, and aspects of distribution system operation (pressures, flows and so on).

This report summarises the results of a desk-based study to assess the practical feasibility of
alternatives to chemical disinfection of drinking water. This includes consideration of
practicality, performance, costs, energy consumption, waste production and reliability. The
review also considers possible changes in regulatory systems and water company operations to
enable the benefits of alternatives to chemical disinfection to be realised, and identifies the
feasibility and implications of operating without a disinfectant residual in distribution.

1.2 Objectives

1.2.1 Review of alternative processes

• To review practical alternatives to conventional water treatment plants and to identify their
potential to avoid or reduce the use of chemical disinfectants.

• To identify and consider the potential use of practical alternatives to chemical disinfection
that could be used both with ‘alternative’ plants and with modern conventional treatment
plants.

1.2.2 Benefits of alternative processes

• To identify the benefits of alternative processes in terms of microbiological safety and
reduced concentrations of disinfection by-products and other chemicals in drinking water.

• To compare the costs with those of conventional processes.

• To identify the circumstances in which alternative processes could be used, the associated
advantages and disadvantages, and any constraints on their implementation.

• To address at least the following specific issues for each identified technique or process:

− the current state of commercial availability;
− further development that is underway or is required;
− issues affecting the scale at which they could be used;
− capital and operating costs;
− environmental impact and energy use;
− reliability and the consequences of failure; and
− the extent to which water sources could be utilised more fully or better than

with existing processes.

1.2.3 Operational and regulatory changes

• To identify and consider the extent to which changes may be required in regulatory
systems and in the operation of water supply systems to enable the benefits of
using alternative techniques or processes to be realised.
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• To identify and consider the changes necessary to treatment plants and distribution
systems to allow confidence that a disinfectant residual was no longer needed for
public health protection.

• For each change identified:

− to assess the difficulties in achieving the change and the steps necessary to
effect it;

− to identify the extent to which there may be conflicting pressures for and
against the change;

− to consider the implications for customers and customer services; and
− to undertake an outline risk assessment of the nature of possible problems,

the likelihood of problems, possible dangers if problems occurred, and the
scale of those dangers to the public.

1.3 Guide to the Report

Section 2 covers disinfection processes, including conventional methods and the alternatives of
providing more physical and chemical barriers, UV irradiation and membrane processes. This
draws on the detailed review of alternatives in Appendix B. The toxicological implications of
using alternative techniques are also discussed.

Section 3 considers the scope for changing to non-chemical methods of disinfection. This
Section covers the state of development of alternatives, the cost implications, waste generation
by processes, a risk and reliability analysis, and an overall assessment of the benefits and
disbenefits of switching to alternative techniques.

Section 4 examines the implications of changing to alternatives in terms of protection of public
health, operation without a residual disinfectant and effects on biofilms and stability of water in
distribution, and implications for treatment and distribution system operations.

Section 5 presents a general discussion of the main issues relating to changing to alternatives
to chemical disinfection.

Section 6 presents the principal conclusions from the project.

This report necessarily uses numerous specialised technical terms. To assist the non-specialist,
a Glossary of terms is given in Appendix A.

The detailed review of alternative processes is provided as a stand-alone Appendix B.

The detailed results of the risk assessment are provided in Appendix C.
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2. DISINFECTION PROCESSES

2.1 Conventional treatment

The UK drinking water regulations require that water should not be supplied from any source
which consists of, or includes raw water unless it has been disinfected. In this context, the term
disinfection can be defined as ‘subject to a process which removes or renders inactive
pathogenic micro-organisms’.

In the UK disinfection of water is brought about by the use of a number of treatment processes
which are used in various combinations depending on the type and quality of the source water.
Although each of these processes has an impact on the microbial content of the source water,
acceptable disinfection can only be achieved when they are used in series to form multiple
barriers to the passage of micro-organisms. The final barrier is chemical oxidation, usually with
chlorine in the form of sodium hypochlorite.

Whereas chemical oxidation is often regarded as being the most efficient and therefore the
essential disinfection process, the prior physical treatment processes have an important role in
the removal of micro-organisms. In addition to the microbial removal they achieve, they benefit
final disinfection by removing particles which would otherwise shield micro-organisms from
chemical oxidation.

Groundwaters are generally sufficiently protected that physical treatment is not required prior
to disinfection (although treatment such as filtration may be used for removal of contaminants
such as iron and manganese). Surface waters, on the other hand, do require treatment prior to
final disinfection. Typically this consists of:

• Chemical coagulation, using aluminium or iron salts, to entrap particles and
precipitate some dissolved impurities in the form of a solid precipitate (‘floc’).

• Clarification - sedimentation in which the flocs are settled out to leave clear,
treated, supernatant. Often this is achieved using upward-flow ‘floc blanket’
clarifiers. An alternative is dissolved air flotation, in which bubbles are used to
float the flocs to the surface where they are removed.

• Rapid gravity filtration which is used to remove remaining particulate matter
through the depth of a filter medium, usually sand.

An alternative to the coagulation/sedimentation/filtration approach is the use of slow sand
filtration in which impurities are removed by biological processes in the upper layer of the
filter.

During the past decade, many surface water treatment plants have been upgraded by the
introduction of ozone and granular activated carbon (GAC) for the removal of pesticides and
chemicals causing tastes and odours, through oxidation and adsorption. These processes also
affect the microbial quality of the water.
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The various treatment processes involved in water treatment have differing capacities for the
removal of the various types of micro-organisms. It would appear from the literature and work
carried previously by WRc that coagulation followed by clarification and filtration can reduce
the concentrations of faecal indicator bacteria by at least 99 per cent. Variations occur
depending on the way in which the processes are designed and controlled. Rapid sand (and
GAC) filters are prone to microbial breakthrough particularly in the 30 minutes immediately
following backwashing. Since these micro-organisms will invariably be bound to particles
(biofilm or coagulant) from within the filter, they will be more tolerant of disinfection and can
break through into the final water.

Water which has passed through filters containing granular activated carbon may contain
higher numbers of heterotrophic bacteria than the unfiltered water. The reason for this
apparent ‘negative removal’ is that the organic carbon adsorbed from the water by the GAC
provides a suitable environment for the growth of heterotrophic bacteria, particularly during
the warmer months of the year.

The microbial removal capacity of physical and chemical treatment processes combined with
the inactivation achieved by the use of chemical oxidants within the treatment train (e.g.
ozonation for taste and odour reduction) suggest that final disinfection may not always be
necessary. Indeed, with certain good quality source waters this view may be supportable.
However the sources of variation in removal efficiency discussed above argue strongly for a
final ultimate barrier, such as chemical disinfection, to act as a safeguard.

Problems with chemical disinfection

Disinfection strategies at water treatment works are based on Ct values (the product of
disinfectant concentration, C, and contact time, t) for the inactivation of faecal indicator
bacteria such as total coliforms and E. coli. The use of indicator bacteria is based on the
premise that enteric bacterial pathogens will have similar survival characteristics. As a
consequence, minimum standards of water quality have always been expressed in terms of
coliform organisms. Although doubts have been, and still are, expressed over the security of
this premise, increased compliance with numerical standards for coliform organisms has
brought significant improvements in public health.

It is now well established that micro-organisms vary in their sensitivities to a particular
disinfectant and a common generalisation of this variation is that, in terms of chlorination, the
relative resistance being bacteria < viruses < resting forms of pathogenic protozoa. The
oocysts of Cryptosporidium have been shown to be ‘totally resistant’ to the levels of
chlorination which are feasible at water treatment works. There is some evidence to indicate
that ozone may be rather more effective, but the Ct values that are required again make the use
of chemical disinfection an unattractive choice for eliminating Cryptosporidium.

An essential requirement for good disinfection is efficient mixing to ensure that all the micro-
organisms present are exposed to the oxidant for sufficient time. Factors which prevent this
contact such as particulates and short circuiting of contact tanks will lead to reduced
inactivation.



7

Chemical oxidation is therefore proving not to be the ultimate barrier and even its role as a
‘catch-all’ against microbial breakthrough has been questioned by the emergence of
Cryptosporidium as a waterborne pathogen.

Potential health effects posed by chemical by-products of disinfection, as well as the other
factors discussed in the Introduction, have added to the need to consider alternatives to
chemical disinfection.

2.2 Alternatives

Three alternatives to chemical oxidation are worthy of consideration for disinfection of water:

1. the provision of more physical and chemical barriers;

2. the use of less intrusive disinfecting agents such as UV irradiation; and

3. removal of all micro-organisms by filters with an appropriate pore size.

2.2.1 Additional physical and chemical barriers

The inclusion of more treatment barriers has been used in the Netherlands for a number of
years with the result that final disinfection with chlorine or other oxidants is now only used for
about 22% of the total volume of drinking water. Chemical oxidants are still an integral part of
the treatment strategies for waters abstracted directly or indirectly (i.e. with impoundment)
from rivers and lakes. However, in the Netherlands two thirds of the drinking water comes
from groundwater supplies, 14 per cent from dune infiltrated surface water and only 21 per
cent from surface waters. This is contrast to the UK where only 32 per cent comes from
groundwater sources with the remainder being abstracted (28 per cent with impoundment)
directly from surface waters.

Aquifers in the Netherlands are mostly composed of layers of sand, clay and peat which act as
highly effective filters for removing bacteria as the water percolates into the aquifer. The
groundwaters when abstracted are usually free of pathogens and faecal indicator organisms. In
addition measures have been put in place through law to restrict activities in the catchment
areas and thereby protect the quality of the groundwaters.

In the UK many groundwaters are abstracted from chalk aquifers and here the substrata does
not act as such an efficient barrier against micro-organisms. As a consequence, quality can be
threatened and even extremely stringent catchment protection may not provide a degree of
protection adequate to preclude the use of chemical disinfection.

Surface water treatment in the Netherlands uses dune infiltration which effectively utilises the
natural geology as a very large deep sand/soil filter. Chemical disinfection is rarely employed
although low doses of ozone have been used to oxidise refractory organic compounds.
Additionally some chemical disinfection may be practised in the winter months when the
biological activities of the slow sand filter are too low to remove microbiological
contamination from roosting birds.



8

Although the major factor influencing the use of chemical disinfection in the Netherlands
compared to the UK is the greater use of groundwaters of excellent microbiological quality,
the strategy in the Netherlands for the treatment of surface derived sources utilises many more
treatment barriers. In an extreme example river water is abstracted, treated with coagulation
and sedimentation and rapid sand filtration before dune infiltration. Subsequently the water is
aerated and treated by rapid sand filtration, ozonation, two stage GAC filtration and then slow
sand filtration. Each of these processes will influence the microbial loading of the water and the
reported negative effect of GAC filtration on microbial reduction will be nullified by the
subsequent use of slow sand filtration. However it is also possible that following the organic
carbon removal achieved by the treatment processes before GAC filtration that increases in
microbial numbers through this process will be minimal.

This strategy may be compared to the UK approach using what is termed advanced water
treatment. This can involve coagulation and sedimentation followed by rapid sand filtration,
ozonation, single stage GAC filtration and then final disinfection. In situations where slow sand
filtration is used in the UK the only microbial barrier employed other than chemical disinfection
is rapid sand filtration.

In Germany the major part of the drinking water supply comes from groundwater sources (60
to 65 %) which are in general relatively small supplies. In about 44 % of these supplies a
disinfectant residual is used. Many of the aerobic groundwaters need no treatment and because
they are biologically stable and free of pathogens no disinfection is used. Similarly anaerobic
groundwaters although requiring iron and manganese removal often do not require
disinfection. Disinfectant is not used by 12% of the companies using surface water, but usually
only after artificial recharge (similar to dune infiltration) and river bank filtration as primary
treatments. Bacterial re-growth potential or AOC measurement is frequently used to optimise
treatment.

Additionally in Germany, the retention time of the water in the distribution system is kept as
short as possible to minimise changes in microbiological quality. This is done, wherever
possible, using closed ring distribution systems which although impossible in long-distance
networks, is easier to achieve in urban systems. Dead-ends have to be cleaned regularly by
flushing with water at high velocities with occasional flushing of the whole system to remove
sedimented particulates. Tanks are cleaned at least annually and the use of cleaning agents is
avoided since they have been shown to leave residual AOC in the system which promotes the
growth of heterotrophic bacteria.

In France groundwaters make up 65 to 70 % of supplies. Chemical disinfection is not used in
the treatment of these waters, but chlorine is added to about 80 % of these supplies before
distribution. Legislation limits chlorine residuals to 0.1 mg/l with prior approval being required
if higher doses are required. In systems with a high chlorine demand, booster disinfection is
used at strategic points in the network.

Experience from other countries in Europe (mainly the Netherlands) would suggest that many
additional barriers to micro-organisms need to be added to the treatment strategy if the use of
chemical disinfection is to be avoided. Even where the natural geology allows some form of
ground infiltration to be used this may need to be supplemented with addition biological
filtration processes. In the Netherlands much of this extra treatment is aimed not only at
reducing the microbial loading of the water but at increasing its biostability which allows its
microbiological quality to maintained during distribution. A similar approach is used in
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Germany where AOC measurement and consideration of the biostability of waters is used more
strategically than in the UK.

The introduction of sufficient additional treatment barriers instead of chemical disinfection
would not be a feasible or cost-effective alternative in the UK without a complete reappraisal
of abstraction, treatment and distribution strategies. Therefore this option is not considered
further in this review.

2.2.2 The use of UV irradiation

Ultraviolet (UV) disinfection technology is reviewed in Appendix B. UV light in the ‘UV-C’
region is germicidal, due to the absorption of radiation by DNA within micro-organism nuclei
and interference with cell replication such that micro-organisms are inactivated.

UV is well established for disinfection of drinking water (e.g. Carrington et al. 1989). The
usual system is a quartz-sleeved UV lamp in contact with the water. The water flows along the
annular space between the quartz sleeve and the outer wall of the chamber. The disinfectant
dose delivered by a UV system is expressed as UV radiation energy density, equivalent to
(power × time) per unit area, expressed in units1 of mW.s/cm2.

UV-light can provide as effective a barrier to micro-organisms as chlorine, indeed it is often
considered to have greater virucidal activity. Its activity against parasitic protozoa is not yet
fully quantified, but favourable results are being reported for new devices incorporating UV
light such as the Calgon Sentinel and the CID of Water Recovery plc (see Appendix B).

Difference in the methods of calculating UV dose often prevent comparison of the results
achieved by different designs of systems. However the proliferation of use for disinfecting
secondary wastewater effluents indicates that turbidity may not be the restricting factor that it
once was. The comments made earlier about the protective action of particulates against
chlorine inactivation must logically be applicable to UV disinfection.

In general final disinfection is designed to achieve 99.99% inactivation of faecal indicator
organisms. Denny et al. (1991) found that in laboratory systems this level of kill was
achievable for thermotolerant coliforms with a dose of 15 mW.s/cm2 and that this was similar
to the use chlorine to give a residual of 1 mg/l after 15 minutes. However 99.99% inactivation
of poliovirus was only achieved with higher doses (25 mW.s/cm2) which was equivalent to
increasing the chlorine dose to achieve a residual of 1 mg/l after 30 minutes contact. These
figures agree well with those given in Table B13 of Appendix B for poliovirus. The data in this
table indicate that this dose of UV light would provide good protection against Hepatitis A,
but that rotavirus would require higher doses.

Although current treatment strategies for the removal of Cryptosporidium place the greatest
reliance on coagulation/clarification and filtration it would be helpful to the protection of public
health if an effective disinfection regime could be incorporated. The information provided in
Appendix B suggests that devices such as the Calgon Corporation Sentinel and the Water
Recovery plc CID may be effective. The efficacy of these systems and those involving pulsed

1 Milliwatt seconds per square centimetre, equivalent to mJ/cm2 (millijoule per square centimetre)
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UV require further investigation before the real value of UV as a replacement for chemical
disinfection can be assessed.

It is also worth repeating the cautionary note made in Appendix B with regard to standards for
Cryptosporidium. The efficacy of any treatment strategy which relies on inactivation rather
than removal of Cryptosporidium will need to be monitored on the basis of the level of
inactivation achieved. With Cryptosporidium this will involve viability testing of any oocysts
detected in the final water and currently standard tests are not available.

2.2.3 Membrane processes

A range of pressure-driven membrane processes is available that potentially could be used to
replace conventional treatment. The relevant processes are reviewed in detail in Appendix B
and Figure 1 illustrates their characteristics.

Microfiltration (MF) is a direct extension of conventional filtration, capable of sieving out
particles greater than 0.05 to 2 µm, depending on the membrane, (including bacteria and
cysts).

Ultrafiltration (UF) is a molecular sieving process and will reject organic material to the
membrane cut-off (0.001 to 0.1 µm), viruses, bacteria and large pathogens.

Reverse osmosis (RO) is a high efficiency, high pressure membrane process capable of
rejecting monovalent ions such as sodium and organics of molecular weight greater than 50.

Nanofiltration (NF) is a low pressure membrane process combining low efficiency reverse
osmosis and high efficiency ultrafiltration. NF is capable of rejecting multivalent ions and
dissolved organic matter of molecular weight above 200.

The data presented in Appendix B indicate that microfiltration, often termed the ultimate
barrier to micro-organisms, can provide adequate log removals of faecal indicator bacteria,
Giardia and potentially human viruses and bacteriophages. Similar performances are recorded
in the literature for ultrafiltration and nanofiltration systems.

The presence of heterotrophic bacteria in the permeate line from the filters has been reported,
but it is unclear if they originate from breakthrough or are contaminants introduced during
backwashing. Although the presence of coliforms has not been recorded, it should be
remembered that heterotrophs will normally be present in numbers several orders of magnitude
higher than coliforms. As a consequence large volumes of water will need to be analysed
before absence of coliforms can be assured.

The main microbiological concerns with regard to these filtration system is the integrity of the
membrane and how degradation in performance could be easily monitored to forewarn of
serious breakthrough. With chlorine disinfection on-line residual measurements with alarms can
be used and remedial action should be able to be taken in a relatively short time. A similar
facility needs to exist for these barrier treatments probably in the form of a surrogate measure
of  microbial breakthrough. Currently it is understood that systems do include an integrity test
involving the measurement of pressure drop of injected air. To try to ensure the same degree of
assurance that is provided now by measurement of chlorine residual, the frequency of
performing these tests requires review as do the trigger points for action.
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Figure 1 Membrane characteristics

Changes in the characteristics of a water entering a distribution system can affect the ecological
balance within the network. Where the organic content of the water is reduced by the
installation of biological treatments the biofilms previously supported by higher AOC may
become unstable. This will lead to a reduction in the biofilm and a higher incidence of water
quality problems may occur during the time it takes for the new biological equilibrium to be
established. There is also some indication that the installation of treatments such as
nanofiltration can precipitate changes with the distribution network. Work by Sibille et al.
(1998) has shown that the complete removal of protozoa by nanofiltration meant that the
regulation of bacterial populations by predation was lost. In a comparison of a pipe rig
supplied with GAC filtered water and another fed by nanofiltered water it was shown that the
bacterial populations in the water and the biofilm was highest in the former.

