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Glossary

A

C

Abstraction: Removal of water from a source.

Acidity: Higher concentration of positive hydrogen ions
in the solution, resulting in a low pH value (below pH 7).

Adsorption: Adhesion of a thin film of liquid, vapour
or dissolved ions to a solid substance without involv-
ing a chemical reaction.

Alkalinity: Capacity of water to resist or neutralize acids
to maintain a stable pH level.

Alluvial: Loose unconsolidated material (i.e. particles are
not cemented together) that was previously deposited
by ice or flowing water.

Aquifer: Geological formation capable of storing, trans-
mitting (flow rate) and yielding exploitable quantities

of water.

B

Backfilling: Filling a hole using some of the material that
was removed during the digging or drilling process.

Backwashing: Reversal of the flow of water to free a
clogging material (e.g. sediments within a rapid sand
filter or reverse osmosis filtration cartridges).

Biological contaminants: Organisms in water also re-
ferred to as microbes or microbiological contaminants
(e.g. bacteria, viruses, protozoa) (syn.: microbial/micro-
biological contaminants).

Bone char: Porous granular substance used for water
filtration and decoloration; produced by charring ani-
mal bones.

Borehole: A narrow shaft bored or drilled from the sur-
face to underground water sources for the extraction of
water.

Brackish water: Water with more salinity than fresh
water but less than seawater (1000-10000 mg/L total
dissolved solids). It is usually the result of seawater in-
trusion into groundwater bodies along coastal areas.

Brine: Water with high salinity (e.g. from aqueous
sodium chloride used in electrochlorination systems).

Buoyancy: Upward force exerted by water or fluids on
objects that are wholly or partly immersed.

Canzee pump: An inexpensive direct-action hand pump
that consists of two PVC pipes inside of each other, each
with a simple non- return valve made with a rubber flap.
Maximal water lifting capacity is 12-15 metres.

Capital costs: Costs related to the acquisition of a fixed
asset or hardware.

Catchment: A surface area that collects and drains
rainwater and snow melt to a certain point (e.g. a
small-scale roof catchment drains water that falls on
the roof or a large-scale ground catchment drains
water from surrounding land).

Check valve: A valve that allows liquids or gas to flow
through it only in one direction. Also known as a non-
return valve.

Chemical contaminants: Elements or compounds in
water that may be naturally occurring (e.g. fluoride,
arsenic, nitrate, toxins produced by bacteria) or that arise
from human activities (e.g. pesticides, heavy metals).

Chemical oxygen demand (COD): Measure of the
amount of oxygen required for the chemical oxidation
of organic material in water by a strong chemical oxidant
(expressed in mg/L). COD is an indirect measure of the
amount of organic material presentin water —the higher
the organic content, the higher the oxygen requirement.

Chlorination: The process of adding chlorine or chlorine
compounds (e.g. sodium hypochlorite) to drinking-
water to inactivate bacteria, viruses, and other microbes.

Chlorine decay: The decrease in chlorine concentration
as water passes through a water supply system due to
the reaction between chlorine and organic and/or inor-
ganic materials.

Chlorine demand: The amount of chlorine added to
water that is completely exhausted in the water disin-
fection process.

Chlorine contact time: The time of contact between
chlorine and water for disinfection to occur.

Coagulation: Process in which a chemical (e.g. alumin-
ium sulphate or ferric chloride) is added to water to
destabilize electrostatic charges of colloids, allowing
these smaller particles to come together to form larger
particles (through flocculation), which settle out faster
or can be filtered due to their larger size.
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Colloids: Stable insoluble substances that are so small
that the random motion of water molecules is sufficient
to prevent them settling under gravity.

Compliance monitoring: Confirms compliance with
drinking-water quality regulations, including verifying
that the drinking-water supplied to users is safe.

Confined aquifer: A saturated geological formationin
which the water pressure at any point is greater than
atmospheric pressure.

Contaminant: Physical, chemical, biological, or radiolog-
ical substance present in water that may be naturally
occurring or arising from human activities and that may
adversely affect public health.

Control measure: An activity or process to prevent,
eliminate, or reduce the risk of a hazardous event to an
acceptable level.

D

Desalination: The process of removing salts and minerals
from water.

Desilting: The process of removing silt or deposits from
a tank or reservoir.

Dewatering: The process of removing water (e.g. pump-
ing water from an excavation).

Diffused sources of contamination: Contamination
coming from unspecific (non-point) pollution sources
over a wide area (e.g. pollution from agriculture).

Discharge: The volume of water that passes a given
point within a given period of time. Itis an all-inclusive
outflow term describing a variety of flows, such as
from pipes or streams.

Disinfection: The elimination of pathogenic micro-
organisms by inactivation (e.g. using chemical agents,
radiation or heat) or by physical separation processes
(e.g. membranes).

Disinfection by-products: Chemical, organic, and in-
organic substances that result from a reaction of a dis-
infectant (e.g. chlorine or chlorine compounds) with
naturally occurring organic matter in water and long-
term exposure to these compounds may result in
health concerns.

Downstream: Further away from the source; the direc-
tion in which water is naturally flowing.

Duty pump: The pump in use most of the time (i.e. not
the standby pump).

E

Effluent: Outflow of water or another liquid from a
pipe or treatment plant that is discharged to a stream
or body of water.

Electrolysis: A technique using a direct electrical current
to drive an otherwise nonspontaneous chemical reac-
tion.

Erosion: The process by which soil and rock are worn
way, loosened or dissolved and moved by natural forces
such as rain, snow or wind.

Evaporation: The process by which water turns from
its liquid phase into gas (vapour).

Evapotranspiration: The process by which water is trans-
ferred from the land to the atmosphere by evapora-
tion from the soil and other surfaces and by transpira-
tion from plants.

F

First flush: The initial and often sediment- and con-
taminant-laden surface runoff in rainwater harvesting
systems that is diverted away from the storage tank.

Flocculant: Clarifying agents used in water treatment
to remove suspended solids from liquids by in-ducing
flocculation.

Flocculation: A physical process wherein particles
come together to form larger particles (flocs) fol-
low-ing the introduction of floc-creating agents (floc-
culants) and slow agitation of the water.

Flywheel: A mechanical device designed to efficiently
store rotational kinetic energy, giving mechanical ad-
vantage to lifting water.

Free chlorine residual: The amount of active (free) chlo-
rine remaining in the water after a certain period of
time (e.g. 30 minutes of contact time) when the initial
chlorine demand has been met (syn.: residual chlorine).