This was presumably because of the reductions in AOC and indigenous heterotrophs that were
achieved by nanofiltration. However, seeded E. coli remained for longer in the rig supplied by
nanofiltered water due to the absence of predation by protozoa. The installation of treatments
such as nanofiltration may therefore require more emphasis to be placed on the control of
pathogens introduced through ingress and so may increase the need for maintenance of a
residual disinfectant.

2.3 Toxicological considerations of alternative technologies

2.3.1 Introduction

The use of new technologies for drinking water disinfection based on non-chemical processes,
particularly membrane technology, can influence the chemicals of concern which may be
present in drinking water. They may also provide an additional dimension, in the quality of the
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waste stream, which requires consideration. The issues can be considered under three
headings:

• substances which may be removed or reduced in concentration,

• substances which may be added to the final water as a consequence of the
alternative process and finally,

• the chemical composition of the waste stream.

All are potentially important and must be balanced against each other and with the
microbiological perspectives.

2.3.2 Substances which may be removed or reduced in concentration

Treatment chemicals

There are two ways in which the number and/or the concentration of chemicals which may
enter drinking water as a consequence of membrane treatment processes may be reduced. In
the first instance, there may be no need to add some chemical steps, in which case the
contaminants and by-products of that process will not be present. In the second instance,
membrane process may be able to remove residual treatment chemicals more efficiently.

The most important issue for reduction of by-products is the possibility of minimising, or even
eliminating, the by-products associated with chlorination. The primary mechanism for this is by
introducing a physical barrier as a disinfectant which will, depending on the membrane system
chosen, also remove some chemical contaminants. Since a large proportion of the precursors
of the by-products of chlorination are large molecules these would be particularly amenable to
removal by membranes used as physical barriers to micro-organisms. The USEPA are currently
examining the effectiveness of both GAC and membrane systems for removal of TOC and the
results of these studies should be available by March 1999 (Allgeier et al. 1998). This project is
part of the treatment study requirement of the Information Collection Rule and is aimed at
examining the capacity to reduce chlorination by-product concentrations by removing the
precursor molecules. In view of the continued concern over the potential adverse effects of
chlorination by-products on reproductive outcomes investigation of a means of significantly
reducing such by-products is important. In addition, the USEPA have listed chlorination by-
products as a high priority for testing, as a mixture, for endocrine disrupting activity. Should
chlorination by-products be shown to possess activity in these tests then this would provide a
possible mechanism for reproductive effects and pressure for tighter standards for such by-
products would increase.

The use of membranes would also, potentially, reduce the need for ozonation. Already
membranes are being used in the UK for the removal of pesticides and direct removal avoids
the potential complication of considering what breakdown products are produced by oxidative
treatments. The problem of bromate, for which there is a stringent standard in the revised
drinking water directive, would also be removed in circumstances where ozonation was no
longer necessary.
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There remains a need for treatment of raw waters before the membrane is reached, in order to
minimise the contaminant load reaching the membrane and to reduce fouling of the membrane.
If the membrane type is appropriate then the removal of residual chemicals used in processes
such as coagulation can also be significantly improved and there will be a need to optimise
coagulation and sedimentation, in order that the floc load reaching the membrane will also be
minimised.

Chemical contaminants

Membranes introduced as a physical disinfection barrier can also be used to remove chemical
contaminants, although the contaminants removed will depend on the type of process used.
Microfiltration will remove large molecules and colloids which would include the chlorination
by-product precursors mentioned above. Ultrafiltration can remove molecules with a molecular
weight greater than about 800, which would include some larger substances of concern,
including the microcystins which are toxins produced by blue-green algae and which have a
molecular weight in the region of 1000. Nanofiltration can remove molecules with a molecular
weight greater than about 200 which would include many organic molecules of concern and
also some multivalent ions. Finally reverse osmosis can be designed to remove monovalent ions
and can act as a demineralisation process. Therefore, as the barrier to micro-organisms
increases so will the barrier to chemical contaminants. This is likely to be of increasing value in
helping to exclude molecules of concern which are active at low concentrations, such as
hormones and pesticides. In the case of the latter this may be of particular interest in view of
the inclusion of ‘relevant metabolites’ in the revised drinking water directive.

2.3.3 Substances added by the process

In common with all materials which come into contact with water, membranes and the fittings
and pipework associated with the installations may leach substances which are present in those
materials. The significance of the particular substances concerned is the subject of
consideration by DWI in the approval of the systems for use in public supply. Since the contact
time of water with the membrane and the filtrate with the supply side of the process is very
short, the potential for building up significant concentrations of contaminants is limited.
Leaching should not be a problem with DWI approved systems. However, there is also a need
to consider both cleaning agents and the starting up period after the filter has been out of
service, when contact times can be extended. Such potential problems should be easily
overcome by appropriate operating procedures which, for example, may require that the filtrate
is not allowed to enter supply until a specified period after start up. However, these issues need
to be considered on a system by system basis within a generic framework.

2.3.4 Waste stream

Associated with a membrane process, because it operates as an exclusion barrier, there will be
a waste stream containing the rejected material, microbiological and chemical. The chemicals
present and their concentration will depend on the characteristics of the system and the
contaminants in the raw water. However, the waste stream will, potentially at least, contain
significant concentrations of chemical contaminants. In some cases this will mean that
contaminants, which would be considered relatively innocuous at the concentrations
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encountered in the raw water, will become problematic at the much greater concentrations
encountered in the waste stream. Although this unlikely to pose a direct toxicological problem
for drinking water, it is an important environmental consideration and must be carefully
considered in the design and operation of membrane based treatment installations.

2.3.5 Additional considerations

An additional, though indirect, issue is the potential change in the mineral content of the water
which may give rise to a more aggressive final water. This can in turn cause increased
corrosion of metallic pipes and fittings in distribution and on the consumer’s premises. It is
therefore necessary, where this is a problem, that care is taken to stabilise the water and to
adjust the aggressivity before the water enters supply.

Membranes will have chemical removal characteristics which will depend on the system used.
In most cases the removal of chemical contaminants will not be complete. It is, therefore,
important that the performance characteristics are understood, just as with other treatment
systems, in order that a proper assessment of monitoring requirements and potential risks can
be made. It is also important to have in place a monitoring system which can alert operators to
membrane damage, or deterioration, which will allow unwanted contaminants to enter supply
in concentrations of concern.

2.3.6 Conclusions

Membrane systems used as barriers to micro-organisms may have significant benefits in
reducing the concentrations of chemical disinfectants and their by-products. Although
standards have been introduced to control such by-products, there remain outstanding
concerns as to the potential health effects of such contaminants. WHO and other authorities
maintain that the risks from the by-products of chemical disinfection are small compared to the
risks of pathogenic micro-organisms and the data continue to support that view. However,
new physical means of disinfection do appear to provide a means of minimising the
microbiological threat while also minimising the potential risks from chemicals used in
treatment.

They also provide a means of achieving the removal of other raw water chemical contaminants
of concern, which may be difficult to remove by other means. In addition they help to provide
additional reassurance to the public and politicians that contaminants of concern are removed.
This is aided by the fact that the process is easily understood even when presented in a simple
manner.

On balance it would appear that there is a net benefit from the use of such systems in terms of
toxicological issues.
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3. SCOPE FOR CHANGE

3.1 Status of alternative processes

Of the alternative processes, the following membrane processes are sufficiently developed
commercially for full-scale application in drinking water treatment: microfiltration, ultra-
filtration, nanofiltration and reverse osmosis. Full-scale applications of these systems are
reviewed in Appendix B. In addition, Ultraviolet irradiation is well established for drinking
water disinfection. Technically, scale is not an issue with any of these processes since, being
modular in design, plants can be designed with a sufficient number of modules to treat the
required flow. However, scale does affect the costs of membrane processes relative to
conventional treatment, as discussed in Section 3.2.

Other potential alternatives considered briefly in Appendix B (e.g. pulsed UV or ultrasonics)
require further development and demonstration before they could be considered as practical
alternatives to chemical disinfection.

When examining the hypothetical process streams that might be used as alternatives to
chemical disinfection, it would not be sufficient simply to compare e.g. membrane or UV
treatment versus chlorination because process performance, costs, risk and so on could be
influenced by any prior treatment. Consequently, a set of possible process streams has been
selected for further analysis, as shown in Table 1.

Table 1 Potential process streams

Source water type Possible process streams

Surface water Chlorination only
Conventional pre-treatment + Chlorination
Ultrafiltration only
Conventional pre-treatment + Ultrafiltration
Conventional pre-treatment + Ozonation + Ultrafiltration
Microfiltration + Ultraviolet
Conventional pre-treatment + Ultraviolet
Conventional pre-treatment + Ozonation + Ultraviolet

Groundwater Chlorination only
Ultrafiltration only
Ultraviolet only

Note: “Conventional pre-treatment” for surface waters includes e.g. coagulation/sedimentation.

The basis for this selection is that UV or ultrafiltration (UF) alone can provide adequate
disinfection but microfiltration (MF) cannot; a combination of MF + UV might, however, be
effective. Reverse osmosis (RO) and nanofiltration (NF) systems were not included in the
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reliability assessment since they would not differ significantly from UF in terms of disinfection,
and they are more expensive as discussed in Section 3.2.

3.2 Cost assessment

3.2.1 Introduction

The aim of the cost assessment was to examine from a whole life perspective the costs of
alternatives to chlorination taken from Table 1:

• Conventional plus UV disinfection,

• Conventional plus ultrafiltration,

• Conventional plus ozone plus UV disinfection,

• Conventional plus ozone plus ultrafiltration, and

• Ultrafiltration alone.

Data from the open literature, in-house models and previous WRc research has been examined.
It has not been possible to generate generic costs for the alternatives discussed in the risk
assessment because the data available are too specific (plant conditions or scale of operation)
to permit confident generalisation. In addition cost data generally relate to the individual
process components themselves rather than the combinations of processes selected for
investigation here. Of particular note is that not all studies consider waste disposal costs which
will vary significantly according to circumstance. As a result the available information has been
used to draw some general inferences about costs for a number of key issues:

• approximate ranking of alternatives in cost terms,

• the whole life cost composition (importance of capital versus operating costs),

• the composition of operating costs (energy, labour, materials), and

• the degree of scale economies available.

These issues are discussed in more detail below.

3.2.2 Data on costs and energy consumption of alternatives to chemical disinfection

The majority of available data on costs of alternatives to chemical disinfection arise from
studies looking at the costs of membrane technologies. Few of the studies examined are
specifically concerned with the issue of alternatives to chemical disinfection – more often other
drivers or a combination of drivers are the issue.



17

Cost comparisons and scale effects

To assess the costs of alternatives to chlorination an understanding of the costs of conventional
chlorination based techniques need to be developed. Conventional techniques take a variety of
forms and the data available reflects this variability.

Ofwat provides yardstick costs for a number of water treatment works in its cost base report
“Capital Unit Costs in the Water Industry”. The capital expenditure yardsticks range from
£130K per 1000 m3/d (for a 100,000 m3/d treatment works for a lowland river) to over £300K
per 1000 m3/d (for a 12,000 m3/d upland source and a 30,000 m3/d lowland source). In-house
models confirm these cost ranges suggesting that £150K to £200K per 1000 m3/d is a broad
benchmark cost for conventional treatment (with a range of between £100K to £400K per
1000 m3/d depending on treatment type and scale).

Further information on capital costs is available from the US EPA report on “Modelling the
Cost of Infrastructure”.  This report provides benchmark values for membrane treatment plants
(although mainly RO and electrodialysis they do include microfiltration) ranging from £230K
per 1000 m3/d (for a 100,000 m3/d plant) to £500K per 1000 m3/d (for a 1000 m3/d plant) –
with an average of £320K per 1000 m3/d.

UKWIR (1997) produced a report which contains a cost comparison of membrane processes
versus conventional and advanced water treatment. Capital and operating cost data are
presented for conventional/advanced (C/A) treatment, nanofiltration/reverse osmosis (NF/RO)
and microfiltration/ultrafiltration (MF/UF) for a range of plant sizes. Capital costs are in the
range £200K to £350K per 1000 m3/d for conventional/advanced treatment (for plants in the
range 1000 to 100,000 m3/d).

The data for capital and operating costs indicate that:

• C/A shows substantial economies of scale (in both capital and operating costs) in
comparison to the alternatives, with the economies of scale highest in operating
expenditure.

• MF/UF is always less expensive than NF/RO for both operating and capital costs
across the range of plant sizes, although the higher cost of NF/RO declines as scale
increases.

• At small plant scales (less than 1000 m3/d) C/A treatment is more expensive in
both capital and operating unit cost terms than the membrane alternatives.

• Because of the economies of scale shown by C/A treatment in comparison to the
membrane alternatives C/A treatment becomes cheaper as plant size increases.

The differences in the composition of costs (operating, capital) makes comparison difficult.
This can be partly resolved by looking at costs from a whole life perspective (e.g. the net
present value of costs over the whole life of the plant). Using the UKWIR data and assuming a
similar asset life for all techniques and a standard water industry cost of capital in whole life
terms the data suggest that:
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• at small scale (e.g. 1000 m3/d) membrane techniques can be 25% cheaper than
C/A.

• At 10,000 m3/d and 100,000 m3/d membrane techniques are 15% and 80% more
expensive than C/A respectively.

• By the same measure MF/UF is always 20 to 30% less expensive than NF/RO.

This analysis would suggest that the cost of membrane processes relative to conventional
treatment rise with plant size because of economies of scale in conventional treatment. In cost
terms alone NF/RO would never be chosen in preference to MF/UF but the higher cost
associated with NF/RO declines as plant size increases.

Gere et al. (1996) and Yoo et al. (1996) present cost data for a number of conventional and
membrane alternatives during the evaluation of a replacement plant in Saratoga, US. The
options investigated included a diatomaceous earth filtration system (DEF), conventional two
stage filtration (TSF), microfiltration and ultrafiltration. Following an examination of the whole
life costs and other issues a microfiltration system was chosen for the 20,000 m3/d plant.

The capital and operating data presented allow a comparison of the costs (capital, operating
and whole life). The capital costs of DEF, TSF and MF are fairly similar (£375K, £375K and
£370K per 1000 m3/d respectively) while ultrafiltration involves a substantial cost increase to
£700K per 1000 m3/d.

Although more expensive than DEF and TSF in operating costs the slight cost advantage of
microfiltration in capital cost terms meant that microfiltration was only marginally more
expensive on a whole life basis (an additional 20% on TSF and 10% on DEF). Ultrafiltration
was substantially more expensive (+200% on TSF).

Jones et al. (1996) discuss a number of alternatives for a small treatment works in Alaska.
Initial screening looked at conventional filtration followed by nanofiltration, microfiltration
with a chemically coagulated feed, microfiltration followed by GAC and microfiltration
followed by nanofiltration. The latter two options were considered to meet the technical
criteria (fouling rate, disinfection by-products formation etc.). The cost analysis allows a
comparison of the additional costs associated with nanofiltration compared to GAC as a
supplement to microfiltration. Analysis of the whole life costs suggest the nanofiltration option
would come at a 10% to 30% additional cost for treated water (the range reflecting
assumptions about the GAC life).

For non membrane alternatives (UV disinfection, ozonation) in-house models suggest an
increased capital cost for UV disinfection in the range £10K to £15K per 1000 m3/d (ignoring
any differences in the costs of ancillary equipment). UV costs are based on a much smaller data
set and a much lower range of plant sizes making comparison difficult.

From past experience with ozonation, upgrading costs are much higher adding between £20K
and 150K per 1000 m3/d in capital costs and £2K to 3K in operating costs per 1000 m3/d. In
WRc (1996) analysis was undertaken of water company cost estimates for the installation of
GAC and ozone to remove THM precursors. These data suggest similar capital costs between
£60K to £125K per 1000 m3/d and additional operating costs of £6K to £9K per 1000 m3/d.
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Figures are for plants in excess of 20,000 m3/d. It should be noted that in this exercise only one
company proposed membrane treatment as a solution to the THM problem.

Whole life cost composition

The capital versus operating cost intensity of investments is an important consideration (capital
costs for example, once committed, cannot be avoided in times of output fluctuation). Some
technologies may have a high initial capital cost but low operating cost and vice versa. One
useful statistic, revenue intensity, is the annual operating costs divided by the initial capital
costs. The higher the statistic the higher the operating costs relative to the initial capital
expenditure.

It is clear from the discussion of the UKWIR (1997) study that there are sharp differences
between conventional and membrane treatment processes. Membrane processes have higher
revenue intensities than conventional advanced treatment. The differential is small at low plant
scales but increases substantially as plant scale increases (at 100,000 m3/d for example the
revenue intensity is 15% for conventional plus advanced treatment compared to nearly 40% for
membrane processes). This is consistent with the conclusion that conventional treatment
processes demonstrate higher economies of scale particularly for operating costs.

Much lower revenue intensities can however be found in the literature. A costing exercise by
Murrer and Filteau (1995) shows a revenue intensity for a microfiltration plant of just 10%.
Gere’s analysis of a microfiltration plant shows a revenue intensity of less than 5% although
the plant operated only at half capacity in the year of investigation. Yoo et al. (1996) show
similar revenue intensities for MF and UF which a higher than the filtration alternatives. Cato’s
investigation of the costs of various RO and NF plants show much higher revenue intensities
(25% for a nanofiltration plant), a similar figure is shown by Jones et al. (1996) for MF. The
CRISTAL process (ultrafiltration with PAC) shows a revenue intensity of 7% (Cornu et al.
1995).

The general conclusion drawn from these studies is that non-conventional treatment processes
are, in general, more revenue intensive than conventional methods, although the scale and
treatment type employed have important influences. The large differences in revenue intensity
(5 to 40%) may reflect the treatment of membrane replacement costs as either capital or
operating costs.

Composition of operating costs

Gere et al. (1996) provide a detailed analysis of the operating cost breakdowns for a
microfiltration and direct filtration plants in the US. Although of substantially different scales
(the MF plant although one of the largest in the US (20,000 m3/d) is considerably smaller than
the conventional plant) the data offer some insights into cost compositions. Breaking the costs
down into four main components – energy, labour, chemicals, maintenance and waste handling
and disposal, the costs breakdowns for the two plants are 29:32:6:32:0 and 15:40:25:18:1
respectively. The main differences therefore are the higher energy costs for membrane process,
the lower labour requirements and chemical costs, higher maintenance requirements (mainly
membrane replacement) and lower waste management costs.
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The MF/NF plant discussed by Jones et al. (1996) shows a very different cost breakdown with
labour costs dominating 60% to 77% and much lower energy costs 6% to 16%. No costs are
given for wastes management but chemical and maintenance costs make up 2% to 5% and
15% to 21% respectively. As scale increases the labour costs decrease while all other costs
increase.

Energy costs are an important issue for membrane processes. Cote (1996) provides a
breakdown of operating costs for a range of membrane processes (Seawater RO, Brackish
Water RO and Fresh Water N/F) which show how rapidly the proportion of energy costs in
total operating costs fall as the complexity of the membrane process declines. Energy costs
make up 60% of the costs for a sea water reverse osmosis plant, 36% for brackish water and
25% for fresh water nanofiltration.

3.2.3 Conclusions

This review of data on conventional treatment and limited available data on membrane and
other treatment techniques has generated the following broad conclusions:

1. Generalised assessments of the whole life costs of the different alternatives are limited by
the available data because existing costs assessments of the newer technologies are either
very site specific or at very small scale.

2. Membrane techniques appear to be more expensive mainly because of the substantial
economies of scale associated with conventional techniques. The extent of this increased
cost is difficult to assess but may be in the range 15% to 80% for larger plant sizes
(10,000 to 100,000 m3/d).

3. For the less complicated membrane techniques (microfiltration as opposed to
ultrafiltration or nanofiltration) there is evidence of costs comparable to those of
conventional techniques for mid range plants (at scales up to 20,000 m3/d).

4. For smaller plants (100 to 5000 m3/d) membrane techniques can be much more
competitive, indeed, for very small applications the UKWIR (1997) data show membrane
techniques as substantially cheaper than conventional/advanced treatment.

5. Costs increase with the degree of membrane filtration, with NF/RO costs higher than
MF/UF at all plant scales. The difference in costs, however, would appear to decline
with scale. Data suggest UF plant can be significantly more expensive that MF.

6. Membrane techniques are relatively revenue intensive compared to conventional
techniques – making comparison of capital costs alone misleading.

7. The main difference between operating cost profiles for membranes compared to
conventional techniques would appear to be a substitution of energy for chemical costs.

8. Both UV disinfection and ozone techniques can add substantially to capital and operating
costs. UV disinfection can entail a cost between £10K and £15K per 1000 m3/d while
ozone equipment has been associated with capital cost increases between £20K and
£150K per 1000 m3/d and operating cost increases of £2K to £3K per 1000 m3/d.
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On the basis of this limited information an approximate whole life cost ranking of the
alternatives discussed in the risk assessment therefore needs to recognise that the ranking may
alter with the scale of the plant considered. If conventional chlorination based techniques are
considered as the base then evidence would suggest that Conventional plus UV would be more
expensive as UV disinfection has a higher capital cost and limited potential for economies of
scale in the main revenue cost (energy) compared to chlorination. Evidence suggests that
Conventional plus Ultrafiltration would be more expensive still, particularly at large plant sizes.
The addition of an ozone stage in the techniques would push costs up further but it is difficult
to assess whether conventional plus UF would be more or less expensive than conventional
plus ozone plus UV. An approximate ranking of the techniques in terms of whole life costs
would therefore be (from lowest to highest cost):

• Conventional plus chlorination

• Conventional plus UV

• Conventional plus ultrafiltration

• Conventional plus ozone plus UV

• Conventional plus ozone plus ultrafiltration

3.3 Wastes

Conventional treatment processes involving chemical coagulation produce sludge which
generally requires further treatment (e.g. thickening) before disposal (e.g. as landfill).
Disinfection, e.g. using chlorine, does not produce any waste.

Membrane systems reject particulates (including micro-organisms), organic and inorganic
contaminants to varying degrees depending on membrane characteristics (see Section 2.2.3).
The main waste is the reject stream, containing the removed impurities typically five to ten
times or more concentrated than in the feed water. The volume of waste can be between 5 and
30% of the plant throughput, depending on feedwater characteristics and the membrane
process. This has toxicological implications for waste disposal (see 2.3.4) and possible risks of
microbiological contamination. Waste streams may therefore require treatment by chemical
oxidation to destroy potentially toxic organic chemicals and to inactivate micro-organisms.
Appendix B.1.8 discusses waste treatment and disposal requirements in detail.

3.4 Reliability

3.4.1 Introduction

To compare the risks introduced or removed by the alternative disinfection processes a form of
Failure Mode and Effects Analysis (FMEA) has been used. This has been developed in-house
and applied effectively in the risk assessment of several surface water treatment works. The
approach is described in detail in Section 3.4.2 below. Its objective is to identify and rank all of
the ways in which the output water quantity or quality from a treatment works can deviate
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from expected values. Reasons for these variations may be due either to failures within the
works or to variations in the incoming water quality.

Several treatment streams were considered within this analysis, taken from Table 1. It should
be emphasised that the risk analysis is based on the disinfection of the water before it leaves the
treatment works, and does not allow for any effects in distribution.

3.4.2 FMEA approach

Failure mode analysis

For each of the disinfection processes, it was necessary to identify modes of failure, i.e. ways
in which the process might fail to perform its function. Generally, these were selected from a
list of failure modes that have been identified from past experience as relevant to the process
under consideration. In the case of chlorination, failure modes included High Turbidity, High
Taste and Odour and High Iron Concentrations as well as the more predicable Low Chlorine
Residual and High Coliform.

Associated with each failure mode are a list of incidents that might cause that failure mode to
occur. Some of these causes of failure relate to failure of the disinfection equipment. Others
relate to the effects of failure modes that originated upstream in the conventional pre-treatment
processes where they were present; e.g. the potential for “High Coliforms” when considering
Conventional pre-treatment + Chlorination might be identified as being due to one of a number
of causes. One of these might be a failure within the disinfection process (contact tank ingress).
Another might be “High Turbidity/Solids from conventional pre-treatment”. This latter mode
of failure is not due to any problem in disinfection but is a carrier mode from the analysis of
the conventional plant and was identified from our analysis of conventional water treatment
sites.

Failure effects analysis

For each failure mode, the effects of failure have been categorised under one of four headings:

• Increased Operating Costs
• Breach of Regulations - Aesthetic
• Breach of Regulations - Long Term Health Effects
• Breach of Regulations - Immediate Health Effects

Again, this categorisation was based on experience of the implications of the various failure
causes at works where this type of analysis has been undertaken.

Event frequency

Having identified the failure modes and their causes, the frequency (in terms of the number of
events per year) of each cause was determined from typical values with which those causes had
been found to occur in other studies. For the purposes of this exercise, it has been necessary
only to estimate the frequency to an order of magnitude since this is the degree of accuracy
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required within the frequency ranking and is all that is required for a comparison of the
different treatment streams as opposed to an absolute assessment of the risks associated with
the different treatment options.

It has been assumed that the treatment stream installed would normally be sufficient to provide
water to disinfection that met all appropriate regulatory requirements (turbidity, colour, metals
content etc.). For groundwater and good quality surface water sources, this may mean that no
treatment other than disinfection was installed, in other cases, it may be necessary to install
extensive treatment processes. The frequency of failure used in the analysis for any quality
parameter is then based on the likelihood of that water quality parameter moving outside the
regulatory requirements.

In the cases of microfiltration and ultrafiltration, no data were available regarding the
frequency with which these systems fail to perform to their required standards. Therefore, the
study focused on the frequency of failure which would be required to cause microfiltration and
ultrafiltration to become significantly more or less attractive than the other disinfection options.
This analysis is considered further in the discussion of the results. Frequency rankings are given
in Table 2.

Table 2 Event frequency ranking values

Rank Frequency Weighting

1 Less than 1 event per 100 years 10

2 More than or equal to 1 event per 100 years but less than 1 event per 10 years 100

3 More than or equal to 1 event per 10 years but less than 1 event per year 1,000

4 More than or equal to 1 event per year but less than 10 events per year 10,000

5 More than or equal to 10 events per year 100,000

Quantification of consequence

Having established a frequency with which each failure cause may occur, a consequence
ranking for each failure cause was established, based on the failure categories listed above.
Table 3 gives details of the consequences and their ranking values.
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Table 3 Categories for consequence factors

Rank Consequence Weighting

1 Increased Operating Costs 10

2 Breach of Regulations - Aesthetic 100

3 Breach of Regulations - Long Term Health Effects 1,000

4 Breach of Regulations - Immediate Health Effects 10,000

Assignment of relative risk ranking

Risk is made up of a combination of two factors; frequency and consequence (which can be
weighted to indicate how risk averse a company might be). Having allocated frequency and
consequence rankings in line with the categories specified in Tables 2 and 3, it is possible to
allocate a risk rank by multiplying the two rank weightings together.

Evaluation of system risk rank

The figures contained in the risk rank column of the FMEAs are the product of the weightings
associated with the risk ranks in the other two columns. In order to evaluate the overall system
risk rank, all of the individual risk ranks allocated to the treatment stream were summated.

3.4.3 Comparison of the risks associated with the different treatment streams

Analysis of the risks associated with each of the treatment streams being considered led to the
results summarised in Table 4. The detailed FMEAs with Risk Ranking are contained in
Appendix C for information.

The lowest risk option appears to be the installation of microfiltration and UV irradiation,
where the raw water quality is appropriate. Similarly, it appears from Table 4 that water
disinfected by chlorination presents a higher risk to the consumer than that treated with UV
light. However, the analysis is only accurate to an order of magnitude due to a lack of detailed
failure data and all of the risks are within the same order of magnitude. Also, it takes no
account of any benefits of preserving a disinfectant residual within the distribution system.
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Table 4 Results from risk analysis of alternative treatment options

Water type Treatment stream Risk rank (x106)

Surface water Chlorination only 54.9
Conventional pre-treatment + Chlorination 53.2

Ultrafiltration only 12.2 - 102.41

Conventional pre-treatment + Ultrafiltration 11.7 - 101.81

Conventional pre-treatment + Ozonation +
Ultrafiltration

11.4 - 101.61

Microfiltration + Ultraviolet 13.3

Conventional pre-treatment + Ultraviolet 42.7
Conventional pre-treatment + Ozonation + Ultraviolet 24.5

Groundwater Chlorination only 53.22

Ultrafiltration only 11.7 - 101.82

Ultraviolet only 42.72

NOTE 1 The risks associated with the microfiltration and ultrafiltration options have been calculated assuming two
different frequencies of failure:

• The lower number assumes that units fail undetected only once per year to once every 10 years. This may
be because integrity testing is actually carried out automatically while the filter is being backwashed.
Under these conditions, incipient failure should be detected well in advance of coliform breakthrough (or
turbidity breakthrough in the case of microfiltration) and action can be taken to ensure that actual failures
occur much less frequently.

• The higher number assumes that the units fail undetected between one and ten times per year (where a
failure is assumed to be the scenario where sufficient fibres break within the unit that coliforms for UF
units or turbidity or solids can be detected downstream) and that integrity testing is carried out off line at
weekly or monthly intervals so the failure may not be detected for some time.

NOTE 2 It has been assumed that the quality of groundwater is similar to the quality of surface water following
conventional pre-treatment except that there should be no colour problems. Since problems associated with colour
do not contribute significantly to process risks, this assumption means that the risks associated with groundwater
are virtually the same as those associated with surface water where conventional pre-treatment has been installed.

Given the lack of precise data, it cannot really be argued that any one method of disinfection
will necessarily present a significantly greater or smaller risk to the quality of the water leaving
the treatment site than any other. The precise design of each site (in terms of unit reliability,
presence of standby plant and failure detection facilities) and its operation (with respect to
routine maintenance, degree of on-line monitoring and response in case of failure) are likely to
have a much greater impact on risk of disinfection failure than the actual method of disinfection
employed.
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3.5 Overall assessment

When comparing alternatives it is necessary to take into account many factors including
process performance and safety, costs and so on. A process that scores well in one category
may have failings in other respects. Table 5 presents an overall assessment in the form of a
matrix of the process systems taken from Table 1 and a range of assessment criteria.

Note that the rankings given in Table 5 may imply greater precision in the analysis than was
possible with available data. Therefore the discussion in preceding sections should be taken
into account when making comparisons between process options.

Overall, it can be seen from Table 5 that alternatives to chemical disinfection can have benefits
such as improved chemical safety and customer aesthetics with comparable disinfecting ability,
but also disbenefits such as difficulty in monitoring process performance.
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Table 5 Overall assessmenta

Micro-
biological

safety

Chemical
safety

Customer
aesthetics

Ease of
monitoring

Ability to
treat

difficult
waters

Operating
costs

Capital
costs

State of
commer-

cial
develop-

ment

Scale-upb Waste
producti

on &
energy

use

Reliability

Ground Cl2 only −−−−−− −−−− • ++++++++ ++++++ ++++++ ++++++++ ++++++++ ++++++++ ++++++++ −−
water UF only −−−−−− ++++ ++++ −−−−−−−−−− ++++++ • • −−−−−−−−−− −−−−−−−−−− • −−−−

Conv + UV ++++ ++++ ++++ • ++++++ ++ • ++ ++++++++ • •

Alt + Resid Cl2
c ++++++ • • ++++++++ ++++++ • −− ++ ++++++++ ++++ ++

Surface Cl2 only −−−−−− −−−−−−−−−−−−−− −−−−−−−−−−−−−− ++++++++ −−−−−−−−−− ++++++ ++++++++ ++++++++ ++++++++ ++++++++ −−−−
water Conv + Cl2 ++++ −−−− −−−− ++++++++ −− • • ++++++++ ++++++++ • −−

UF only −−−−−− −−−− −−−−−−−−−− −−−−−−−−−− • • −−−−−−−−−− −−−−−−−−−− • −−−−
Conv + UF • ++++ ++++ −−−−−−−−−− ++ −−−− −−−−−− −−−− −−−−−−−−−− −−−−−−−−−− −−−−
Conv + O3 + UF ++++ • • −−−−−− ++++++ −−−−−−−−−−−− −−−−−−−−−− −−−− −−−−−−−−−− −−−−−−−−−− −−−−
MF + UV • ++++ −−−− • −−−−−−−−−− ++ • −−−− −−−−−−−−−− • ++++++++++++++
Conv + UV • ++++ ++++ • −−−−−− ++ • ++ ++++++++ • •

Conv + O3 +UV ++++ • ++++ ++++ ++++++ −−−− −− ++ ++++++++ • ++++++++++
Alt + Resid Cl2

d ++++ • • ++++++++ ++ −−−− −−−−−− ++ ++++++++ ++++ ++
Notes: Conv = conventional pre-treatment; Cl2 = chlorination; UF = ultrafiltration, UV = ultraviolet; O3 = ozonation
a + = better than average, – = worse than average, • = average
b Negative effects of scale-up are economic, not technical
c UF + chlorine residual or Conv + UV + chlorine residual
d Conv + UF + chlorine residual or MF + UV + chlorine residual or Conv + UV + chlorine residual

“Alt + Resid Cl2” options are shown as the average of a range of values
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4. IMPLICATIONS OF CHANGES

4.1 Protection of public health

Both UV and membrane systems give adequate removal or inactivation of micro-organisms
and therefore, provided that the processes operate as designed, there would not be a concern
over the microbiological quality of water treated by alternative processes in comparison with
chemical disinfection. However, in the case of membrane-based processes, this would be
dependent on ensuring the integrity of the membrane itself to avoid breakthrough of micro-
organisms (see also Section 4.3).

Operation without a residual should not be a public health issue, since disinfection is achieved
during the treatment process, not within distribution (this is discussed in Section 4.2).

Toxicological considerations indicate that, in terms of the substances they add and those they
remove, alternatives such as membranes are on balance preferable to chemical disinfection.

4.2 Operation without residual disinfectant

Membrane processes and UV irradiation do not leave a disinfectant residual in the treated
water. In the UK residuals in the works final waters are adjusted to provide a chlorine residual
and efforts are made to ensure that this residual is maintained throughout the supply system.
Alternatively the works final waters are chloraminated to provide a potentially less active, but
more stable residual in the distribution system. An important point in considering alternatives
to chemical disinfection is to assess what the benefits of maintaining a residual in supply are
and the implications for microbiological water quality if this residual was no longer present.

This has been considered in terms of the residual

• providing an extended Ct,

• protecting against post treatment contamination, and

• inhibiting inherent microbial growth in the water and in biofilms.

4.2.1 Extended Ct

The disinfectant residual in waters in supply could be viewed as providing an extremely
protracted disinfectant stage to water treatment. The value of this extended Ct in terms of
protecting public health needs to be considered. Typical residuals in supply will have some
action on micro-organisms of significance to public health. However, reliance on disinfection at
this stage of water supply should not be encouraged since consumers would receive waters of
differing microbiological quality depending on their proximity to the water treatment works.
Standards for disinfection must be applied ex works and not at some point in transit to the
consumer, although monitoring at consumers’ taps is used to assess compliance with water
quality standards.
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In a properly designed water treatment works the disinfection stage will have been designed
and will be controlled to provide optimal disinfection before the water enters distribution. The
disinfectant residual in supply should not therefore be considered as part of the water treatment
process. The loss of this residual should not therefore be regarded as a decrease in the level of
public health protection provided by the water treatment works for those pathogens present in
the source water.

4.2.2 Protection against post-treatment contamination

It is unlikely that the disinfectant residuals typically found in supply would be effective in
providing protection against ingress. The disinfectant demand introduced by ingress would
eliminate any residual and the micro-organisms present in the ingress are likely to be bound to
particles, such as soil, which would shield them from the action of any remaining disinfectant.
However, the sudden and unexpected disappearance of a disinfectant residual can be indicative
of serious post treatment contamination and may be used as a trigger for further
microbiological investigation. This operationally important indicator of possible contamination
would be lost if disinfectant residuals in supply were no longer used.

Notwithstanding the comments made above, it is logical to assume that the disinfectant
residuals in supply would be effective in controlling microbial contamination introduced
through minor seepage at joints and from pump glands and valves.