Friction loss: Reduction in energy that occurs when
water moves due to water molecules knocking into
each other and against the pipe wall, which converts
some of the total available energy into heat that dissi-
pates into the environment (syn.: head loss).



G

Generator: A machine that uses fuel (e.g. diesel) to con-
vert mechanical energy into electricity.

Gravity: The force that attracts an object or substance
towards the centre of the earth or towards any other
physical body having mass.

Greywater: Water generated from showers, bathtubs,
washing clothes, hand-washing and sinks.

Groundwater: Water that is held in pores and spaces
within the geological formations of the earth’s surface.

Groundwater recharge: Process wherein groundwater
is replenished. To be sustainable, this should be equal to
or greater than what is abstracted.

Groundwater table: The surface of the saturated water-
bearing layer in the ground that is open to atmospheric
pressure and that is not static but can vary over time
due to lower recharge or higher usage.

H

Hazard: A contaminant or condition that may adversely
affect the supply of safe drinking-water.

Hazardous event: An event that results in a hazard be-
ing introduced to, or inadequately removed from, the
water supply.

Head loss: See friction loss (syn.).

Headwall: A wall of masonry or concrete built at the
outlet of a pipe that functions to support the sides of
an excavation as well as (together with the apron) to
prevent erosion by water flow.

Heavy metals: Metals with relatively high density that
can enter water supply systems either through artificial
sources (e.g. industrial or consumer waste) or natural
sources (e.g. released from soils) and that can pose po-
tential health risks.

Helical rotor pump: A positive displacement pump
thatworks through the rotation of a helical rotor, which
is shaped as a single helix that sits within a stationary
double-helix rubber stator. Water occupies the cavity
between the two, and when the rotor turns, this cavity
moves upwards together with the water (syn.: pro-
gressive cavity pump).

Hydraulic cleaning: A set of techniques to clean pipes
and sewer lines that includes the use of high-pressure
and high-velocity water.

Hydraulic conductivity: A property of soils and rocks
that describes the ease with which a fluid (in this case
water) can move through pore spaces or fractures.

Hydraulic gradient: A measure of the decrease in total
energy per unit length in the direction of flow when
water is moving, which results from the phenomenon
known as head loss.

Hydrogeological survey: An investigation of geology,
groundwater, geochemistry, and contamination at a
particular site, as well as climatic and recharge condi-
tions, with a view to understanding the risk to ground-
water and/or the potential for groundwater to be
supplied in a sustainable manner.

Impeller: A rotating component of a centrifugal pump
that accelerates the fluid outwards from the centre of
rotation.

Improvement plan: Groups priority actions identified
to progressively improve management and safety of
the supply, including proposed timelines and needed

resources.

Impulse pump: A pump using pressure created by air
that pushes part of the liquid upwards.

In situ: On site or in position.

Incident/near-miss: Event where loss of control has led
to (or narrowly missed) a public health risk.

Industrial effluent: By-product of industrial or commer-
cial activities, often with high physical and chemical con-

tamination.

Infiltration: Process by which water on the ground sur-
face enters into the soil.

Inflow: Flow of water into a specific technology.

Inlet: A part of a machine or structure through which
liquid or gas enters.

Inorganic: Material derived from non-living sources (such
as rock or minerals) and that does not contain carbon.
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Intake: An opening through which fluid enters an en-
closure (e.g. river intake) or a machine (e.g. pump in-
take, same as pump inlet).

Integrated water resources management (IWRM): A
process that promotes the coordinated development
and management of water, land and related resources
to maximise the resultant economic and social welfare
in an equitable manner without compromising the
sustainability of vital ecosystems.

lon exchange: Process by which an ion in a mineral lattice
is replaced by an ion from a contacting solution.

J

Jar test: A laboratory procedure that simulates a chem-
ical treatment process on smaller quantities of water
using differing chemical doses. Applied to optimize the
removal of colloids during water treatment.

K

Kinetic energy: Form of energy that an object has due
to its motion.

L

Log reduction value (LRV): A logarithmic measure of the
ability of a treatment process to remove pathogenic mi-
croorganisms. An LRV of 1 corresponds to a reduction of
90%, an LRV of 2 corresponds to a reduction of 99%, etc.

M

Managed aquifer recharge (MAR): The intentional re-
charge of water to suitable aquifers for subsequent
recovery or to achieve environmental benefits, with
added effects of reducing poverty, reducing risk and
vulnerability, and increasing agricultural yields.

Membrane: A thin, pliable sheet or layer of natural or
synthetic (filter) material.

Membrane fouling: Material retained on the surface
of the membrane or within the pores that reduces the
flow through the membrane.

Micropollutants: A pollutant, usually from an artificial
source, that is present in extremely low concentrations
(e.g. trace organic compounds) that may adversely im-
pact health.

Microbial/microbiological contaminants: See bio-
logical contaminants (syn.).

xii

Mitigation: The process or result of making something
less severe, dangerous, or damaging.

N

Nephelometric turbidity units (NTU): Measure of how
much light shines through a water sample and reaches a
detector on the other side of the sample. Particles in the
water reflect more light sideways, meaning more light ar-
rives at the detector. A higher turbidity results in a higher
NTU reading.

(o)

Operation and maintenance (O & M): Routine or peri-
odic tasks required to keep a process or system func-
tioning according to performance requirements and
to prevent delays, repairs or downtime, or adverse im-
pacts on the safety of the water supply.

Operational costs: The expenses associated with the
operation, maintenance and administration of a spe-
cific technology or system.

Operational monitoring: Routine monitoring per-
formed to ensure that control measures are working
to protect water safety at key steps along the water
supply chain and inform operational decisions.

Organic: Material containing carbon-based com-
pounds coming from the remains of organisms such as
plants and animals (and their waste products).

Outflow: Flow of water coming out of a specific tech-
nology.

Outlet: A part of a machine or structure through
which liquid or gas exits.

Oxidation: The loss of electrons during a reaction by
a molecule, atom or ion, e.g. when iron reacts with
oxygen, it forms rust because it has been oxidised (the
iron has lost electrons) while the oxygen has been re-
duced (the oxygen has gained electrons).

P

Pathogen: A disease-causing organism.

Permeability: The soil’'s hydraulic conductivity after
the effect of fluid viscosity and density are removed
(i.e. describes the innate properties of the soils and
rocks themselves).

Permeate: To diffuse through; to pass through the
pores or interstices of something.