4.2.3 Preservative effect

Preserving the microbiological quality of water during distribution would appear to be the
primary role of disinfectant residuals. The preservation applies mainly to preventing re-growth
of bacteria remaining in the water after treatment or those that have been introduced through
low level ingress. This aspect is discussed further in Section 4.4.

4.3 Regulation and monitoring

As mentioned elsewhere in this report, ensuring the integrity of membranes used for
disinfection would be a crucial aspect of the operation of membrane-based systems. It would
be relatively simple to detect catastrophic membrane rupture by monitoring pressure drop
across the membrane but detection of a small leak would be problematic. On-line monitoring of
turbidity or particle counts would not be sufficiently sensitive. Therefore reliance would have
to be placed on some form of ‘batch’ testing, such as the bubble point test. Whilst such testing
could be used, further consideration would need to be given to the required frequency of
monitoring, and the point at which action should be triggered to shut down the plant and
replace the membrane. It is likely that the requirements for monitoring would need to be
incorporated into the regulatory framework.

For UV irradiation systems, inactivation of Cryptosporidium would need to be verified by
viability testing of oocysts. However, standard viability tests are currently not available.
Therefore a standard test would need to be developed and incorporated into the regulatory
framework.
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The reported presence of heterotrophic bacteria in the permeate line from filters suggests that
analysis of large volumes of water may be necessary to ensure absence of coliforms (Section
2.2.3).

4.4 Biofilms and shelf life of water

Treated waters vary in their microbiological stability which may be viewed as a form of shelf
life. This shelf life will be influenced by the quality of the source water, the amount of
treatment it receives and the quality and integrity of the distribution system used.

As a consequence the implications of not using a disinfectant residual on the microbiological
quality of water in supply will be greater for a surface derived source which has undergone
minimal treatment compared to that of a groundwater source which contains little organic
carbon and has a low indigenous microbial population.

As stated earlier, in the Netherlands chlorine residuals are now only used in a minority of the
distribution systems. The apparent success of this policy is due in part to the greater availability
of good quality of groundwaters in the Netherlands compared to the UK. Additionally where
surface waters are used as sources of drinking water, treatment regimes have been designed to
produce biostable waters, i.e. waters which have a low potential to support microbial growth
and biofilm development. This has been achieved by the use of biological treatment processes
and biological activated carbon which reduce the concentration of assimilable organic carbon in
the source water or that which has been generated by the use of oxidants such as ozone earlier
in the treatment process. The viability of this approach is strongly dependent on maintaining
the integrity of the distribution system and on the use of regular maintenance activities such as
flushing programmes.

Studies carried out by WRc on behalf of UKWIR indicated that in the UK groundwaters had a
low potential to support microbial growth. Whilst the AOC content of these waters was higher
than the limits suggested by Kiwa in the Netherlands that are required for biostability, there
appeared to be little value in maintaining a chlorine residual in these waters. The AOC content
of treated surface waters in the UK is relatively high because biological treatment processes are
rarely used. However, even with these waters growth potential, as measured by increases in the
heterotrophic population, was not high in samples of these waters stored for up to 10 days
after the chlorine residual had decayed. These studies were carried out on waters stored in
glass containers and therefore did not take account of any effects of the distribution system
materials or biofilms.

In the absence of a chlorine residual it is believed that biofilm development will be encouraged,
although the thickness will be limited by the shear forces created by water flow. In more
quiescent areas of the system therefore a greater incidence of water quality problems
associated with biofilms (animal infestations, taste and odour, discoloration) would be
expected in the absence of a chlorine residual.

Ingress, as discussed above, will have an impact on water quality regardless of the presence of
a disinfectant residual and the condition of pipes in terms of providing niches for
microbiological growth will also be an influencing factor. In the Netherlands more than 40 per
cent of the distribution network has now been replaced with plastic pipe materials (mainly
PVC). This compares to the UK where only about 25% is composed of plastic (PVC and PE),
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but it should be noted that in the UK a greater percentage has been replaced with new cast iron
or relined with epoxy resin. However the fact remains that compared to the UK, a greater
percentage of the distribution system in the Netherlands has been replaced with new pipes. The
impact of this on the success of distributing water without a chlorine residual is not known but
the differing proportions of newer pipes may indicate a lower chance of ingress and potential
for biofilm development.

4.5 Operations

4.5.1 Treatment

The operational implications for water treatment of changing to alternatives to chemical
disinfection are related to the need to ensure and monitor the efficacy of disinfection. These
implications can be split into those that apply to any scenario in which a persistent chemical
disinfectant is not used, and those that are specific to membrane-based processes.

• Any process stream that does not use a persistent disinfectant (i.e. no residual):

− A method for monitoring the efficacy of disinfection would be needed.
Presently available methods for microbiological assay are too slow for this
purpose (currently, the residual disinfectant concentration in the final water
and in distribution is monitored as an indicator that disinfection has been
carried out effectively). For systems that include UV irradiation, a UV
monitor (with readout in mW/cm2) should provide sufficient indication of
disinfection performance. In the case of membrane-based systems it might be
feasible to use a surrogate such as particle counting, at least to give an
indication of membrane integrity (discussed further under membrane
processes below).

− It is likely that a stock of chemical disinfectant would need to be maintained
in case of catastrophic failure of the treatment process, or large ingress of
contamination into the distribution system. One obvious choice would be
sodium hypochlorite solution. However, since this will disproportionate over
time, with a consequent decrease in available chlorine content and an
increase in the concentration of chlorate ion, some means of turning-over the
stock would need to be found.

− It would be appropriate to consider inclusion of treated water storage at the
treatment works to allow time for action to be taken in the event of a
detected failure of treatment.

• Systems involving membrane processes

− System integrity tests (e.g. bubble point) would be likely to be required on a
frequent basis; particularly for any system which used a membrane only.
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− In some cases, pressure differential across the membrane or water
conductivity (for NF or RO) could be used as an indication of membrane
integrity (i.e. to detect membrane rupture).

− The waste stream from membrane processes will require treatment and/or
disposal. The extent and nature of the requirement will depend on many
factors including the nature of the raw water and quantity and concentration
of contaminants.

4.5.2 Distribution

Disinfectants in distribution networks

As noted earlier, the presence of residual disinfectant (chlorine or monochloramine) plays an
important role in maintaining microbiological water quality while the water is transported via
the distribution network. Owing to the demands exerted by the distribution system (materials,
fittings and deposits) and the water itself, disinfectant concentrations reduce or decay over
time and hence over the length of the network (Chambers 1994). Surface waters exert a larger
chlorine demand than groundwaters (WRc 1994).

The network can comprise some or all of the following:

• Iron and non-iron mains

Iron mains exert a larger disinfectant demand than pipes made of other materials
e.g. plastic (WRc 1994, Rachwal and Holt 1998). Iron mains are associated with
more biological growth than plastic mains (Rachwal and Holt 1998). As networks
are renovated by relining or replacing old corroding, unlined iron mains, the
potential for microbiological growth should be minimised.

Dead-end mains are particularly prone to poor water quality problems owing to the
low flows and the accumulation of deposits from upstream pipes. Disinfectant
concentrations can be zero at dead-ends. The water industry is current setting up
more District Meter Areas (DMAs) to provide information on leakage levels. This
has the effect of introducing more dead-ends into distribution networks.

• Fittings such as valves and hydrants

These provide a location for stagnation (and zero disinfectant concentration) which
can lead to a localised deterioration in water quality which may be released into the
mains and so has the potential to cause water quality problems.

• Service reservoirs and towers

Service reservoirs allow suppliers to accommodate peak demands and periods of
loss of supply but the design and operation of the reservoir can have a major
impact on the water quality (Creasey et al. 1996). Poor mixing and/or stagnant
areas are a potential source of water quality problems, for example when the
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reservoir is operated outside its usual parameters this water can be released into
the mains. (Reservoirs need to be secure to avoid ingress of contaminants.)

Physical changes that may occur in the network which can influence the residual disinfectant
concentrations are:

• Age of water

Design and operation of a network should be such that very long retention times
are avoided. The presence of service reservoirs in the network can lengthen water
ages substantially (but this does not mean that service reservoirs should be
discontinued as they provide valuable storage).

• Bursts

Bursts provide a situation where flow changes occur which can disturb existing
deposits which are likely to contain micro-organisms and organic matter which will
exert a chlorine demand. (This also provides an opportunity for ingress of
contaminants.)

• Change in flow direction

Over a year or more, a network that is supplied by the same water will reach an
equilibrium between the chemical and physical processes occurring in and between
the water, construction materials and deposits. Planned (e.g. mains flushing, mains
rehabilitation) or unplanned (such as bursts) changes in flow direction (WRc 1990)
can disturb the equilibrium of an established network. This can release organic
matter, previously protected from reaction with the residual disinfectant, which
will then exert a chorine demand.

• Mixing of different waters

If a network is supplied by more than one water such that the waters mix in
distribution, then the disinfectant characteristics of the mixed water can be
different from the single waters (WRc 1990). For example, a chlorinated water
mixing with a water with no chlorine but containing ammonia can result in
dichloramine or even trichloramine both of which have unpleasant tastes and
odours. A chlorine to ammonia ratio of greater than 5:1 is required for
dichloramine to form. Complete dechlorination of the water can occur as a result.
Another example, is that a decrease in pH can result in monochloramine
disproportionating (or converting) to dichloramine.

Implications of operating without a disinfectant residual

The possible implications of operating distribution systems without a residual disinfectant with
conventional water treatment is increased risk of deterioration in water quality.

If alternative processes to conventional water treatment were installed and were effective at
producing microbiologically stable water, then the following actions (in no particular order of
importance) would need to be completed before the new process was brought on-line in the
absence of residual disinfection:
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• Renovate unlined iron mains i.e. corroded iron mains. This is currently the focus of
a major investment programme by the water industry which will have to be
extended to cover all unlined iron mains. This would require further financial
investment and may take one to two decades to complete. It costs £33 per metre
to reline a 80 mm main and £43 per metre to reline a 150 mm main including a
10% allowance for design and supervision (WRc 1998). The costs of replacing a
main are similar. As of March 1997 (the latest date for which information is
available), there was 86,270 km of mains to be rehabilitated before 2010 in
England and Wales (Ofwat 1997). In total there is 168,000 km of unlined iron or
steel mains in England and Wales (Ofwat 1997). Hence, taking a cost of £38 per
metre for demonstration purposes, the total cost of relining or replacing the mains
above those already targeted for 2010 is £3.8 billion.

• Clean distribution systems to remove existing loose deposits (and biofilms) once
unlined iron mains have been replaced and/or relined. Technology exists to clean
loose deposits and this is an action which takes time to complete. Repeat cleaning
(frequency unknown but it could range from every year to every five years) may be
required depending on the degree of the microbiological stability of the supply.
Again, the main implication is the cost to the water companies. There are
320,840 km of mains in England and Wales (Ofwat 1997). Taking swabbing as an
example, a upper limit for typical current costs for swabbing mains is estimated as
£5.40 per metre including design and supervision (Miller 1994). Hence, the cost of
swabbing all mains could be as large as £1.7 billion. It may be the case that some
mains will not need cleaning e.g. those recently replaced and cleaning techniques
other than swabbing may be adopted, however, maintenance of clean distribution
systems is almost certain to become more important in the absence of a residual
disinfectant.

• Maintenance of consumer pipework creates a number of difficulties in terms of
water quality at the tap. Although it is uncertain how much impact residual
disinfection has on these difficulties, removal of the residual requires consideration
of the potential for microbiological contamination of distribution to be seeded from
domestic pipework and service connections.

• Ingress of dirt and other contaminants via service reservoirs and the network,
backflow from customer pipework and stagnant water in hydrants and reservoirs is
a potential problem. Such problems may require a different approach since increase
of residual disinfectant may not be a readily available option. Contingency plans
would, therefore, need to be in place.

• Effective disinfection during main repairs and installation would be particularly
important, as at present, so that contamination is not introduced into the network.

Water quality sampling should be more intensive after the new process is on-line until
experience of operating a supply in the absence of a disinfectant residual is sufficiently
established under UK conditions.
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5. DISCUSSION

All water treatment practice in the UK is based on the use of chemical disinfection, for primary
disinfection and to provide a disinfectant residual in distribution. In some cases advanced water
treatment processes include more than one oxidant which will provide a further disinfection
stage, even if this was not the primary reason for its inclusion. Chemical disinfectants have
served well in maintaining the microbiological quality of public water supplies but residual
disinfectants, in particular, are not without problems such as taste and odour which are
noticeable to the customer and are a frequent cause of complaints. In addition chemical
disinfectants do give rise to unwanted by-products which have received considerable attention
over the past twenty years. Although there are still no data which enable us to conclude that a
causal relationship exists between the presence of these by-products and any particular disease,
uncertainties remain and research is continuing. Consequently there has been pressure to
reduce disinfection by-products with the introduction of tighter and more extensive
regulations. In addition, a number of northern European countries have deliberately set out to
eliminate the use of some chemical disinfectants as far as possible. Furthermore the occurrence
of outbreaks of waterborne disease caused by organisms such as Cryptosporidium, which is
resistant to chemical disinfection, has necessitated modified approaches to traditional water
treatment practice for some types of water source. It is against this background that the new
developments in drinking water treatment, which provide a means of disinfection of drinking
water without the use of chemicals, must be set.

Although experience in operating drinking water treatment without the use of chemical
disinfectants, such as chlorine, and without the benefit of a residual disinfectant in distribution
is available from parts of Europe, there are significant differences in infrastructure and practice
from the UK. These differences must be taken into account when examining the feasibility of
introducing alternatives to chemical disinfection in the UK. In particular there is substantial use
of surface water in the UK and there are many long distribution systems. Such circumstances
can give rise to the potential for microbiological re-growth in distribution and to change from
the delivery of a product which contains a preservative to one which does not requires careful
planning.

Two of the most important issues relate to the significant experience with chlorine in UK water
treatment practice. First is the issue of monitoring microbiological quality to ensure adequate
disinfection. Traditional microbiological techniques are quite slow and the presence of a
chlorine residual has been used as a surrogate measure for adequate disinfection, while waiting
for confirmation by microbiological analysis. Although the advent of Cryptosporidium has
necessitated some modifications to this approach the development and testing of suitable
measures to demonstrate adequate disinfection is an important requirement. Second is the issue
of re-growth in the distribution system and the role of chlorine as a preservative. Where water
supply without the use of chemical disinfection and a residual disinfectant is practised in
Europe, it is considered particularly important to ensure that the water is biologically stable
and, therefore, unlikely to support microbiological growth. In addition it is considered
important to achieve, and maintain, a high degree of cleanliness in the distribution system.
While this is also the aim in the UK, the nature and complexity of the distribution system
means that achieving this aim will require a significant time frame.
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A number of new treatment techniques which are intended to act as a disinfectant, or which
provide a barrier to both chemicals and micro-organisms, have been developed and these are
being introduced in many areas of the world, including the UK. The two primary processes of
interest are UV light, which is undergoing significant development, and membranes which
range in capability from removing particles to the removal of relatively small chemical ions.
Although there are a number of attractions associated with the use of these processes, the
issues considered above, amongst others, need to be taken into account. In addition there are
significant cost differences but the costs are difficult to compare in a general way because of
the significant variation associated with specific installations. The economies of scale which are
achieved with conventional treatment do not apply to modular membrane systems. Smaller
systems may, therefore, be more competitive with conventional treatment than large systems.
This appears to apply to both capital and operational costs but to what extent these costs can
be justified by additional benefits such as improved customer perception of quality, is less
clear. There is also a potential increase in the use of energy in the operation of these new
treatment techniques but this must be set against potential energy savings in the manufacture
and transport of chemicals.

As with any other materials or treatment chemicals, there is a need to ensure that no new
contaminants of concern will be added to the final water as a consequence of the process. This
would include cleaning membranes and determining whether a period of running off-line would
be necessary after start up, each time the membrane plant is shut down. Such considerations
would already be dealt with by existing approval procedures and would not be different to any
other material or process. Membrane systems in particular have the potential to remove the
precursors of disinfection by-products and other contaminants of concern without the addition
of more chemicals. Indeed some installations have already been made for that purpose.
However, if inorganic constituents are removed to any great extent, there may be the need to
remineralise and buffer the water in order to prevent subsequent problems with corrosion of
metal pipes and fittings. On balance, it would appear that processes which offer alternatives to
chemical disinfection, also offer a net benefit with regard to concerns over the toxicity of
chemical contaminants in drinking water.

An additional issue which applies to the use of membrane systems is that of the treatment
and/or disposal of the waste stream. This is encountered in conventional treatment with
backwash water and sludge from sedimentation, but there is a potential for waste streams
which are both more complex and more concentrated. There are practical, cost and regulatory
considerations in dealing with this issue which will need to be addressed, particularly in large
scale systems.

The potential to remove the precursors of disinfection by-products to a significant degree also
presents the possibility of using membrane techniques as a primary disinfection barrier while
using chlorine as a residual disinfectant. The low levels of by-product precursors would allow
the use of much smaller doses of chlorine and would yield very low concentrations of
disinfection by-products. This approach would allow advantage to be taken of the benefits of
alternative disinfection processes whilst retaining the simplicity of monitoring and preservative
effect associated with the use of a persistent chemical disinfectant.

The potential for introducing alternatives to chemical disinfection would need to be examined
on a case-by-case basis, taking into account factors such as raw water characteristics, existing
plant and nature of the existing distribution system. Any alternative system would need to
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ensure the same level of protection of public health provided by conventional treatment. Some
possible scenarios are listed below:

Scenario Possible options

New surface water treatment plant to supply
new distribution system:

Consider using membrane process and/or UV
for disinfection and precursor removal.
Chlorine or other chemical disinfectant
facilities might be included for ‘emergency
treatment’.

New surface water treatment plant to supply
existing distribution system:

Consider using membrane process and/or UV
for primary disinfection and precursor
removal, with chlorine or other chemical
disinfectant to provide a small residual.

Existing surface water treatment plant and
distribution system:

Do not change existing treatment unless there
are problems in achieving water quality and
quantity targets; otherwise consider
alternatives as above.

Groundwater with chlorination, existing
distribution system:

Consider changing to UV with chlorination to
provide a residual.

In general there appear to be significant potential benefits associated with the use of
alternatives to chemical disinfection. However, there are also significant potential difficulties in
applying them in the UK situation. As such systems are introduced as an addition to more
conventional treatment processes, including the use of residual disinfectants, many of the
difficulties in operations will be solved. However, the replacement of chemical disinfection and
disinfectant residuals will require that a number of the issues mentioned above are addressed, if
significant water quality problems, in particular those arising in distribution, are to be avoided.
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6. CONCLUSIONS

1. It is appropriate to consider alternatives to chemical disinfection due to concerns over
disinfection by-products, disinfectant-related tastes and odours and the emergence of
some chlorine-resistant protozoan parasites. Changes in the quantity and quality of water
sources and environmental pressure to reduce the production and use of chlorine-based
chemicals are further reasons to consider the feasibility and implications of changing to
alternative methods of water treatment.

2. The alternatives to chemical disinfection are (a) the use of more physical and chemical
barriers to contamination, (b) UV irradiation, and (c) membrane processes. In the UK
option (a) would not be a feasible alternative without a fundamental change to methods
of water abstraction, treatment and distribution.

3. UV irradiation is effective against bacteria and viruses, and may be effective in
inactivating parasitic protozoa.

4. The membrane processes that could be used to replace conventional treatment are (in
order of decreasing pore size) microfiltration, ultrafiltration, nanofiltration and reverse
osmosis. Appropriate membrane processes can provide adequate disinfection.

5. Membrane-based processes will remove most undesirable substances but may add some
through leaching. They also produce waste streams. A reduction in the concentrations of
chemical disinfectants and their by-products, as well as other contaminants, could
provide a net benefit in terms of toxicological issues.

6. It is not sufficient simply to compare different unit processes to examine process
performance, risk and costs since pre-treatment will influence these. Consequently a
range of process combinations (treatment streams) were considered for further analysis.

7. Membrane techniques tend to be more expensive, on a whole-life basis, than
conventional treatment, especially for large plants as there is no economy of scale with
membranes as there is with conventional plant. Costs increase with the fineness of
filtration i.e. microfiltration < ultrafiltration < nanofiltration < reverse osmosis. The use
of UV irradiation can add substantially to both capital and operating costs.

8. Risk analysis indicated that microfiltration plus UV irradiation would present the least
risk, and that water treated by chlorination presented a greater risk than UV-treated
water. However, all the differences in risks were within the accuracy of the analysis;
actual design and operation of disinfection processes are likely to have a greater impact
on risk of failure than the disinfection method used.

9. The main consequence of operating without a disinfectant residual would be lack of a
preservative effect and loss of a useful indicator for failure of disinfection or serious
post-treatment contamination. Before operating without a residual, a considerable
amount of mains renovation and cleaning would be required. Intensive water quality
monitoring would be needed until it was established that water quality in distribution was
acceptable.
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10. The main implications for water treatment and process monitoring of changing to
alternatives to chemical disinfection would be the need to ensure the efficacy of
disinfection. Whilst there is no reason to impose tighter standards for non-conventional
treatment methods, there is no simple surrogate, like chlorine residual measurement, to
assess the integrity of a membrane-based process.

11. Overall the best approach would be to use alternative processes such as membranes
and/or UV to provide primary treatment and disinfection, together with a low dose of
residual disinfectant to act as a preservative and to aid monitoring. However, any change
from conventional treatment should only be made if it is technically justified, for example
due to failure of an existing treatment plant to meet quality (regulatory or customer
satisfaction ) or quantity targets.
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APPENDIX A GLOSSARY

The following is a list of working definitions of technical terms used in this report. The
definitions are expressed in relatively simple terms, and as such are not necessarily scientifically
exact.

Acid A substance which in solution produces hydrogen ions (H+), the
concentration of which is expressed in terms of pH units.

Acidic Having a pH value less than 7.

Acidity A measure of the capacity of a solution to neutralise alkali.

Activated carbon A family of carbonaceous substances manufactured by processes
which develop adsorptive properties. Sometimes called ‘activated
charcoal’.

Adsorption The process by which one substance is taken onto the surface of
another substance by physical and/or chemical forces.

Aeration The vigorous exposure of water to a stream of air bubbles. This
process may increase pH by stripping carbon dioxide, remove
odour-producing compounds and will increase the dissolved
oxygen concentration to facilitate oxidation reactions (e.g.
oxidation of iron).

Algae Microscopic planktonic plant forms which occur in unicellular,
colonial or filamentous forms. Substantial growths (‘blooms’) may
be observed in nutrient-rich waters during the summer.

Alkali Any highly basic substance, for example, hydroxides and
carbonates of alkali metals such as sodium and potassium. See
base.

Alkaline Having a pH value greater than 7.

Alkalinity A measure of the capacity of a solution to neutralise acid. Note
that there is a distinction between ‘alkaline’ and ‘alkalinity’ - e.g. a
water of acid pH (i.e. not alkaline) may contain amounts of
carbonate/ bicarbonate which result in a degree of alkalinity.

Assimilable
Organic Carbon
(AOC)

The concentration of biodegradable organic chemicals, capable of
supporting bacterial growth in distribution.

Bacteria Unicellular micro-organisms which typically reproduce by cell
division. Many bacteria are disease-producing.

Base Any chemical species capable of reacting with hydrogen ions. See
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alkali.

Breakpoint
chlorination

A method of chlorination in which a sufficient dose of chlorine is
added to rapidly oxidise all of the ammonia in the water and leave
a free chlorine residual.

Buffering
capacity

The capacity of a water to resist pH change. This is closely related
to alkalinity.

Chloramines Compounds formed from the reaction of chlorine with ammonia,
successively replacing hydrogen atoms with chlorine atoms to
produce monochloramine and dichloramine (and nitrogen
trichloride if the pH is low and the chlorine:ammonia ratio is very
high). Chloramines are less efficient disinfectants than chlorine
itself, but are more persistent.

Chlorination A process for disinfection of water using chlorine, sodium
hypochlorite or calcium hypochlorite.

Chlorine A gas (Cl2) widely used in disinfection and oxidation processes.

Coagulation A process for turbidity and colour removal in which a coagulant
(typically aluminium sulfate or ferric sulfate) is added to the water,
causing colloidal turbidity-causing material and dissolved coloured
substances to agglomerate into a precipitate (‘floc’) which is
subsequently removed e.g. by sedimentation and/or filtration.

Coliform bacteria A group of bacteria found in vast numbers in human excreta. Their
presence in water is an indication of potential faecal
contamination; consequently they are used as indicator organisms.
See Escherichia coli.

Colloid A state of matter consisting of very finely divided (less than 1
micrometre) particles suspended in a fluid, e.g. water. Although
the particles are not dissolved they are too small to settle at any
meaningful rate.

Colour The shade or tint imparted to water, typically by organic
substances in solution.

Combined
available chlorine

The total concentration of chloramines and any organic nitrogen
chlorine containing compounds. Combined chlorine is a less
effective disinfectant than free chlorine.

Contaminant Any undesirable physical, chemical, or microbiological substance
in water.

Cryptosporidium A protozoan parasite which causes acute diarrhoeal disease in
humans. The organism can be transmitted by contaminated water;
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both surface and groundwaters may be contaminated by the cyst
stage of Cryptosporidium, known as oocysts.

Ct The product of disinfectant concentration (C, mg/l) and contact
time (t, minutes) to achieve a specified level of destruction of
particular micro-organisms. The Ct value is sometimes used to
compare different disinfectants; a lower Ct indicating a more
powerful disinfectant.

Cyst A capsule associated with a dormant stage of reproduction in
micro-organisms. See oocyst.

Desalination The removal of dissolved salts (mainly sodium chloride) from sea
water or brackish water to render it potable.

Disinfection The removal, destruction or inactivation of pathogenic organisms
in water.

Electrodialysis A process for desalination or nitrate removal using a membrane
which allows ions to pass but not water. An electric current is
applied to carry the ions through the membrane.

Escherichia coli The most abundant coliform organism present in the human and
animal gut. The presence of E. coli in a water sample indicates
potentially dangerous contamination of human or animal origin -
see also ‘coliform bacteria’ and ‘indicator organism’.

Filter A unit for carrying out the process of filtration which consists of a
combination of filter medium and a suitable holder for constraining
and supporting the medium in the path of the water.

Filtration The passage of water containing particles through a filter to effect
a separation of particles from the water.

Flocculation A term often used interchangeably with coagulation, it refers to
the process by which particles are agglomerated to form flocs (see
coagulation).

Flotation A process for separating flocs from water. A recycled side-stream
of water saturated with air under pressure is injected into the
water. Microscopic air bubbles form at the point of injection,
attach to the flocs and cause them to float to the surface where the
accumulated solids can be removed e.g. by scrapers.

Free available
chlorine

The total concentration of free chlorine, hypochlorous acid and
hypochlorite ion in water.

Hazen units (°H) An arbitrary unit for expressing the colour of water; it can be
represented as the platinum-cobalt (Pt-Co) scale in which colour is
expressed in mg/l Pt.
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Heterotrophic
plate count

Colony counts used to assess the general bacterial content of
water.

Hypochlorite The hypochlorite ion (OCl) is one of the ionic species formed
when chlorine is added to water.

Hypochlorous
acid

Hypochlorous acid (HOCl) is one of the species formed when
chlorine is added to water.

Indicator
organism

It would be futile and impractical to screen water samples for all
possible pathogenic organisms. Escherichia coli and other
coliform bacteria are therefore monitored as indicator organisms;
their presence in a water sample would be indicative of faecal
contamination and the potential presence of pathogenic organisms
in water.

Ion An atom or group of combined atoms which has lost (or gained)
one or more electrons to become a positively charged cation (or
negatively charged anion).

Marginal (simple)
chlorination

The usual chlorination technique employed for small supplies of
high quality. It is simply the dosing of sufficient chlorine to
produce a suitable free chlorine residual.

Membrane A semi-permeable barrier which allows passage of water but not
dissolved substances (or in the case of electrodialysis membranes
allows ions to pass but not water). Commonly used membranes
are made of cellulose acetate and polyamides.

Microfiltration A pressure-driven membrane process using a membrane with pore
size in the range 0.05 to 2 µm to separate suspended and colloidal
material.

Microgram per
litre (µg/l)

A unit of concentration used in reporting analytical results at trace
levels. For practical purposes it is the same as ppb (parts per
billion). Note: 1000 µg/l = 1 mg/l.

Micrometre (µm) A linear measure equal to one millionth of a metre; also called a
micron (µ).

Milligram per litre
(mg/l)

A unit of concentration used in reporting analytical results. For
practical purposes it is the same as ppm (parts per million).

Molecule The smallest particle into which a compound may be divided and
still retain the essential composition and properties of that
compound. Molecules are composed of the atoms of individual
elements.
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Nanofiltration A pressure-driven process using a membrane with properties
intermediate between reverse osmosis and ultra- filtration
membranes. Nanofiltration membranes allow monovalent ions
(e.g. sodium) to pass but selectively remove divalent ions (e.g.
calcium).

Nephelometer An instrument used to measure turbidity of water. A nephelometer
measures the amount of light scattered by suspended particles.

NTU Nephelometric Turbidity Unit. An arbitrary unit for expressing
turbidity measured using a nephelometer. Also commonly used
and practically numerically equivalent are Formazin Turbidity Unit
(FTU) and Jackson Turbidity Unit (JTU).

Oocyst The dormant encysted form of a protozoan parasite such as
Cryptosporidium. The oocyst is the environmentally stable,
infective, form of the parasite.

Oxidation A chemical reaction in which the oxygen content of a compound is
increased or in which a compound or ion loses electrons, thereby
increasing its positive valency state (e.g. oxidation of ferrous to
ferric iron).

Ozonation A process used for oxidation and disinfection using ozone.

Ozone A gas (O3) used as an oxidant and disinfectant in water treatment.
Ozone is generated at the point of use using an ozoniser which
employs high voltage electrical discharge through air or oxygen to
produce ozone at a concentration of a few percent in the feed gas.

Pathogen A disease causing organism.

pH value A logarithmic measure of acid or alkaline nature. pH 7 is neutral,
acid solutions have a pH less than 7, alkaline more than 7. A pH
change of 1 represents a tenfold change in acid or alkaline nature.

Protozoa Animal or vegetable organisms which consist of a single cell and
which reproduce by fission. Most are microscopic, aquatic, and
some are parasites.

Rapid sand filter Otherwise known as a rapid gravity filter, this consists of a bed of
sand or other filtration medium contained in a concrete or steel
vessel, through which water passes downwards by gravity.

Reverse Osmosis A pressure-driven membrane process using a membrane with pore
size below 0.002 µm to remove dissolved salts and organic
compounds.

Slow sand filter This consists of a layer of fine sand supported by a layer of gravel



52

with a system of underdrains. Water is passed downwards at a low
flowrate and solids accumulate at the sand surface, forming a
biologically-active layer. Impurities are removed both by physical
straining and biological action.

Superchlorination
-dechlorination

A chlorination process involving the addition of a large dose of
chlorine to effect rapid disinfection and chemical reaction. This is
followed by a dechlorination stage using e.g. sulphur dioxide or
sodium bisulphite to reduce the excess free chlorine residual.

Trihalomethanes A group of organic chemicals, including chloroform, which are
formed in low concentrations during chlorination of waters
containing natural organic compounds, such as the coloured humic
and fulvic acids.

Turbidity An optical property of water resulting from the scattering of light
by suspended and colloidal particles. Turbidity is determined using
a nephelometer and the results give a measure of the amount of
particulate matter present.

Ultrafiltration A membrane process using a membrane of pore size below 0.1 µm
to separate organic matter and micro-organisms.

Ultraviolet (UV)
irradiation

A disinfection process using a mercury discharge lamp to irradiate
the water, contained in a suitable chamber, with UV-C radiation in
order to inactivate micro-organisms.

Virus A submicroscopic infective agent which may be a living organism
or a complex protein capable of living in cells. Viruses cause a
number of diseases in animals and plants.
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APPENDIX B REVIEW OF ALTERNATIVE PROCESSES

B.1 MEMBRANE TECHNOLOGY

B.1.1 Introduction

The selection of a membrane process for potable water production depends on what is required
to be removed from the water. The removal efficiencies of the most relevant membrane types
are summarised in Table B1 and are detailed in the text. If the sole treatment objective is to
remove particulate matter (and many of the accompanying micro-organisms) then
microfiltration (MF) is the process to be chosen. An ultrafiltration (UF) membrane with a
molecular weight cut-off between 20,000 and 100,000 can also be used, trading off lower
permeate flux (or higher operating pressure) for better virus removal. Separation efficiency of
membranes improves in the order: microfiltration < ultrafiltration < nanofiltration < reverse
osmosis. The removal efficiency is improved by decreasing the effective pore size; this in turn
leads to reduced permeate flux, higher operating pressures and higher operating costs.

It is important to be clear on the range of contaminants to be removed as selection of an
inappropriate membrane could lead to over-treatment (with the corresponding cost penalty) or
under-treatment (which, superficially, might appear cost attractive).

B.1.2 Capabilities of various membrane types

Microfiltration (MF) is a direct extension of conventional filtration into the sub-micron range.
MF is capable of sieving out particles greater than 0.05 µm and will remove most bacteria and
amoeboid cysts. It has been used for water treatment in combination with coagulation or
powdered activated carbon (PAC) to remove viruses, bacteria, dissolved organic carbon and to
improve permeate flux.

Ultrafiltration (UF) is a molecular sieving process and will reject organic material to the
membrane molecular weight cut-off, viruses, bacteria and large pathogens. It has been used to
treat both groundwater and surface water for potable water production.

Nanofiltration (NF) is a low pressure membrane process combining low efficiency reverse
osmosis and high efficiency ultrafiltration. Membranes do not have discernible pores and
rejection of solutes is a function of their solubility and the net surface charge and diffusivity of
the membrane. NF is capable of rejecting multivalent ions and soluble organic matter of
molecular weight above 200. This includes pesticides, disinfection by-products and their
precursors. NF has been used for the treatment of highly coloured and brackish waters to
remove organics and for partial softening and is reported to remove viruses with high
efficiency.

Reverse osmosis (RO) is a high efficiency, high pressure membrane process capable of
rejecting monovalent ions such as Na+ and organics of molecular weight greater than 50. The
membrane separation mechanism is similar to that described for NF. The main application of
RO is seawater desalination.
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Table B1 Operational range of membrane processes

Process Flux Operating Membrane efficiency
(l/m2/h) pressure (bar) Effective pore

size
Molecular
weight
cut-off

Species rejected Virus removal Oocyst
removal

Microfiltration 150 - 1500 0.5 - 5 0.05 µm - 2 µm 105 + bacteria, cysts,
large colloids

0 to 5-log >5.7-log

Ultrafiltration 40 - 500 0.5 - 5 1 nm - 100 nm 800+ organic matter,
viruses, bacteria,
large pathogens

3-log to 7-log >5.7-log

Nanofiltration 20 - 50 4 - 20 0.8 nm - 8 nm 200+ organic matter,
multivalent ions

4-log to 6-log >5.7-log

Reverse Osmosis 5 - 50 20 - 100 0.1 nm - 1.5 nm 50+ organic matter,
monovalent ions

2-log to 6-log >5.7-log

Sand filtration
(for comparison)

2000-10000 0.1 - 2
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B.1.3 Membrane manufacturers world-wide

The main manufacturers world-wide of membrane plant for water treatment applications are
given in Table B2:

Table B2 The main membrane manufacturers world-wide

Membrane manufacturer Membrane application or type

Applied Membranes Seawater desalination, Low pressure RO

Aquasource Ultrafiltration

Culligan Seawater desalination, Low pressure RO, Ultrapure water

Filmtec Seawater desalination, Low pressure RO

Fluid Systems Seawater desalination, Low pressure RO, Ultrafiltration

Hydranautics Seawater desalination, Low pressure RO, Ultrafiltration,
Ultrapure water

Ionics Ultrapure water, Electrodeionisation (EDI),
Electrodialysis (ED)

Koch Membrane Systems Microfiltration, Ultrafiltration

Osmonics Low pressure RO, Ultrapure water

Pall Corporation Microfiltration

Tech-Sep Ceramic membranes

US Filter Microfiltration

Seawater desalination and the production of ultrapure water are specialist applications with
comparatively high operating costs and until recently have not been of immediate interest to
the UK Water Industry. Ceramic membranes, available for microfiltration, ultrafiltration and
nanofiltration, though highly durable, are the most expensive membranes (per unit filtering
area) and are currently used in the food and pharmaceutical industries for the recovery of high
value products.
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B.1.4 UK membrane applications

B.1.4.1 General

Up to the end of 1998, Regulation 25 approval had been given to membrane products from ten
manufacturers, including Degremont UK (Aquasource), Anglian Water Services (Fluid
Systems) and US Filter (Memcor, Acumem) for the installation of microfiltration, ultrafiltration
and low pressure reverse osmosis membranes.