Personal protective equipment (PPE): Protective equip-
ment (e.g. clothing, helmets, or goggles) designed to
protect the wearer from injury or infection.

pH: Stands for “potential of hydrogen” (or “power of
hydrogen”); alogarithmic scale used to specify the acidity
or basicity of an aqueous solution. A pH value below 7
indicates that a solution is acidic, and a pH value above 7
indicates that it is basic (alkaline).

Piston: The moving component of reciprocating pumps
(among others) that s tightly contained within a cylinder.

Point of collection (POC): Location where water is col-
lected by users (e.g. borehole, tapstand, river or lake).

Point of use (POU): Location where the water is actu-
ally used and consumed (usually directly at household
level).

Point source of contamination: Contamination coming
from a specific pollution source that can be specifically
located.

Positive displacement pump: A pump that displaces a
fixed amount of water per cycle.

Porosity: Ratio of the volume of interstices (intervening
spaces) in a given sample of a porous medium to the
gross volume of the sample, inclusive of voids.

Precipitation: Condensation of atmospheric water
vapourthat returnsto the earth’s surface as rain, snow,
hail or fog.

Progressive cavity pump: See helical rotor pump (syn.).

Protected spring: A spring that is modified to collect,
transport and sometimes store spring water while pre-
venting contamination.

Pump discharge: The water coming out of a pump or
the outlet port of a pump.

Pumping test: A field test in which the performance of
an aquifer is measured through the action of pumping
a well to demonstrate well efficiency, possible yield
and pump placement.

R

Rainwater: Water from liquid precipitation.

Recharge: Refers to water entering an underground
aquifer through faults, fractures, or direct absorption.

Recontamination: The process of treated water be-
coming contaminated again (e.g. water that was disin-
fected at water system level becomes recontaminated
with microorganisms during transport to or handling
in the home).

Rehabilitation: The restoration of something damaged
or deteriorated to a prior good condition.

Reservoir: Animpoundment of surface water in a natural
depression that has been enhanced to hold the water by
a human-made structure on one or more sides.

Residual pressure: The extra pressure above a tap or
outlet that is equal to either the static head (when no
water flows) or to a point on the hydraulic gradient
(when water flows).

Resuspension: The renewed suspension of a precipi-
tated sediment (e.g. when stirring up mud that has
settled at the bottom of a tank).

Rising main: A pipe from a submerged part of a pump
that rises to where water is delivered (e.g. pump head
for a hand pump or water tank for a submersible

pump).

Risk: The product of the likelihood of occurrence of a
hazardous event and its severity (or consequences).

Riverbed: The bed or channel through which water flows,
which is located at a lower point in a drainage system.

Run-off: Water from precipitation that runs off the
ground surface (rather than infiltrating), which then
enters rivers, lakes or reservoirs.

Run-off coefficient: The percentage of water that runs
off a surface and can be collected, wherein the remain-
der is lost (e.g. to splashing, evaporation or infiltration).

S

Saline/salty water: Water that has a high content of
dissolved solids and is generally considered unsuitable
for human consumption.

Saltwater intrusion: The movement of saline water into
freshwater aquifers that can degrade groundwater
quality (see also brackish water).

Salinity: The quality or degree of dissolved salt content.
Sand trap: A plain section of casing under the screens at

the bottom of a borehole that allows fine silt/sand par-

xiii



ticles to accumulate during the well development pro-
cess and over time.

Saturation: When all the pores of a material or medium
(e.g. soil) are filled with water.

Schmutzdecke: The most biologically active part of a
slow sand filter, consisting of a dense population of
microorganisms that develops over time and that is key
to the disinfection properties of the filter (syn.: biolayer).

Screen: A device used to prevent objects or particles
from entering the water supply. Common examples of
screens used in water supply operations include slotted
pipesin boreholes or a set of bars used in raw water in-
takes (syn.: well screen).

Sedimentation: The settling out of particlesin a liquid
by force of gravity.

Seepage: The slow escape of liquid (e.g. water from a
diffuse spring).

Silt trap: A device to prevent silt from entering a tank
or water treatment system.

Siltation: The deposition of fine sediment in the bot-
tom of a stream, lake or reservoir.

Solubilisation: Process by which a substance is made
(more) soluble in water.

Strainer: A device with holes or made of crossed wires
that is used to separate solid matter from a liquid. For
surface water pumps, it is used at the end of the inlet
pipe to prevent larger materials from entering the pipe.

Submersible pump: A pump that is located underwater,
from where it pushes water. It has a hermetically sealed
motor that is close-coupled to the pump body.

Suction pump: A pump that is located above the water
surface, from where it pulls water by suction into the
pump housing.

Surface water: Water that remains on the ground surface
in large bodies (e.g. streams, lakes, wetlands) and that
has not infiltrated into the ground.

Supporting programmes: Actions that contribute to
drinking-water safety but do not directly affect water
quality.

Suspended solids: Small solid particles that remain in

suspension in water either as colloids or due to the mo-
tion of the water.

Xiv

Siphon: A pipe or tube in an inverted U-shape used to
convey liquid (under the pull of gravity) upwards above
the surface of a reservoir and then down to a lower level,
with water discharging at a level below the surface of
the reservoir.

T

Tankering/trucking: The bulk transport of water using
a water tanker vehicle, which takes water from the
source to a storage facility near a distribution point
(syn.: water carting).

Tara pump: A low-cost and robust direct action hand
pump with a buoyant pump rod that displaces water
on both the up and down strokes. Maximal water lift-
ing capacity is 15 metres.

Topography: The shape and features of land surfaces.

Totally dissolved solids (TDS): The quantity of miner-
als (salts) in solution in water, usually expressed in
milligrams per litre (mg/L) or parts per million (ppm).

Turbidity: The measure of relative clarity of a liquid,
usually expressed in nephelometric turbidity units (NTU).

Turbine: A machine for producing continuous power
in which a wheel or rotor, typically fitted with vanes,
is made to revolve by a fast-moving flow of water,
steam, gas, air or other fluid.

U

Ultraviolet (UV) light: Type of electromagnetic radia-
tion that disinfects water through the inactivation of
pathogenic microorganisms.

Unconfined aquifer: A saturated geological forma-
tion that is open to atmospheric pressure; its surface is
known as the groundwater table.

Underdrain: A concealed drainage area/trench that
allows water to pass while retaining material on top
(e.g. adrainage area at the bottom of a rapid sand filter).

Unprotected spring: A spring thatis inits natural state
and has not been modified to prevent contamination.

Upflow filtration: Filtration process in which water
flows from bottom to top.

Upstream: Nearer to the source; against the direction
in which water is naturally flowing.



\'

Velocity: Speed, or how far something travels over time.

Verification (as part of water safety planning): The pro-
cess of obtaining evidence that a water safety plan, as
awhole, is working effectively to deliver safe drinking-
water.

W

Water column: Conceptual column describing the ver-
tical expanse of water between the surface and the
bottom of a particular water body.

Water hardness: A water quality parameter that indi-
cates the amount of dissolved minerals, especially cal-
cium and magnesium. Hard water has higher levels of
these minerals.

Water metering: The practice of measuring the amount/
volume of water used over time.

Water safety plan (WSP)/ Water safety planning: A
proactive risk assessment and risk management ap-
proach to safeguard public health, encompassing the
whole drinking-water supply system from catchment
to consumer.

Water tariff: The price assigned to water supplied by a
public utility (usually through a piped network) to its
customers.

Well: Any artificial excavation constructed for the pur-
poses of exploring and extracting groundwater or for
injection, monitoring or de-watering purposes.

Well efficiency: The ratio of aquifer loss (theoretical
drawdown) to the total measured drawdown in a
borehole/well, which shows the efficiency of the well
as an engineering structure for water abstraction.

Well screen: See screen (syn.).

Y

Yield: The amount of water that can be abstracted
over time.

XV






Introduction

The World Health Organization’s (WHO) Guidelines
for drinking-water quality (the Guidelines) recommend
the implementation of a “Framework for safe drink-
ing-water” as the basic and essential requirement to
assure the safety of water supplies (WHO, 2022a). This
framework comprises drinking-water quality targets
(established by a competent health authority), adequate
and properly managed drinking-water systems to
achieve these targets, and independent surveillance.

Ensuring the adequacy and safety of drinking-water
requires not only adequate infrastructure, but effective
planning and management. Water safety planning is a
comprehensive risk assessment and management ap-
proach encompassing all steps in a water supply system.
Water safety planning principles should be applied by all
water suppliers to ensure adequate and safe drink-
ing-water supply (WHO, 2022a). In addition to drink-
ing-water quality considerations, water safety planning
also helps to ensure there is a sufficient quantity of water
for household use (including for drinking, food prepara-
tion and hygiene) to protect public health and for
well-being and prosperity (WHO, 2020; WHO, 2022a).

The WHO Guidelines do not prescribe specific water
supply systems or technologies. Rather, they recognize
that drinking-water quality targets for microbial
pathogens and chemical and radiological parameters
can be achieved through a variety of different supply
and treatment approaches. Such approaches should
be selected for the local context, with effective man-
agement and oversight to ensure an adequate supply
of safe drinking-water.

The Compendium of drinking-water systems and
technologies from source to consumer (the Compendium)
brings together a concise overview of drinking-water
systems and technologies with a global focus. It pro-
vides foundational knowledge to support readers to
make informed decisions with regards to the selection
of context appropriate drinking-water systems and
technologies, towards the achievement of the recom-
mendations outlined by WHO.

The Compendium also supports the implementa-
tion of the guidance within the Guidelines for drinking-
water quality: small water supplies (WHO, 2024a), pro-
viding practical information to inform technological
interventions for safe drinking-water management,
and technology-related aspects of drinking-water
quality regulations.

The Compendium is a companion publication to
Compendium of water supply technologies in emer-
gencies (Coerver et al., 2021). Both publications have a
shared history of development, diverging where re-
quired for their distinct target audiences and application
contexts. Both compendia originated from a public
European Union WaterdIndia project report developed

by FHNW and project partners (Breitenmoser, Peters &
Kazner, 2016), from which selected technology infor-
mation sheets were adapted for both publications
with the permission of authors.

The development methodology for the Compendi-
um is detailed in Annex 1.

Target audience and objectives

The Compendium targets engineers, planners, and
practitioners, including local decision-makers and im-
plementers as well as local and international experts
of non-governmental organizations.

This publication provides an overview of the avail-
able drinking-water systems and possible configura-
tions, and is not meant to be used as a single source of
information for the design and implementation of a
technology or a system. It can be used for communi-
cating planning processes for water supply systems
based on the local needs and resource availability in
low- and middle-income countries. This includes small
scale water treatment versus point-of-use and rural
versus peri-urban or urban contexts.

Structure of the Compendium
The Compendium describes nine typical drinking-

water supply schemes with differing water sources

and water qualities (Part 1: System templates). The sys-

tem template descriptions provide information about

technological steps from water sources and water

withdrawal technologies to household water treat-

ment and storage. Each system template is disaggre-

gated into their main components, namely:

« S.Source: all water sources

« |.Intake: water-intake structures used for with-
drawing water from different sources

« A. Abstraction: water-abstraction technologies,
used to withdraw water from the source through
the chosen intake systems

o T. Treatment: water-treatment technologies used
for both centralized and small scales

« D. Distribution and transport: means of distribution,
transport, and storage of water

« H.Household water treatment and safe storage:
household activities that may influence water
safety, namely hygienic storage, handling, and
household water treatment.

The second part of the Compendium (Part 2: Tech-
nology information sheets) provides concise informa-
tion on the differing technologies available under
each of the outlined components — the functional
groups of a drinking-water supply system. A summary
table of technological interventions is presented in
Annex 2.


https://www.who.int/publications/i/item/9789241549950
https://www.who.int/publications/i/item/9789241549950
https://www.who.int/publications/i/item/9789240088740
https://www.who.int/publications/i/item/9789240088740
https://reliefweb.int/report/world/compendium-water-supply-technologies-emergencies-1st-edition
https://reliefweb.int/report/world/compendium-water-supply-technologies-emergencies-1st-edition

The third part of this document (Part 3: Cross-cut-
ting issues) addresses aspects of the enabling environ-
ment, such as regulation and monitoring, recognizing
the critical importance of an effective enabling environ-
ment to help ensure the sustainable delivery of safely
managed drinking-water supplies. It also addresses
other aspects relevant for planning and implementing
water supplies, including risk management strategies,
life-cycle assessment, gender and inclusion issues,
external support, and strengthening resilience.