B.1.4.2 Microfiltration - US Filter

Recently, North West Water (NWW) has commissioned a number of MF plants which use fine
hollow fibre membranes. These membranes are hydrophilic polyethersulfone with an internal
diameter of 0.7 mm and 0.2 µm pore size. The plants are equipped to treat a variety of surface
waters and groundwaters for the removal of micro-organisms, silts, humic material and
pesticides. Waters are pre-coagulated using aluminium sulfate; GAC polishing is available for
pesticide removal prior to chlorination.

The reported performance of this coagulation-MF system for removal of micro-organisms is
given in Table B3 below:

Table B3 Micro-organism removal by coagulation - MF

Contaminant Feedwater Permeate Reduction

Turbidity (NTU) <500 < 0.2 3-log
Giardia (cysts/l) 7.9 x104 0 >4-log
Bacteriophage (pfu/ml) 3 x 107 104 - 105 2-log to 3-log
Human virus (pfu/ml) ≤ 104 < 5 2-log to 4-log
E. coli (cfu/ml) 106 0 >6-log

The USF microfiltration plants both in operation and proposed are listed in Table B4 below:
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Table B4 USF Microfiltration plants (NWW)

Year Location Water source Capacity
(m3/d)

Business drivers

1996 Huntington River water 80000 Emergency supplies

1997 Winnick Borehole water 16000 Cryptosporidium removal

1998 Whitebull Upland surface water 45000 THM precursor removal

1998 Cornhow Lake water 32000 Cryptosporidium removal, waste
minimisation

1999 Ennerdale Lake water 59000 Cryptosporidium removal, algae
removal

1999 aHomesford groundwater 65000 Cryptosporidium removal

a Situated near Matlock, Derbyshire (Severn Trent Water)

B.1.4.3 Ultrafiltration - Aquasource

In 1996, a 10,000 m3/d ultrafiltration plant for the production of drinking water was built at
Tyn-Y-Waun. The plant uses an Aquasource cellulosic ester hollow fibre membrane with a
pore diameter of 0.01 to 0.02 µm. Welsh Water built the plant for the removal of Fe, Mn,
colour and turbidity.

B.1.4.4 Low pressure RO

With the notable exception of the 20,000 m3/d low pressure RO plant at St. Aidans, YW,
which was commissioned in 1996 for emergency supply and intended to operate for 12-18
months, capacities of UK low pressure desalination plants have not exceeded 5000 m3/d. That
the capacities of the majority of these plants have rarely exceeded pilot scale is probably due to
the increased capital and operating costs when compared with MF and UF. The plants are
largely confined to Scotland and East Anglia and applied mainly for the removal of humic
colour, nitrate and pesticides and for softening the local raw water sources. None of these
plants have been installed for micro-organism removal, though low pressure RO membranes
have been reported to remove viruses, for instance, with high efficiency. The total number of
plants (some with capacities as low as 70 m3/d) currently does not extend above 25 and have
been built equally by Fluid Systems and PCI. The largest plants and their locations are listed in
Table B5 below:
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Table B5 UK low pressure RO plants

Year Location Supplier Capacity
(m3/d)

Driver

1996 St. Aidans
(YW)

Fluid
Systems

20000 Emergency supply

1996 Bunessan
(aWSWA)

Fluid
Systems

550 Colour removal

1997 Dagenham
(Essex/Suffolk)

Fluid
Systems

4700 Softening, removal of Fe, Mn, Al,
pesticides

1997 Rushall
(AW)

Fluid
Systems

2400 Softening, removal of Fe, Mn, Al

1997 Backies
(bNSWA)

Fluid
Systems

2200 Colour removal

1997 Diss
(AW)

Fluid
Systems

1600 Softening, removal of Fe, Mn, Al

1997 Bunwell
(AW)

Fluid
Systems

400 Softening, removal of Fe, Mn, Al, nitrate

1998 Gorthleck
(bNSWA)

PCI 440 Colour removal

a  West of Scotland Water Authority b  North of Scotland Water Authority

B.1.5 World-wide membrane applications

B.1.5.1 MAC 21 Project (Kunikane et al. 1995, 1996)

The Japanese Government authorised the adoption of microfiltration and ultrafiltration
technology in small-scale water supplies in November 1994. At the same time the preparation
of “Guidelines on the Introduction of Membrane Filtration Facility in Small-Scale Water
supplies” was sanctioned based on data from a three-year research project “Membrane Aqua
Century 21 (MAC 21)”

The MAC 21 project included a demonstration experiment on the applicability of membrane
technology to water supply. Eighteen water treatment plant manufacturers undertook the
demonstration experiment, using 35 different microfiltration and ultrafiltration systems,
between April 1992 and March 1994, with three runs of continuous plant operation, each of
six months duration. Each of the 18 participating manufacturers carried out two runs of the
experiment with different methods using its own MF or UF plant.
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The demonstration facility was constructed at an intake of the Kita-Chiba Regional Water
Supply Authority, the raw water for treatment coming from the Edo River. The facility
included an installation for 12 membrane filtration plants each supplied from a common pre-
treatment plant using coagulation with polyaluminium chloride (PACl) and sedimentation. The
capacity of each plant was approximately 30 m3/d. Raw water could be supplied to the
membrane plants both with and without pre-treatment depending upon the individual feed
water requirements for each pilot plant.

MF membranes were used in 22 systems; UF membranes in 13 systems. Most membranes were
organic hollow fibre. Flux control was applied using a constant flow rate system. Results of
membrane performance are given in Tables 6a and 6b:

• “Clarified water” applied to water treated only by PACl coagulation and sedimentation.
The coagulant dose was usually 10 to 20 mg/l which was one third of the dose required
for coagulation/sedimentation when using rapid sand filtration.

• “Membrane filtrate” applied to the range of average values from each of the plants.
• Cell counts were the maximum number of bacteria during the 6-month operating period.
• Cell counts in membrane filtrates are given as a range of maximum values.
• Turbidity was reduced by at least 98.9% in the membrane filtrate; Fe by 98%; Al by 90%;

colour by 60%.
• The presence of bacteria in membrane filtrates was attributed to bacterial contamination

post-membrane filtration. (Work performed in the USA has reported that whereas the
removal of coliform indicators by MF and UF membranes is essentially complete,
heterotrophic populations of bacteria may be detected in filtrate if a residual disinfectant is
not present. Heterotrophic cell counts will vary due to seasonal variations in water
temperature and the interval between chemical cleaning. It is concluded that in an MF or
UF operating system, the use of residual disinfectant is advisable in order to protect the
distribution system).

• Coliforms were not detected throughout the period of operation in 29 cases out of 33.
• There was no significant difference between MF and UF in the removal of micro-

organisms.
• Water recovery in all plants was 80 to 99%. Where backwash water was separately treated

and recycled, overall recovery was increased to greater than 90%.
• There was no obvious difference in energy consumption characteristics between MF and

UF.
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Table B6a “MAC 21” Project - Rejection of physical and chemical parameters by MF and UF membranes

Parameter Run No No. of plants Average parameter values during six-month operation period
Raw water Clarified water Membrane filtrate

Units Units % removal Units % removal

Turbidity (NTU) 1 12 16.1 1.60 90.1 0.01 - 0.17 98.9 - 99.9
2 12 15.8 1.14 92.8 0 - 0.02 99.9 - 100
3 11 10.2 1.40 86.0 0 - 0.02 99.9 - 100

Colour (CU) 1 12 10 4 60 1.6 - 4 60 - 84
2 12 11 4 67 3 - 4 68 - 75
3 11 13 4 67 3 - 3.1 74 - 78

260 nm abs/m 1 12 3.48 2.68 23 2.00 - 3.44 4 - 41
2 12 3.20 2.34 27 1.48 - 3.00 7 - 54
3 11 2.78 2.14 23 2.22 - 2.62 7 - 20

NH3-N (mg/l) 1 12 0.06 0.05 17 0.01 - 0.06 0 - 84

2 12 0.22 0.22 0 0.09 - 0.30 8 - 58
3 11 0.24 0.22 11 0.06 - 0.28 0 - 74

Fe (mg/l) 1 12 0.83 0.03 96 <0.01 - 0.01 98 - 100
2 12 0.94 0.09 90 0 - 0.01 99 - 100
3 11 0.64 0.11 83 0 - <0.01 98 - 100

Mn (µg/l) 1 12 49 20 52 <5 - 16 68 - 100
2 12 54 29 46 <5 - 24 51 - 100
3 11 44 22 49 4 - 34 23 - 93

Al (mg/l) 1 12 1.10 0.34 69 0.01 - 0.09 92 - 99
2 12 0.91 0.33 63 0 - 0.05 95 - 100
3 11 0.47 0.37 21 0.01 - 0.04 90 - 98

THMFP (µg/l) 1 12 46 27 41 21 - 36 22 - 55
2 12 45 24 47 17 - 45 0 - 66
3 11 35 26 26 24 - 32 10 - 31
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Table B6b “MAC 21” Project - Rejection of micro-organisms by MF and UF membranes

Parameter Run No No. of plants Maximum cell numbers during six-month operation period

Raw water Clarified water Membrane filtrate

Cells per ml Cells per ml % removal Cells per ml % removal 100% removal

Heterotrophic 1 12 130,000 38,000 70.77 230 - 9700 92.54 - 99.82 No plants
Plate counts 2 12 160,000 14,000 91.25 0 - 19,000 88.13 - 100 1 plant

3 11 61,000 12,000 80.33 0 - 26,000 57.38 - 100 1 plant

Coliforms 1 12 1300 200 84.62 0 - 3 99.77 - 100 9 plants
2 12 1900 220 88.42 0 - 180 90.53 - 100 10 plants
3 11 1200 66 94.50 0 - 3 99.75 - 100 10 plants
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As a result of the MAC 21 project, the following advantages were reported:

• Coagulation/sedimentation/sand filtration could be replaced with a single
membrane process which is simple to apply and reliable.

• Treated water quality was improved because of the more effective removal of
particulate matter by membranes.

• Coagulation was usually not required. Where pre-coagulation was applied, dosing
was about one third of that used in conventional processes.

• Membrane plant operation could be automated; plant maintenance was “very
easy”.

B.1.6 Developments

B.1.6.1 General

The attractiveness of microporous sieving membranes such as microfiltration and “loose”
ultrafiltration membranes to water utilities lies in their low operating costs when compared
with NF and RO desalination membranes. Microporous membranes produce high permeate
fluxes at low operating pressures. However, examination of Table B1 indicates that,
particularly for microfiltration, micro-organism removal can be variable. The rejection
efficiency of a microfiltration membrane is particularly affected by its membrane pore size and
by the feedwater quality. In order to improve treatment efficiency where sieving membranes
are employed, several pre-treatments have been applied including ozonation, coagulation,
adsorption and dynamic membrane formation.

Ozonation has been applied with powdered activated carbon (PAC) to enhance pesticide
removal before UF. Ozone can initiate microflocculation in some waters encouraging particle
growth and improved removal by the membrane.

PAC adsorption (with or without pre-ozonation) has been applied before UF with the
membrane providing barrier filtration for disinfection as well as organics removal.

Coagulation has been applied before MF to improve the removal of dissolved organic
contaminants such as humic colour.

A dynamic membrane has been applied using an MF membrane as the microporous support. At
high feedwater particulate loading, the foulant layer formed on a microporous membrane can
modify the membrane surface properties so as to improve its subsequent separation efficiency.
The principle of chemically modifying a microporous membrane surface by deposition of a
selected particulate is well established; the end product is termed a dynamic membrane.
Examples of membrane systems combined with the described pre-treatments, and used for both
potable and waste water treatment, are given below:
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B.1.6.2 Renovexx (Gosling and Realey 1992)

The Renovexx microfiltration system has been used to disinfect secondary effluent. This system
consisted of a dynamic membrane produced by the addition of aluminium sulfate to a
secondary effluent. Log reductions of greater than 3 (99.9%) were reported for faecal
coliforms and greater than 4 (99.99%) for faecal streptococci. The Renovexx plant also
significantly reduced suspended solids and associated BOD.

B.1.6.3 The CRISTAL process (Cornu et al. 1995)

The CRISTAL process, developed by Lyonnaise des Eaux, is a membrane process combining
UF and PAC adsorption. The UF membranes remove turbidity, micro-organisms and high
molecular weight organic compounds. Addition of powdered activated carbon enhances the
removal of organic matter, including micropollutants, disinfection by-product precursors, taste
and odour compounds and colour. PAC is added to the recycle loop of the UF system where it
accumulates during the filtration cycle. The addition of PAC is reported to increase the
efficiency of the UF process by limiting irreversible membrane fouling and by decreasing the
hydraulic resistance of the cake.

The CRISTAL process can be applied directly to surface water or can be used as a polishing
treatment after conventional clarification. There are two examples of CRISTAL installations
currently in France:

At Saint-Cassien (25,000 m3/d). The source is a lake water with occasional problems with taste
and odour, colour and micro-organisms. The membrane plant consists of 160 Aquasource
hollow fibre UF modules, projected to give a flux of 140 l/m2/h . The Cristal process is applied
directly to the raw water. Costs are reported to be comparable to a direct filtration plant
upgrade.

At Vigneux-sur-Seine (55,000 m3/d). The source is river water from the Seine and is treated
using ozone/PAC/UF. The projected plant flux is 160 l/m2/h from 224 Aquasource modules.
The CRISTAL process was selected because of reported superior removal of mineral, organic
and biological particulates compared with ozone/GAC. It was also believed that the
ozone/PAC/UF system is more easily adapted for removal of specific pollutants at varying
pollutant concentrations. On-site trials demonstrated excellent reduction of tastes and odour,
atrazine and THM precursors.

B.1.7 Membranes for disinfection

B.1.7.1 General

Disinfection is the final stage of treatment before drinking water is distributed and is, ideally,
the process by which all pathogenic micro-organisms are removed (physically) or destroyed
(chemically). Disinfection is usually only effective when applied to a good quality water. The
concentration of suspended solids should be under 1 mg/l since bacteria and other micro-
organisms can agglomerate on suspended solids which protect them against the biocidal effects
of disinfectants. For chemical disinfection (e.g. chlorination) to be effective, the organic carbon
content of the final water must be as low as possible. Otherwise, the water will consume
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residual disinfectant allowing for possible re-growth by micro-organisms and the formation of
undesirable disinfection by-products. Another important consideration is that chemical
disinfectants are not completely effective in the destruction of some types of micro-organisms,
particularly oocysts such as Cryptosporidia.

Because of the problems associated with the use of chemical disinfection in drinking water
treatment, there has been increasing interest in the evaluation and use of membranes which are
reported to have the potential to remove micro-organisms and micro-contaminants in a single
stage.

B.1.7.2 Microfiltration for disinfection

The efficiency of membranes for the removal of micro-organisms has been demonstrated by a
range of microbial challenges. This has been necessary particularly where the removal
mechanism is not fully understood. Virus removal efficiencies, for instance, have been
determined by viral challenge tests using particulates as substitutes for larger micro-organisms.
American legislation on disinfection requires improved disinfection efficiency; the Surface
Water Treatment rule (SWTR) currently requires 3-log (99.9%) removal or inactivation of
Giardia and 4-log (99.99%) removal or inactivation of viruses. The enhanced SWTR may
require even greater removal efficiencies depending on source water quality. Unfortunately, to
date there has been little information in the scientific literature regarding the efficacy of
membranes for removing these micro-organisms.

Jacangelo and Adham (1994) investigated the removal efficiencies of both UF and MF
membranes for a series of micro-organisms including viruses. Each membrane was challenged
with Cryptosporidium parvum, Giardia muris, E. coli, Pseudomonas aeruginosa and MS2
bacteriophage. Initial experiments determined the membrane rejection capabilities under worse
case conditions - distilled water, dead-end mode, maximum recommended trans-membrane
pressure. The authors concluded that polymeric MF and UF membranes can provide an
absolute barrier to protozoa and selected bacteria by a physical sieving mechanism. They
expected that the MF and UF membranes tested could meet the current requirement of a 3-log
removal efficiency for Giardia. These membranes were also likely to match the enhanced
SWTR requirements covering Cryptosporidium. A UF membrane with molecular weight cut-
off of 100,000 rejected all the seeded MS2 phages achieving a 6-log reduction. The authors
therefore concluded that UF membranes with molecular weight cut-offs below 100,000 should
easily match a 4-log virus removal, which is the current SWTR requirement.

Hultquist (1994) performed challenging tests using a Memcor CMF rig and reported a 3-log
removal of Giardia cysts but only a 0.5-log removal of viruses. Though a 1.5-log virus
removal was demonstrated there was uncertainty regarding the results because, in California
where the tests were performed, a 1-log virus removal factor of safety margin is applied as per
the Californian SWTR guidance in such a situation. The Memcor CMF process has been
approved for use on surface waters in California at pre-specified trans-membrane and permeate
flux. Approval has been granted or is being considered for about 12 such plants. Two other
specific membranes have also been approved for use in California.
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B.1.7.3 Ultrafiltration for disinfection

Because of increasing concern about the transmission of water-borne viral diseases, the
efficiency of high flux membranes in the removal of viruses has been studied. It has been
reported that UF membranes offer a simple, one-step process which provides a positive barrier
between contaminated supply and treated water. As part of this study (Smith and DiGregorio
1970), tap water was inoculated with E. coli phage to produce phage concentrations of 3.5 x
104 to 4.7 x 104 per ml in the feedwater. Bench-scale trials, using this feedwater with UF
membranes produced a permeate in which no viruses could be detected.

Further trials were conducted using a 1.9 m3/d ultrafiltration pilot plant installed near the
Mianus River in Greenwich, Connecticut. The plant was operated for a two-month period, at a
flux of 35 to 55 l/m2/h and with no chemical usage. Coliform counts (Table B7) were measured
in the permeate regularly over the two-month trial period, with the following results:

Table B7 Coliform removal by ultrafiltration

Coliforms in UF permeate / 100 ml % Run time equal to or less than

0 50
2 83
2.2 90
6.2 97

Positive coliform counts were reported to be a result of contamination during sampling and/or
cell after-growth in the permeate channel.