2 Compendium of drinking-water systems and technologies from source to consumer



Part 1 | System templates

Drinking-water supply systems can be graphically pre-
sented as a matrix of functional groups (columns) that
correspond to the different components of a supply
system from source to consumer. These functional
groups can be linked to show possible combinations.
Colour-coded columns represent the six functional
groups:

. Source
. Intake

Abstraction

« Treatment

Distribution and transport
- Household water treatment and safe storage

Water is abstracted from a water resource through
an intake system and is delivered by gravity flow or
pumping to the treatment facility where it is treated
by a combination of technologies depending on the
quality. Subsequently, treated water is delivered through
a distribution network or transported by other means
to consumers, whom can either use the water directly,
store it safely, or further treatit. It is not always neces-
sary that water passes through all functional groups
to reach a consumer. For example, in some systems,
treatment is excluded or limited due to high-quality
source water or a lack of resources. Water could also
be supplied by gravity such that no pumping is need-
ed. Even if one is skipped, water always moves from
left to right through the functional groups.

Part 1 — System templates

Steps for selecting technological options
using system templates

The following nine system templates present com-
mon drinking-water supply systems based on the water
source used. The drinking-water supply systems are as
follows and are presented with the most logical com-
binations of technologies:

System 1 Rainwater harvesting

System 2 Centralized surface water
treatment

Decentralized surface water
treatment

System 3

System 4 Freshwater sources: manual
transport combined with
household water treatment
and safe storage

System 5 Gravity flow supplies
System 6 High-quality groundwater

System 7 Groundwater subjected to geogenic
contamination

System 8 Freshwater subjected to anthropo-
genic contamination

System 9 Desalination of brackish and
salt water



- System templates

The technologies presented in the Compendium
and the links between them are not exhaustive. Plan-
ners and designers should always try to make the best
use of available resources and optimize or rehabilitate
existing infrastructure while taking the local environ-
ment into account, including available capacities and
skills, financial resources, regulations, and socio-
cultural preferences and acceptance (see also Part 2
and Annex 2). The below steps can be followed to fa-
cilitate selection of appropriate water supply options:
1. Identify water resources that are available and

accessible.

2. Identify system templates that include and
address these water resources.

3. For each template, select a technology or multiple
technologies from the boxes shown in each
functional group. The series (following the arrows)
of technologies make up a system.

4. Compare differing systems and iteratively change
individual technologies or use different system
templates based on considerations such as users’
priorities, level of service, and resources available.

In some cases, it can be useful to carefully consider the
geography of the area and divide it into sub-areas
depending on the availability and location of water
sources, population characteristics, and other environ-
mental conditions. The procedure can be followed for
each of the sub-areas, and several different systems
can be chosen. Usually, there is an existing water
source that can already be used and some infrastruc-
tureis available. Itis always recommended to integrate
existing infrastructure or services into the planning
process, but one needs to be flexible enough to exclude
it if drinking-water safety or acceptance is an issue.

The nine system templates are presented and de-
scribed in detail on the following pages.

4 Compendium of drinking-water systems and technologies from source to consumer
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- System 1 Rainwater harvesting

This system can be used as a major source of
water supply where there is sufficient rainfall
and storage capacity. It can also be used season-
ally to complement other water sources. This
system template focuses on rainwater harvested
from roofs or similar structures. Rainwater cap-
tured by surface or subsurface run-off systems
is considered in System 3 Decentralized surface
water treatment.

Rainwater (see S.1 Rainwater) is collected through a
roof water collection system and diverted to storage
tanks via guttering fixed with hooks below the roof
to catch the run-off water. Guttering is available in
different materials, such as PVC, zinc, copper, aluminum,
ferro-cement, timber, or metal sheets. It should be
installed with an even slope to avoid the formation of
stagnant water pools where mosquitos can breed.
The roof water collection system (see I.1 Roof water
collection system) should optimally contain a first-
flush mechanism to redirect and discharge the first
portion of rainwater from the roof, which is the most
likely to be contaminated. The capacity of the first-
flush system should be designed relative to the size of
the roof catchment area. The flushed water should be
redirected away from the collection area (e.g. via a
soak pit or drainage channel) and should not be used
for human consumption. Some configurations may
include a filter box upstream of the first-flush mecha-
nism with a coarse filter to protect against larger
pieces of debris entering the system. In some cases,
rainwater is collected first into a settling tank and
later redirected to a storage tank. Polyvinyl chloride
(PVC), ferro-cement, or metal tanks can be placed
above or below ground to collect and store rainwater.
The required size of the storage tank is a function of
the water supply and demand throughout the dry
period, including unplanned use or use for other needs
and the availability of alternative sources. It should be
large enough to accommodate user needs during a
defined period of time without rain.

The main design parameters of a roof water collec-
tion system are determined by rainfall quantity and
pattern, roof catchment area, run-off coefficient, and
water demand. The amount of rainwater harvested at
a given time of the year can be estimated using the
following equation:

Supply(L/year) = Rainfall(mm/year) x Roof area(m?)
x Run-off coefficient

The roof run-off coefficient is the ratio of the volume
of rainwater that runs off the surface to the volume of
rainwater that falls on that surface (typically varies

between 0.5-0.9). A run-off coefficient of 0.9 means
that 90% of the rainfall is collected. It considers water
losses due o factors that include spilling, evaporation,
wind, overflowing gutters, leaky collection pipes, and
first-flush devices.

Considerations

This system is only applicable as a major source of
water for the time of the year when rain intensity al-
lows sufficient volumes of rainwater to be collected.
The material and the size of the roof directly influence
the amount of water collected and its quality. Rain
water of a reasonable quality can be collected from
roofs out of galvanized corrugated iron, aluminum
sheets, stones, tiles, and slates. Metallic paint or similar
coatings might impact the taste and colour of the
water. Bamboo or straw roofs are least suitable for
rainwater collection because they can affect water
quality, their permeability leads to water losses, and
gutters can be difficult to fix on such roofs. Polyethylene
coverings can be used on straw and bamboo roofs to
reduce permeability. Where rainwater is collected
from asbestos containing roofing, the collected water
should be allowed to settle before use, and every effort
should be made to avoid degradation and release of
fibres from roofing (e.g. avoid cutting and drilling
asbestos roofs) (WHO, 2021a). In the absence of a high-
quality roof, tarpaulins fixed between poles can be used
to collect rainwater.

Although rainwater quality is usually good, roof
and storage tank contamination may occur (e.g. from
animal activity, vegetation, or aerial deposition from
local activities, such as crop spraying or land burning,
as well as events such as bushfires). Therefore, roof
catchments as well as gutters and tanks should be
cleaned regularly to remove dust, leaves, and animal
excrement. Although the first-flush mechanism can
reduce the contaminants entering the storage tank,
where there is a risk of microbial contamination, stored
rainwater (see H.1 Storage tanks or reservoirs) should
be disinfected prior to consumption either by disin-
fecting the tank or via household water treatment (see
H. Household water treatment and safe storage).

Rainwater harvesting systems are likely to be im-
pacted by the changes in rainfall patterns and intensity
associated with climate change. Additional storage
capacity might be required to provide adequate water
quantity during extended dry periods. Increased rain
intensity would require an increase in collection sur-
face area to avoid a reduction in overall rainwater
volume captured, which might be difficult. Overall, this
might reduce the long-term reliability of rainwater
harvesting systems.

6 Compendium of drinking-water systems and technologies from source to consumer
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- System 2 Centralized surface water treatment

Surface water supplies process water taken
from streams, rivers, lakes, ponds, and seas (see
S.4 Rivers and streams, S.5 Ponds, lakes, and
reservoirs and S.6 Brackish water, seawater).
System 2 focuses only on water supplied from
non-saline sources. Seawater as a source is
instead discussed in System 9 Desalination of
brackish and salt water.

Centralized surface water supply systems include in-
take infrastructure installed in the surface water
sources, such as protected or unprotected river and
lake intakes (see 1.7 River and lake water intake), dams
and reservoirs (see 1.2 Rainwater catchment dam), or
bank-filtration well fields (see 1.8 Riverbank filtration).
Intake is followed by pumping stations (see A. Abstrac-
tion), aqueducts, or piped systems that transport large
water volumes over large distances to water treatment
facilities. Finally, this system ends with an extensive
distribution network, including water storage reser-
voirs or water towers as well as household tap connec-
tions or standpipe (also referred to as tapstand) connec-
tions in low-income areas. Surface water typically
contains organic and inorganic matter as well as
pathogenic microorganisms, necessitating extensive
treatment before it can be safely consumed.
Surface water withdrawn from a lake, dam, or river
requires an intake structure that:
« allows withdrawal of water at all times despite
natural fluctuations in flow, level, temperature,
or quality; and
« allows withdrawal of the highest quality water by
accounting for natural currents and patterns of
sediment deposition, spatial and temporal varia-
tions in water quality, quantity of floating debris
(including cyanobacteria [or “algal”] scums), ice,
rolling stones or blocks, and the location of waste-
water discharges and other sources of pollution.
Often in centralized water supplies, the intake struc-
tures (see I.7 River and lake water intake) can adjust
the depth of the water abstraction point (tower in-
take), which allows both the selective abstraction of
higher quality water and the abstraction of water
from variable levels (e.g. in the case of lower levels
during prolonged dry periods). Submerged parts or
submerged intakes (protected or unprotected) are
used for smaller supplies and cannot adjust the depth
of the water intake. The withdrawal point is often
screened with steel bars or grids to prevent large ob-
jects from entering the water supply. Intake chlorina-
tion or pre-chlorination is sometimes used to protect
pipes from clogging with mussels (e.g. zebra mussels)
and to prevent the growth of cyanobacteria and mac-
ro-and microorganismsin subsequent steps. However,

chlorination of untreated water may form undesirable
by-products. Riverbank filtration can be a good option,
as it serves as an intake structure as well as a pre-filtra-
tion process that reduces the contamination and tur-
bidity of water (see 1.8 Riverbank filtration).

After conveyance, abstracted water enters a drink-
ing-water treatment plant in which suspended par-
ticles and dissolved organics are removed prior to dis-
infection. Pre-sedimentation followed by coagulation-
flocculation and sedimentation and/or filtration are
common methods for removing turbidity (see T.1.4 Co-
agulation/flocculation/sedimentation and T.1.5 Coagu-
lation/flocculation/filtration), and may also remove
protozoa, which are typically resistant to chlorine
disinfection. During coagulation, chemical coagulants
(hydrolyzing iron or aluminum salts) are often dispersed
in water by rapid mixing, with pH adjustment when
necessary. During flocculation, coagulated particles
are aggregated into larger flocs, which are gently
stirred by paddles or impellers before transfer to a
sedimentation basin, dissolved air flotation system or,
for low levels of suspended solids, directly into a sand
filter.

After filtration (see T.1.1 Roughing filtration, T.1.2
Rapid sand filtration, T.1.3 Microfiltration), disinfection
(see T.2 Removal/inactivation of microorganisms) is
performed either by chlorination using chlorine gas,
sodium hypochlorite, or chlorine dioxide (see T.2.1
Chlorination), or by ultraviolet (UV) light (see T.2.3
Ultraviolet (UV) light disinfection) or ozone (see T.4.2
Ozonation). The drinking-water can also be treated by
adsorption on activated carbon (see T.4.1 Activated
carbon), filtration through biologically activated
carbon, or slow sand filtration (see T.2.4 Slow sand
filtration). Membrane filtration with ultrafiltration
membranes (see T.2.5 Ultrafiltration) with or without
in-line coagulation is becoming more common for the
removal of turbidity and microbial contamination in
high-income countries. In low-income countries, capi-
tal costs for these membranes are often still higher
than for conventional treatment processes and local
experience is limited, though this is changing rapidly
as well. Post-chlorination (see T.2.1 Chlorination) is
often used in the distribution network to provide
some protection against low-level microbial recon-
tamination and growth.

Treated water is stored in a protected reservoir or
directly distributed through transmission mains to
reservoirs, pumping stations, and consumers (see
D.5 Centralized distribution systems). The purpose of
the distribution network is to supply water at an ade-
quate pressure and flow, avoid its contamination in
the distribution network, and ensure that adequate
quantities of safe drinking-water reach all parts of the

8 Compendium of drinking-water systems and technologies from source to consumer
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- System 2

distribution system. When gravity is insufficient to
supply water at adequate pressure, high lift pumps
can be used permanently or only intermittently. Water
is typically pressurized by pumping it to storage reser-
voirs constructed at the highest local point in the net-
work. Often a back-up system with a standby pump is
used. In many countries, the design capacity of any
centralized surface water supply systems depends not
only on domestic water needs, but also the supply for
firefighting. Thus, the required capacity for firefight-
ing can be the main design criteria for dimensioning
intakes, supply, and distribution systems in terms of
pipe diameter and pressure. When post-chlorination
of treated water is needed, booster stations can be
placed at strategic points within the distribution sys-
tem to ensure that an adequate free chlorine residual
is maintained (i.e. = 0.2 mg/L to the point of delivery to
the consumer), which can provide some protection
against low-level microbial recontamination and
growth, including as a result of user practices. Water
from household connections is sometimes stored at
home in a water tank to account for periods of inter-
mittent supply. The cleanliness of the storage containers
and general awareness of the population regarding
hygiene is crucial to achieving water safety at the house-
hold level (see H.1 Storage tanks or reservoirs).