B.1.7.3 Reverse osmosis for disinfection

Occasional reference in the literature has been made to the disinfection potential of desalination
membranes. The lack of available data may be due to the fact that desalination membranes
(particularly those in spirally wound configuration) are susceptible to feedwater turbidity,
necessitating pre-treatments such as conventional filtration (with or without coagulation) or
microfiltration. Because of this, disinfection by RO would be seen as a polishing process for
the removal of micro-organisms which may have passed through the pre-treatment stage. Table
B8 gives data on final challenging tests performed MF and RO units using Giardia lamblia,
Cryptosporidium parvum and MS2 virus (Adham et al. 1996):



66

Table B8 Final challenge tests to MF and RO units

Micro-organism Removal efficiency

aMF bTFC RO cCA RO

Cryptosporidium
parvum

>5.7-log >5.7-log >5.7-log

Giardia lamblia >5.7-log >5.7-log >5.7-log

MS2 virus 0.5-log 3.4-log 4.2-log

a Memcor Model 6M10C microfiltration system
b Fluid Systems ROGA/M8221HR cellulose acetate membrane
c Fluid Systems TFCL/M8822HR thin-film composite polyamide membrane

Parasite removal by all three systems was better than 5-log. Removal of the MS2 virus by MF
was variable over the duration of the tests (0.05 to 3.27-log).

Virus removal by both RO membranes was better than 3-log.

B.1.8 Waste production and disposal

B.1.8.1 General

The production of waste from membrane processes depends upon the characteristics of the
feedwater, the type of membrane process used and the final water recovery. Process wastes
will be produced from pre-treatment, from membrane concentrate production, from membrane
cleaning and from any applied post-treatment. Table B9 gives an indication of how feed water
characteristics and type of membrane process can affect both required operating pressure and
product water recovery.
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Table B9 Product water recovery from different membrane processes

Membrane
process

Feedwater type Dissolved
solids
(mg/l)

Operating
pressure

(bar)

Water
recovery

(%)

System
rejection
(TDS%)

RO Seawater 35,000 50 - 80 45 99+
desalination Brackish water 3000 20 - 40 80 85 - 95

Low pressure Surface water <1000 5 - 5 85 - 90 a60 - 80
b80 - 95

RO Groundwater <1000 7 - 5 70 - 80 a60 - 80
b80 - 95

Ultrafiltration Surface water <1000 1 - 2 85 - 90 0

Microfiltration Surface water <1000 0.5 - 3 95 0

a  As total dissolved solids (TDS) - soluble monovalent ions (Na+, K+, etc.)
b As hardness - predominantly divalent and trivalent ions (Ca2+, Mg2+, etc.)

B.1.8.2 Desalination systems

High pressure desalination systems such as those used for the treatment of seawater generally
have high rejection efficiencies for dissolved solids and poor water recoveries (limited by
osmotic pressures generated during treatment). Wastes are highly saline and their subsequent
disposal is subject to discharge consent licence. Disposal options available are direct discharge
to a surface water after blending with settled backwash water or discharge to a sewer system
(subject to geographical location).

Low pressure desalination systems have lower rejection efficiencies but give improved water
recoveries. Disposal is similar to that described for high pressure systems.

Applied pre-treatment includes chemical coagulation, filtration, clarification, UF, MF,
oxidation, GAC, pH adjustment and anti-scalant addition. Some of these pre-treatments will
produce additional wastes for disposal.

Required post-treatments, applied to either product water or to concentrate stream include:

• Aeration or degassification to remove toxic gases and improve taste and odour and
reduce corrosivity.

• pH adjustment to prevent corrosion in the distribution system and, in the case of
waste disposal, to protect aquatic life.

• Chlorination/disinfection to prevent bacterial growth in the distribution system
(this may also be required for disposal of biologically contaminated concentrate
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streams and may require subsequent dechlorination to reduce chlorine
concentration before final discharge).

• Addition of corrosion inhibitor to protect distribution system.

• Remineralisation of over-softened product water to increase hardness and
alkalinity to prevent corrosion and improve taste.

• Aeration of concentrate stream before disposal to increase dissolved oxygen to
levels which support aquatic life.

B.1.8.3 UF and MF systems

UF and MF membranes reject particulates, micro-organisms and organic contaminants which
are larger than the effective pore size (or molecular weight cut-off) of the membrane; they do
not reject TDS. Therefore, water recoveries are generally much higher than with desalination
membranes. Particulates-rich reject streams can be further concentrated before disposal.

Particulates-rich reject streams from MF membranes may require disinfection particularly
before discharge to a surface water. Organics-rich reject streams from UF membranes may
require further treatment such as chemical oxidation to remove toxic organics or to reduce
BOD/COD.

Pre-treatments for MF or UF systems include settlement, oxidation, activated carbon and
chemical coagulation. This may seem contrary to the given advantage of membrane treatment
which is the avoidance of any pre-treatment chemicals. However, limited experience of such
pre-treatment systems has shown that addition of coagulant (at doses as low as one third of the
requirement in conventional treatment) or activated carbon increases the average flux of the
membrane system (reportedly, by up to 25%), significantly increases the removal of THM
precursors and other soluble organics from the feedwater and, in some MF systems, improves
the efficiency of removal of micro-organisms. These pre-treatments generate additional
particulate wastes for disposal, but in amounts lower than those generated from conventional
processes.

Where MF and UF processes are used directly to produce drinking water, the required post-
treatments are similar to those given for desalination processes.
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B.1.9 Reliability

Particularly where a single-stage membrane process is applied for water treatment  and
disinfection, it is important to monitor permeate for contaminants to ensure continuing
membrane integrity.

For MF and UF membranes, the use of turbidimeters and particle counters is limited by the
resolution and detection limit of these instruments and by interferences caused by air bubble
formation and re-growth in permeate lines, particularly by heterotrophic bacteria, after
membrane system cleaning and disinfection. The most reliable on-line physical methods for
monitoring the integrity of MF and UF membranes include bubble point, pressure hold and
diffusive air flow testing.

The integrity of desalination membranes can be monitored by measuring the conductivity
profile along the central product pipe of each pressure vessel. However salt rejections between
modules during operation can vary by about 1% which means that conductivity measurement
has a limit of detection of 2-log units removal efficiency (compared to the requirement for RO
membranes of a 4-log removal efficiency).

“Tight” UF membranes are typically claimed to provide better than 5-log units particle removal
but on-line monitoring of this level of particle removal would be difficult or impossible even
when using state-of-the-art particle counters which are capable of measuring from 0.05 µm
particle diameter. However, these particle counters can still be used to give an indication of
membrane integrity, particularly in membrane polishing systems.

B.1.10 Membrane treatment costs

The rejection efficiency of membranes increases in the order MF-UF-NF-RO and is
accompanied by corresponding increases in capital and operating costs. The capacities and
types of current UK membrane plants reflect these increased installation and operating costs.

Table B10 gives approximate costs for the production of drinking water compared with
conventional treatment – these figures relate to a combination of operating and whole-life costs
and therefore should be used with caution. A detailed cost assessment is given in Section 3.2.
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Table B10 Approximate costs for drinking water production (1997)

Treatment Process Production costs (p/m3)

Conventional:
Borehole water (minimum treatment - filtration/disinfection) 3
Advanced water treatment (Ozone/activated carbon) 6 - 8

Membrane:
Microfiltration (lowland water) 2 - 4
Ultrafiltration/Activated carbon (PAC/UF) 6
Nanofiltration or Low pressure RO (brackish waters) 40
Reverse osmosis (seawater desalination) 60 - 80
Microfiltration/Nanofiltration (1300 m3/d capacity) 50
Microfiltration/Nanofiltration (200 m3/d capacity) 200

Other:
Thermal distillation (seawater desalination) 80 - 100

B.2 UV TECHNOLOGY

B.2.1 Introduction

Ultra-violet (UV) light is known to have germicidal properties in the 200 to 280 nm region of
the electromagnetic spectrum (‘UV-C’ region) with peak effectiveness occurring at 260 nm.
The germicidal action of UV is due to the absorption of radiation by DNA within micro-
organism nuclei and interference with cell replication such that micro-organisms are
inactivated.

The usual UV reactor configuration is a quartz-sleeved UV lamp in contact with the water.
The water flows along the annular space between the quartz sleeve and the outer wall of the
chamber. Low pressure and medium pressure mercury lamps are used as the source of UV
radiation.

The disinfectant dose delivered by a UV system is expressed as UV radiation energy density
(mW.s/cm2). Assessment of the target minimum dose is usually based on laboratory -derived
germicidal efficiencies. The sensitivity of a micro-organism to UV irradiation is called the “D”
value and is a measure of its inactivation as a result of exposure. Table B11 gives “D” values
for E. coli:
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Table B11 UV inactivation of E. coli

“D” value % inactivation UV dose (mW.s/cm2)

D10 90 2.9 - 3.4
D0.0001 99.999 16

Designers of UV disinfection systems will set a minimum target UV dose which depends upon
the quality of water passing through the reactor. Typical design values are in the range 16 to
38 mW.s/cm2. UV light intensity is affected by the transmissivity of the water and the thickness
of the water layer being irradiated.

B.2.2 Conventional UV processes

Snicer et al. (1997) reported the design and operation of two UV pilot facilities to disinfect
groundwaters with different characteristics. A viral surrogate, MS2 coliphage, to determine the
dose and effectiveness of UV irradiation for 4-log inactivation. The doses determined for
inactivation ranged between 64 and 93 mW.s/cm2  (c.f. a typical dose used in wastewater
systems of about 30 mW.s/cm2). The power required for continuous 4-log MS2 inactivation at
33 m3/day was approximately 200 watts.

Calibrated electronic UV sensors, located in each UV reactor, once calibrated, were invaluable
for monitoring system performance and were shown to correlate with actual MS2 inactivation.

Fouling problems were encountered where water contained appreciable amounts of iron; 0.45
to 0.65 mg/l Fe, resulted in fouling of UV sleeves and sensors. Regular cleaning was required
to maintain disinfection levels. Because of fouling, the pilot UV system fell below the required
4-log inactivation performance for MS2 after 3 to 4 days of operation (at 33 m3/day).

Disinfection costs for the pilot systems are given in Table B12:

Table B12 Pilot system/UV production costs

Pilot facility System cost (p/m3) UV cost (p/m3)

1 10.7 - 15.9 1.17 - 1.75
2 10.8 - 12.7 0.97 - 1.14

Relative UV susceptibilities of human pathogenic viruses (Hepatitis A, Poliovirus, and
Rotavirus) compared with the MS2 coliphage were examined in 10 regional groundwaters in a
series of laboratory studies. Experiments were conducted using controlled irradiation of viral
samples in petri dishes. Test data are given in Table B13:
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Table B13 Relative UV susceptibility of tested pathogens

Virus Waters tested Dose range for
4-log

inactivation
(mW.s/cm2)

Dose for 4-log
inactivation in
Type I Water
(mW.s/cm2)

UV
susceptibility
(relative to

MS2)

MS2 11 64 - 93 82 1.0
Rotavirus 1 50 50 1.6
Poliovirus 8 23 - 29 23.5 3.5
Hepatitis A 3 6 - 15 7 11.7

The table indicates that MS2 coliphage is the most resistant to UV disinfection by a factor of 2
to 3.

In conclusion, the authors reported that:

• UV is a viable means of disinfection for viruses.

• UV is not equally effective in different groundwaters.

• The dosing requirement for a specific groundwater needs to be established through
preliminary pilot studies; this can be done through bioassays.

• The doses required in these studies were about double those typically used in
wastewater systems ( ca. 30 mW.s/cm2).

B.2.3 Novel UV processes

Conventional UV disinfection units are thought not to provide high enough doses to achieve
effective inactivation of oocysts; this has necessitated the development of novel designs to
achieve higher doses.

Despite views to the contrary that very high UV doses are necessary for adequate inactivation,
the Calgon Corporation (USA) have demonstrated up to 4-log inactivation of oocysts using
medium-pressure lamps at conventional dosing levels of 20-40 mW.s/cm2 (Bolton 1997). This
level of performance was determined using mouse infectivity to assess inactivation. A
commercial system (“Sentinel”) has been developed by Calgon.

Water Recovery plc, a UK based company, has developed a unit based on combined filtration
and UV irradiation for Cryptosporidium inactivation. This unit, called the Cryptosporidium
Inactivation Device (CID), filters water through 2 µm pore size stainless steel screens. The unit
contains two parallel screens and oocysts are trapped by one screen and UV irradiated at 150
mW.s/cm2; the irradiated oocysts are then removed from the screen by backwashing and
transferred to the other screen for further irradiation. This process is continued to give a
cumulative UV dose of approximately 8500 mW.s/cm2 (c.f. a typical water treatment dose of
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about 30 mW.s/cm2). The irradiated oocysts and the backwash waters are then returned to the
treated water flow so that the unit produces no waste for disposal. Tests of this equipment at
the Scottish Parasite Diagnostic Laboratory indicated better than 2-log (>99%) inactivation of
oocysts (Campbell et al., 1995). Water Recovery claim that tests performed in the USA, using
mouse infectivity, indicate 4-log inactivation.

B.3 OTHER PROCESSES

B.3.1 Advanced UV and white light disinfection systems

A number of suppliers are providing pulsed UV (and pulsed white light) devices, which
generate short duration pulses of high intensity. These devices are reported to give more
effective inactivation of oocysts than conventional UV systems (Clancy, 1997).

In assessing this novel UV technology, further consideration should be given to the production
of inorganic and organic by-products resulting from the use of high UV doses. Additionally, it
needs to be remembered that, even after UV treatment, the oocysts will still be present in the
treated water, albeit in a non-viable state. Therefore any numerical standard or target for
oocyst concentration in treated water would need to distinguish between viable and non-viable
oocysts in order to demonstrate any benefit from UV treatment technology.

Studies have been undertaken into the effects of pulsed UV (PUV) irradiation for inactivation
of micro-organisms. PUV uses a xenon flash lamp which is pulsed for 20 to 30 microseconds
at a rate of 1 to 30 Hz with intervals between pulses of the order of milliseconds. Peak
emission of the lamp is at a wavelength around 230 nm. Pulsed UV with applied doses of
around 150 mW.s/cm2 was shown to be effective in inactivating heterotrophic bacteria and
MS-2 coliphage; however, aldehydes, carboxylic acids and biodegradable dissolved organic
carbon were shown to be produced as by-products (Mofidi et al. 1998). Naumovitz et al.
(1998) reported that high intensity pulsed UV (50 to 200 mW.s/cm2) has the potential to be an
effective small-volume water treatment for microsporidia.

Pulsed white light systems have also been evaluated for their disinfection ability. Huffman et al.
(1998) demonstrated highly effective inactivation of bacteria, viruses and cysts but the applied
energy doses were not reported. Commercial systems are available (e.g. “PurePulse”) for
sterilising foods, packaging, water and air.

Titanium dioxide photocatalysts, when irradiated with UV, generate the hydroxyl radical, an
exceedingly potent, indiscriminant, short-lived oxidant. Titanium dioxide-UV can be used for
the destruction of a range of chemicals (e.g. chlorinated solvents, pesticides) and for
disinfection. Recent developments in the use of titanium dioxide-UV for disinfection have been
reported by Kuo and Ramirez (1998). The main barrier to commercial exploitation is that the
titanium dioxide has to be used as a suspension in the water to be treated (and subsequently
removed, or prevented from entering the treated water stream), or immobilised within the UV
reactor in such a way as to present a substantial available surface area.
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B.3.2 Ultrasonics

The use of ultrasonics to accelerate chemical reactions has been studied for many years but it is
only during the past 10 years or so that interest has been shown in industrial applications. Use
of high intensity ultrasonics (e.g. >50 W/cm2 compared to 5 W/cm2 in a conventional
ultrasonic cleaning bath) creates, enlarges and implodes gases or vapour cavities in the water.
The collapse of these cavities or bubbles results in localised high temperatures (thousands of
°C) and pressures (hundreds of atmospheres). These short-lived hot spots have been shown to
produce hydrogen atoms, hydroxyl ions and products such as hydrogen and hydrogen
peroxide. The ability of ultrasonics to destroy organic chemicals and micro-organisms has been
demonstrated (e.g. Toy et al. 1993, Hua and Hoffmann 1997).
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APPENDIX C FAILURE MODE AND EFFECTS ANALYSIS
TABLES
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Table C1 Chlorination only

Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Flow, No No flow from abstraction

Blocked or burst pipework

All valves closed

Failure of chlorine dosing system leading to plant shutdown

Increased Operating Costs 3

1

1

3

1

1

1

1

104

102

102

104

Flow, Low Partial failure of chlorine dosing system leading to shutdown on
'x' disinfection streams

Tank drain valve open

Low flow from abstraction

Blocked or shut valve

Blocked, leaking or burst pipework

Increased Operating Costs 4

2

3

2

1

1

4

1

1

1

105

103

104

103

102

Flow, High High flow from abstraction Increased Operating Costs 2 1 103

Turbidity / Solids,
High

High turbidity from abstraction

High solids from abstraction

Breach of Regulations -
Aesthetic

3

3

2

2

105

105
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

True Colour, High High true colour from abstraction Breach of Regulations -
Aesthetic

2 2 104

pH, Low Low pH from abstraction Breach of Regulations -
Aesthetic

2 2 104

pH, High High pH from abstraction Breach of Regulations -
Aesthetic

2 2 104

Chlorine Residual,
No / Low

Chlorine leak

High chlorine demand due to high ammonia, high TOC, high
turbidity or high dissolved iron, high manganese, carbon fines
from abstraction

Weak hypochlorite solution

Failure of chlorine dosing system on LOW

None (Implications in
Distribution)

2

3

2

4

0

0

0

0

0

0

0

0

Chlorine Residual,
High

Failure of chlorine dosing system on HIGH (+ failure of
autoshutdown)

Strong hypochlorite solution

Increased Operating Costs 3

3

1

1

104

104

Iron, High
Dissolved

High dissolved iron from abstraction Breach of Regulations -
Aesthetic

2 2 104
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Aluminium, High
Dissolved

High dissolved aluminium from abstraction Breach of Regulations -
Aesthetic

2 2 104

Manganese, High
Dissolved

High dissolved manganese from abstraction Breach of Regulations -
Aesthetic

2 2 104

Nitrate, High High nitrate from abstraction Breach of Regulations -
Immediate Health Effects

2 4 106

Micropollutants
(pesticides), High

High micropollutants from abstraction Breach of Regulations -
Long Term Health Effects

3 3 106

THMs, High High pH

Excessive chlorine dose

Breach of Regulations -
Long Term Health Effects

1

3

3

3

104

106

Total Organic
Carbon, High
Soluble

High soluble total organic carbon from abstraction None (Implications in
Distribution)