Considerations

Centralized surface water treatment is most suitable
for densely populated urban and peri-urban areas. In
rural areas, centralized surface water treatment is pro-
hibitively expensive such that other options should be
considered, e.g. Systems 3, 5, 6, 7. Design, construction,
and operation of centralized water supply systems
requires a large investment; available engineers, con-
struction companies, and trained operators; an avail-
able and reliable supply of consumables; financial re-
sources to cover the operational costs of water
pumping; resources for the operation and mainte-
nance of the treatment and distribution network;
a risk-based water quality management system (see
X.4 Risk assessment and risk management, X.5 Water
safety planning, X.6 Sanitary inspection); and trans-
parent pricing, water-metering, and accounting sys-
tems.

Rapid population growth in cities places existing
centralized water supplies under pressure, and at-
tempts to expand existing systems can fail due to a
lack of resources and a deteriorating infrastructure. In
many cities around the world, water is intermittent, i.e.
available only for a restricted number of hours a day,
or even a few days per week. Intermittent supply can
deteriorate water quality due to challenges in main-
taining an adequate free-chlorine residual as well as

increased risks of backflowing water due to reduced
pressure, pressure gradients developing from the soil
to the pipe, and the development of areas of negative
pressure that allow contaminants to infiltrate the
pipes. In addition to water quality issues, leakages in
distribution systems might result in significant water
losses, which may impact the quantity of water avail-
able, increase non-revenue water (thereby reducing
cost recovery), increase maintenance costs, and result
in consumers using alternative, and potentially less safe,
water sources. Furthermore, intermittently operated
distribution networks or distribution networks with
varying pressure make the metering of water usage a
difficult task.

10 Compendium of drinking-water systems and technologies from source to consumer






- System 3 Decentralized surface water treatment

Surface water supplies process water from
streams, rivers, lakes, ponds, reservoirs, and
seas (S.4 Rivers and streams, S.5 Ponds, lakes,
and reservoirs, S.6 Brackish water, seawater).
System 3 focuses only on water supplied from
non-saline sources. Sea as a source is instead
discussed in System 9 Desalination of brackish
and salt water.

A decentralized surface water supply system involves
the supply and treatment of the generally contami-
nated water from lakes, streams, rivers, surface water
run-off dams, ponds, or reservoirs. It also includes its
distribution to the consumer collection point (such as
a community standpipe [see D.4 Small publicand com-
munity distribution system] or water kiosk [see D.3 Water
kiosk]) and transport to and storage at home (see H.1
Storage tanks or reservoirs) or its distribution through
a distribution network with household connections
(see D.5 Centralized distribution systems). Besides the
smaller size and number of served consumers, the major
differences of this system to the centralized water
supply (System 2 Centralized surface water treatment)
are the easier construction of intake structures (see 1.7
River and lake water intake), less extensive treatment,
and relatively short distribution systems with public
standpipes (see D.4 Small public and community dis-
tribution system) or water kiosks (see D.3 Water kiosk)
as well as legal or illegal household connections (see
D.5 Centralized distribution systems) that evolve over
time. As in centralized surface water treatment sys-
tems, the water requires treatment before it can be
consumed as it typically contains organic and inorganic
matter and pathogenic microorganisms.

In decentralized community surface water supplies,
smaller rivers or streams (see S.4 Rivers and streams)
are often used. Thus, adequate waterbody flow and
level are needed throughout the year, and the construc-
tion of a small submerged weir might be necessary
to ensure an adequate water depth year-round. The
water should be withdrawn at least 1m above the
ground to avoid sediments entering the water system.
Screens are also often placed at the intake site (see 1.7
River and lake water intake) to remove floating mate-
rials. When boulders or stones are transported by the
river, the intake system needs to be protected in stone
or concreate to avoid damage. In deep lakes, the water
quality throughout the profile of the lake should be
considered, and when there is no mixing, it is usually
water in the deeper layers that has a lower nutrient
content and therefore better quality. River bank filtra-
tion can be a good option for both an intake structure
as well as a pre-filtration process, reducing the water
contamination and turbidity (see |.8 Riverbank filtration).

When water supply by gravity to the treatment
facility is not possible, diesel, electric, or solar pumps are
placed close to the intake point. As with centralized
treatment plants, multi-stage treatment is the preferred
option when it is financially and operationally feasible.
For turbid water, turbidity removal methods (clarifica-
tion) are needed (see T.1 Clarification). However, standard
methods such as coagulation-flocculation followed by
sedimentation and/or filtration (see T.1.4 Coagulation/
flocculation/sedimentation and T.1.5 Coagulation/floc-
culation/filtration) might be difficult to sustainably apply
in small systems due the operational efforts needed to
optimize coagulation (as a result of surface water quality
variations) and the availability of chemicals required
for coagulation. Roughing filtration (see T.1.1 Roughing
filtration) followed by rapid or slow sand filtration (see
T.1.2 Rapid sand filtration and T.2.4 Slow sand filtration)
can be suitable alternatives for small water supplies.
Slow sand filtration is often used to remove pathogenic
microorganisms but is not a complete barrier.

After clarification, microbial contamination must
be addressed (see T.2 Removal/inactivation of micro-
organisms). In principle, chlorination using chlorine
gas, sodium hypochlorite, or chlorine dioxide (see T.2.1
Chlorination); on-site electrochlorination (see T.2.2
On-site electrochlorination); UV light (see T.2.3 Ultravi-
olet (UV) light disinfection); or ozone (see T.4.2 Ozo-
nation) can be used, though chlorination by sodium
hypochlorite is the more common final disinfection
step, that can provide some protection against low-
level microbial recontamination and growth, including
as a result of user practices. Chlorine gas is generally
not available nor recommended in small water supplies
due to stringent safety requirements. As such, bleach
or calcium hypochlorite powder are used for disinfection.
Electrochemical on-site generation of hypochlorite
solutions is gaining importance for both small-and large-
scale water treatment. UV lamps are sometimes used
for treatment in water kiosks (see D.3 Water kiosk) or
community water treatment systems. Membrane-
based systems (see T.1.3 Microfiltration and T.2.5 Ultra-
filtration) are becoming a feasible alternative to con-
ventional treatment methods, because turbidity and
pathogen removal occurs in one treatment step, space
requirements are lower, and operation can be fully
automated if required. In high-income countries, many
small water supplies have changed from conventional
treatment to membrane filtration. In low-income
countries, capital costs of membrane-based systems
are often still higher than for conventional treatment
processes and local experience is limited, but this is
also changing rapidly.