2 0 0

Cryptosporidium /
Giardia, High

High Cryptosporidium / Giardia from abstraction Breach of Regulations -
Immediate Health Effects

1 4 105
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Coliforms, High High turbidity/solids from abstraction

High pH from abstraction + insufficient chlorine dosing

Very high coliforms from abstraction

Breach of Regulations -
Immediate Health Effects

3

2

3

4

4

4

107

106

107

High chlorine demand due to high true colour, high ammonia,
high total organic carbon, high iron

High coliforms from abstraction + failure of chlorine dosing
system on LOW + failure of autoshutdown

Ingress to contact tank

3

3

3

4

4

4

107

107

107

Taste and Odour,
High

High organics from abstraction + correct chlorine dosing

High odour from abstraction

High algae from abstraction + correct chlorine dosing

Low flow from abstraction + failure of chlorine dose control

High phenols from abstraction + correct chlorine dosing

Failure of chlorine dosing system on HIGH
High ammonia from abstraction + incorrect chlorine dosing

Breach of Regulations -
Aesthetic

1

2

3

3

2

3
3

2

2

2

2

2

2
2

103

104

105

105

104

105

105

TOTAL RISK 54.9x106
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Table C2 Conventional treatment + chlorination

Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Flow, No No flow from conventional treatment

Blocked or burst pipework

All valves closed

Failure of chlorine dosing system leading to plant shutdown

Increased Operating Costs 3

1

1

3

1

1

1

1

104

102

102

104

Flow, Low Partial failure of chlorine dosing system leading to shutdown on
'x' disinfection streams

Tank drain valve open

Low flow from conventional treatment

Blocked or shut valve

Blocked, leaking or burst pipework

Increased Operating Costs 4

2

3

2

1

1

4

1

1

1

105

103

104

103

102

Flow, High High flow from conventional treatment Increased Operating Costs 1 1 102

Turbidity / Solids,
High

High turbidity from conventional treatment

High solids from conventional treatment

Breach of Regulations -
Aesthetic

3

3

2

2

105

105
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

True Colour, High High true colour from conventional treatment Breach of Regulations -
Aesthetic

3 2 105

pH, Low Low pH from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

pH, High High pH from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

Chlorine Residual,
No / Low

Chlorine leak

High chlorine demand due to high ammonia, high TOC, high
turbidity or high dissolved iron, high manganese, carbon fines
from conventional treatment

Weak hypochlorite solution

Failure of chlorine dosing system on LOW

None (Implications in
Distribution)

2

1

2

4

0

0

0

0

0

0

0

0

Chlorine Residual,
High

Failure of chlorine dosing system on HIGH (+ failure of
autoshutdown)
Strong hypochlorite solution

Increased Operating Costs 3

3

1

1

104

104

Iron, High
Dissolved

High dissolved iron from conventional treatment Breach of Regulations -
Aesthetic

3 2 105
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Aluminium, High
Dissolved

High dissolved aluminium from conventional treatment Breach of Regulations -
Aesthetic

2 2 104

Manganese, High
Dissolved

High dissolved manganese from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

Nitrate, High High nitrate from conventional treatment Breach of Regulations -
Immediate Effects

2 4 106

Micropollutants
(pesticides), High

High micropollutants from conventional treatment Breach of Regulations -
Long Term Health Effects

2 3 105

THMs, High High pH

Excessive chlorine dose

Breach of Regulations -
Long Term Health Effects

1

3

3

3

104

106

Total Organic
Carbon, High
Soluble

High soluble total organic carbon from conventional treatment None (Implications in
Distribution)

1 0 0

Cryptosporidium /
Giardia, High

High Cryptosporidium / Giardia from conventional treatment Breach of Regulations -
Immediate Health Effects

1 4 105
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Coliforms, High High turbidity/solids from conventional treatment

High pH from conventional treatment + insufficient chlorine
dosing
Very high coliforms from conventional treatment

Breach of Regulations -
Immediate Health Effects

3

1

3

4

4

4

107

105

107

High chlorine demand due to high true colour, high ammonia,
high total organic carbon, high iron
High coliforms from conventional treatment + failure of chlorine
dosing system on LOW + failure of autoshutdown

Ingress to contact tank

3

3

3

4

4

4

107

107

107

Taste and Odour,
High

High organics from conventional treatment + correct chlorine
dosing
High odour from conventional treatment

High algae from conventional treatment + correct chlorine
dosing
Low flow from conventional treatment + failure of chlorine dose
control
High phenols from conventional treatment + correct chlorine
dosing
Failure of chlorine dosing system on HIGH

High ammonia from conventional treatment + incorrect chlorine
dosing

Breach of Regulations -
Aesthetic

1

1

2

3

2

3

3

2

2

2

2

2

2

2

103

103

104

105

104

105

105

TOTAL RISK 53.2x106
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Table C3 Ultrafiltration only

Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Flow, No No flow from abstraction

Blocked or burst pipework

All valves closed

Failure of UF system leading to plant shutdown

Increased Operating Costs 3

1

1

??

1

1

1

1

104

102

102

??

Flow, Low Partial failure of UF system leading to shutdown on 'x'
disinfection streams

Low flow from abstraction

Blocked or shut valve

Blocked, leaking or burst pipework

Increased Operating Costs ??

3

2

1

1

1

1

1

??

104

103

102

Flow, High High flow from abstraction Increased Operating Costs 2 1 103

Turbidity / Solids,
High

High turbidity from abstraction

High solids from abstraction

Increased Operating Costs 3

3

1

1

104

104

True Colour, High High true colour from abstraction Breach of Regulations -
Aesthetic

2 2 104



86

Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

pH, Low Low pH from abstraction Breach of Regulations -
Aesthetic

2 2 104

pH, High High pH from abstraction Breach of Regulations -
Aesthetic

2 2 104

Iron, High
Dissolved

High dissolved iron from abstraction Breach of Regulations -
Aesthetic

2 2 104

Aluminium, High
Dissolved

High dissolved aluminium from abstraction Breach of Regulations -
Aesthetic

2 2 104

Manganese, High
Dissolved

High dissolved manganese from abstraction Breach of Regulations -
Aesthetic

2 2 104

Nitrate, High High nitrate from abstraction Breach of Regulations -
Immediate Health Effects

2 4 106

Micropollutants
(pesticides), High

High micropollutants from abstraction Breach of Regulations -
Long Term Health Effects

3 3 106

Total Organic
Carbon, High
Soluble

High soluble total organic carbon from abstraction None (Implications in
Distribution)

2 0 0
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Cryptosporidium /
Giardia, High

High Cryptosporidium / Giardia from abstraction + failure of
the UF unit

Breach of Regulations -
Immediate Health Effects

1 4 105

Coliforms, High High coliforms from abstraction + failure of UF system + failure
of autoshutdown

Breach of Regulations -
Immediate Health Effects

?? 4 ??

Taste and Odour,
High

High odour from abstraction Breach of Regulations -
Aesthetic

2 2 104

TOTAL RISK (??=4) 102.4x106

(??=3)   12.2x106
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Table C4 Microfiltration + Ultraviolet

Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Flow, No No flow from abstraction

Blocked or burst pipework

All valves closed

Failure of MF system or UV system leading to plant shutdown

Increased Operating Costs 3

1

1

4

1

1

1

1

104

102

102

105

Flow, Low Partial failure of MF system or UV system leading to shutdown
on 'x' disinfection streams

Low flow from abstraction

Blocked or shut valve

Blocked, leaking or burst pipework

Increased Operating Costs 5

3

2

1

1

1

1

1

106

104

103

102

Flow, High High flow from abstraction Increased Operating Costs 2 1 103

Turbidity / Solids,
High

High turbidity from abstraction

High solids from abstraction

Increased Operating Costs 3

3

1

1

104

104

True Colour, High High true colour from abstraction Breach of Regulations -
Aesthetic

2 2 104
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

pH, Low Low pH from abstraction Breach of Regulations -
Aesthetic

2 2 104

pH, High High pH from abstraction Breach of Regulations -
Aesthetic

2 2 104

Iron, High
Dissolved

High dissolved iron from abstraction Breach of Regulations -
Aesthetic

2 2 104

Aluminium, High
Dissolved

High dissolved aluminium from abstraction Breach of Regulations -
Aesthetic

2 2 104

Manganese, High
Dissolved

High dissolved manganese from abstraction Breach of Regulations -
Aesthetic

2 2 104

Nitrate, High High nitrate from abstraction Breach of Regulations -
Immediate Health Effects

2 3 106

Micropollutants
(pesticides), High

High micropollutants from abstraction Breach of Regulations -
Long Term Health Effects

3 3 106

Total Organic
Carbon, High
Soluble

High soluble total organic carbon from abstraction None (Implications in
Distribution)

2 0 0
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Cryptosporidium /
Giardia, High

High Cryptosporidium / Giardia from abstraction + failure of
the UF unit

Breach of Regulations -
Immediate Health Effects

1 4 105

Coliforms, High High coliforms from abstraction + failure of UV system + failure
of autoshutdown

Breach of Regulations -
Immediate Health Effects

3 4 107

Taste and Odour,
High

High odour from abstraction Breach of Regulations -
Aesthetic

2 2 104

TOTAL RISK 13.3x106
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Table C5 Conventional treatment + Ultrafiltration

Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Flow, No No flow from conventional treatment

Blocked or burst pipework

All valves closed

Failure of UF system leading to plant shutdown

Increased Operating Costs 3

1

1

4

1

1

1

1

104

102

102

105

Flow, Low Partial failure of UF system leading to shutdown on 'x'
disinfection streams

Low flow from conventional treatment

Blocked or shut valve

Blocked, leaking or burst pipework

Increased Operating Costs 4

3

2

1

1

1

1

1

105

104

103

102

Flow, High High flow from conventional treatment Increased Operating Costs 1 1 102

Turbidity / Solids,
High

High turbidity from conventional treatment

High solids from conventional treatment

Breach of Regulations -
Aesthetic

3

3

2

2

105

105

True Colour, High High true colour from conventional treatment Breach of Regulations -
Aesthetic

3 2 105
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

pH, Low Low pH from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

pH, High High pH from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

Iron, High
Dissolved

High dissolved iron from conventional treatment Breach of Regulations -
Aesthetic

3 2 105

Aluminium, High
Dissolved

High dissolved aluminium from conventional treatment Breach of Regulations -
Aesthetic

2 2 104

Manganese, High
Dissolved

High dissolved manganese from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

Nitrate, High High nitrate from conventional treatment Breach of Regulations -
Immediate Health Effects

2 4 106

Micropollutants
(pesticides), High

High micropollutants from conventional treatment Breach of Regulations -
Long Term Health Effects

2 3 105

Total Organic
Carbon, High
Soluble

High soluble total organic carbon from conventional treatment None (Implications in
Distribution)

1 0 0
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Cryptosporidium /
Giardia, High

High Cryptosporidium / Giardia from conventional treatment +
failure of the UF unit

Breach of Regulations -
Immediate Health Effects

1 4 105

Coliforms, High High coliforms from conventional treatment + failure of UF
system + failure of autoshutdown

Breach of Regulations -
Immediate Health Effects

4 4 108

Taste and Odour,
High

High odour from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

TOTAL RISK (??=4) 101.8x106

(??=3)   11.7x106
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Table C6 Conventional treatment + Ozone + Ultrafiltration

Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Flow, No No flow from conventional treatment

Blocked or burst pipework

All valves closed

Failure of UF system leading to plant shutdown

Increased Operating Costs 3

1

1

??

1

1

1

1

104

102

102

??

Flow, Low Partial failure of UF system leading to shutdown on 'x'
disinfection streams

Low flow from conventional treatment

Blocked or shut valve

Blocked, leaking or burst pipework

Increased Operating Costs ??

3

2

1

1

1

1

1

??

104

103

102

Flow, High High flow from conventional treatment Increased Operating Costs 1 1 102

Turbidity / Solids,
High

High turbidity from conventional treatment

High solids from conventional treatment

Breach of Regulations -
Aesthetic

3

3

2

2

105

105

True Colour, High High true colour from conventional treatment + failure of ozone
dosing system

Breach of Regulations -
Aesthetic

2 2 104
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

pH, Low Low pH from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

pH, High High pH from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

Iron, High
Dissolved

High dissolved iron from conventional treatment + failure of
ozone dosing system

Breach of Regulations -
Aesthetic

2 2 104

Aluminium, High
Dissolved

High dissolved aluminium from conventional treatment Breach of Regulations -
Aesthetic

2 2 104

Manganese, High
Dissolved

High dissolved manganese from conventional treatment + failure
of ozone dosing system

Breach of Regulations -
Aesthetic

1 2 103

Nitrate, High High nitrate from conventional treatment Breach of Regulations -
Immediate Health Effects

2 4 106

Micropollutants
(pesticides), High

High micropollutants from conventional treatment + failure of
ozone dosing system

Breach of Regulations -
Long Term Health Effects

1 3 104

Total Organic
Carbon, High
Soluble

High soluble total organic carbon from conventional treatment None (Implications in
Distribution)

1 0 0
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Cryptosporidium /
Giardia, High

High Cryptosporidium / Giardia from conventional treatment +
failure of the UF unit

Breach of Regulations -
Immediate Health Effects

?? 4 ??

Coliforms, High High coliforms from conventional treatment + failure of UF
system + failure of autoshutdown

Breach of Regulations -
Immediate Health Effects

?? 4 ??

Taste and Odour,
High

High odour from conventional treatment + failure of ozone
dosing system

Breach of Regulations -
Aesthetic

1 2 103

TOTAL RISK (??=4) 101.6x106

(??=3)   11.4x106
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Table C7 Conventional treatment + Ultraviolet

Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Flow, No No flow from conventional treatment

Blocked or burst pipework

All valves closed

Failure of UV system leading to plant shutdown

Increased Operating Costs 3

1

1

4

1

1

1

1

104

102

102

105

Flow, Low Partial failure of UV system leading to shutdown on 'x'
disinfection streams

Low flow from conventional treatment

Blocked or shut valve

Blocked, leaking or burst pipework

Increased Operating Costs 5

3

2

1

1

1

1

1

106

104

103

102

Flow, High High flow from conventional treatment Increased Operating Costs 1 1 102

Turbidity / Solids,
High

High turbidity from conventional treatment

High solids from conventional treatment

Breach of Regulations -
Aesthetic

3

3

2

2

105

105

True Colour, High High true colour from conventional treatment Breach of Regulations -
Aesthetic

3 2 105
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

pH, Low Low pH from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

pH, High High pH from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

Iron, High
Dissolved

High dissolved iron from conventional treatment Breach of Regulations -
Aesthetic

3 2 105

Aluminium, High
Dissolved

High dissolved aluminium from conventional treatment Breach of Regulations -
Aesthetic

2 2 104

Manganese, High
Dissolved

High dissolved manganese from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

Nitrate, High High nitrate from conventional treatment Breach of Regulations -
Immediate Health Effects

2 4 106

Micropollutants
(pesticides), High

High micropollutants from conventional treatment Breach of Regulations -
Long Term Health Effects

2 3 105

Total Organic
Carbon, High
Soluble

High soluble total organic carbon from conventional treatment None (Implications in
Distribution)

1 0 0



99

Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Cryptosporidium /
Giardia, High

High Cryptosporidium / Giardia from conventional treatment Breach of Regulations -
Immediate Health Effects

1 4 105

Coliforms, High High turbidity/solids from conventional treatment

Very high coliforms from conventional treatment

High UV demand due to high true colour, high total organic
carbon, high iron

High coliforms from conventional treatment + failure of UV
system on LOW + failure of autoshutdown

Breach of Regulations -
Immediate Health Effects

3

3

3

3

4

4

4

4

107

107

107

107

Taste and Odour,
High

High odour from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

TOTAL RISK 42.7x106
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Table C8 Conventional Treatment + Ozone + Ultra-Violet

Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Flow, No No flow from conventional treatment

Blocked or burst pipework

All valves closed

Failure of UV system leading to plant shutdown

Increased Operating Costs 3

1

1

4

1

1

1

1

104

102

102

105

Flow, Low Partial failure of UV system leading to shutdown on 'x'
disinfection streams

Low flow from conventional treatment

Blocked or shut valve

Blocked, leaking or burst pipework

Increased Operating Costs 5

3

2

1

1

1

1

1

106

104

103

102

Flow, High High flow from conventional treatment Increased Operating Costs 1 1 102

Turbidity / Solids,
High

High turbidity from conventional treatment

High solids from conventional treatment

Breach of Regulations -
Aesthetic

3

3

2

2

105

105

True Colour, High High true colour from conventional treatment + ozone dosing
system fails on LOW

Breach of Regulations -
Aesthetic

2 2 104
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

pH, Low Low pH from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

pH, High High pH from conventional treatment Breach of Regulations -
Aesthetic

1 2 103

Iron, High
Dissolved

High dissolved iron from conventional treatment + failure of
ozone dosing system

Breach of Regulations -
Aesthetic

2 2 104

Aluminium, High
Dissolved

High dissolved aluminium from conventional treatment Breach of Regulations -
Aesthetic

2 2 104

Manganese, High
Dissolved

High dissolved manganese from conventional treatment + failure
of ozone dosing system

Breach of Regulations -
Aesthetic

1 2 103

Nitrate, High High nitrate from conventional treatment Breach of Regulations -
Immediate Health Effects

2 4 106

Micropollutants
(pesticides), High

High micropollutants from conventional treatment  + failure of
ozone dosing system

Breach of Regulations -
Long Term Health Effects

1 3 104

Total Organic
Carbon, High
Soluble

High soluble total organic carbon from conventional treatment None (Implications in
Distribution)

1 0 0
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Failure Mode Failure Cause Failure Effects Freq
Rank

Cons
Rank

Risk
Rank

Cryptosporidium /
Giardia, High

High Cryptosporidium / Giardia from conventional treatment Breach of Regulations -
Immediate Health Effects

1 4 105

Coliforms, High High turbidity/solids from conventional treatment + failure of
ozone dosing system

Very high coliforms from conventional treatment + failure of
ozone dosing system

High UV demand due to high true colour, high total organic
carbon, high iron

High coliforms from conventional treatment + failure of UV
system on LOW + failure of autoshutdown

Breach of Regulations -
Immediate Health Effects

2

2

3

3

4

4

4

4

106

106

107

107

Taste and Odour,
High

High odour from conventional treatment + failure of ozone
dosing system

Breach of Regulations -
Aesthetic

1 2 103

TOTAL RISK 24.5x106