When a distribution system is in place (see D.4 Small
public and community distribution system), water is

12 Compendium of drinking-water systems and technologies from source to consumer
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- System 3

usually pumped to an elevated storage reservoir from
which it is distributed by gravity to consumers or it is
pumped directly to the water supply network (although
the latter does not provide any supply buffer during
pump breakdown or power outages). Sometimes
systems are set up such that water by-passes the stor-
age tank, which is used only to store excess water.
Generally, branched or looped distribution systems
(see D.4 Small public and community distribution sys-
tem) are used for small-scale distribution. In branched
networks, predominantly supplying community stand-
pipes, water is distributed through one main pipe that
splits into branches with dead-end connections.
Looped networks are used for systems with many
household connections, and these systems usually
have one or several main loops from which water is
conveyed to the consumers via secondary branches or
loops. While the looped system is more reliable and
less susceptible to contamination, water stagnation,
and pressure variations, the design and engineering
are more complex, and it has higher capital and oper-
ational costs. When using standpipes, water is collected
and delivered by households using jerry cans or tanks
(see D.1 Jerry cans) and is often stored at home to
bridge over periods of intermittent supply. The cleanli-
ness of the storage containers (see H.1 Storage tanks
or reservoirs) and general awareness of the population
regarding hygiene is crucial to achieving water safety
at a household level.

Considerations

Small surface water supplies used to be only recom-
mended for small communities in rural and peri-urban
areas where no suitable groundwater source was
available. However, with the development and opti-
mization of water-treatment technologies, global
deterioration of groundwater quality, and overuse of
groundwater, surface water is gaining importance for
small decentralized community supplies. In combina-
tion with riverbank filtration (see 1.8 Riverbank filtra-
tion), the need for extensive surface water treatment
can also be reduced. The capital and operational costs
of decentralized surface water supply systems need to
be carefully considered when planning and designing
small water supplies and treatment infrastructure. This
includes accounting for the availability of resources,
such as trained personnel for operating and maintain-
ing the water supply and treatment facility, suitable
and reliable energy sources, consumables (e.g. chemical
additives and materials/reagents for water quality
monitoring), as well as risk management measures
(see X.4 Risk assessment and risk management).

When community standpipe connections are used
and adequate water treatment and residual chlorination

isnotapplied or notimplemented properly, the aware-
ness of the population regarding safe water transport,
storage, and household-level treatment (see H. House-
hold water treatment and safe storage) should be
raised.

Intermittent water supply can lead to a decrease in
network pressure or even create areas of negative
pressure, which increase the risk of water contamina-
tion in the distribution system. In addition to water
quality issues, leakages in distribution systems might
result in significant water losses, which may impact the
quantity of water available, increase non-revenue
water (thereby reducing cost recovery), increase main-
tenance costs, and result in consumers using alterna-
tive, and potentially less safe, water sources. Further-
more, intermittently operated distribution networks
or distribution networks with varying pressure make
the metering of water usage a difficult task.

14 Compendium of drinking-water systems and technologies from source to consumer






System 4 Freshwater sources: manual transport combined
with household water treatment and safe storage

System 4 relies on all freshwater sources (see S.1
Rainwater, S.2 Groundwater, S.3 Spring water,
S.4 Rivers and streams, S.5 Ponds, lakes, and
reservoirs) used by communities and households
and subsequent household water storage and
treatment (see H. Household water treatment
and safe storage). Brackish or saline water sources
(see S.6 Brackish water, seawater) and sources af-
fected by poorly treated industrial and municipal
wastewater or agricultural products, such as
manure, fertilizers, or pesticides, usually cannot
be treated effectively at the household level and
should not be considered for this system.

In this system, water is collected manually from nearby
water sources, which should be protected whenever
possible to minimize the risk of source contamination.
Water is carried by family members to the households
using jerry cans (see D.1 Jerry cans) or is transported by
small water vendors (see D.2 Water vendors (carts and
trucks)) using carts, donkeys, bicycles, or tracks. Water is
either directly stored in the collection containers or it is
stored in water storage tanks (see H.1 Storage tanks or
reservoirs) from which it is collected for use.

Water collected from rivers or lakes (see S.4 Rivers
and streams and S.5 Ponds, lakes, and reservoirs) with-
out any natural treatment, such as bank filtration (see
1.8 Riverbank filtration), is commonly turbid and contains
microorganisms, organic matter, and minerals that
require treatment (see T. Treatment) as described in
Systems 2, 3, and 7. If no centralized or semi-central-
ized treatments are in place, household water treat-
ment methods are required to remove turbidity before
or together with the microbial contamination. Such
technologies include, membrane filtration (see H.3
Ultrafiltration), biosand filtration (see H.7 Biosand
filtration), and ceramic filtration (see H.2 Ceramic fil-
tration). However, if the turbidity is high, all filtration
based technologies are subjected to clogging, requiring
frequent maintenance or filter element replacements.

When water is collected from a low turbidity water
source (see S.1 Rainwater, S.2 Groundwater, S.3 Spring
water), microbial contamination most commonly arises
due to a lack of source protection measures or during
transport (e.g. via insanitary transport containers, see
D.1 Jerry cans). With inadequate source protection,
the feasibility of protecting water sources by upgrad-
ing or rehabilitating intake structures (see .1 Roof wa-
ter collection system, 1.4 Protected spring intake, 1.5
Protected dug well, 1.6 Protected borehole) and other
protection measures should be assessed. The princi-
ples of water safety planning (see X.5 Water safety
planning) can be used to support the safe management
of water sources.

If implementing protection measures is not feasible,
or if contamination occurs during transport, house-
hold water treatment should be used. For low-turbidity
water sources, disinfection methods may be applied that
include chlorination (see H.4 Chemical disinfection), solar
water disinfection (see H.9 Solar water disinfection),
ultrafiltration (see H.3 Ultrafiltration), biosand filtration
(see H.7 Biosand filtration), or UV (see H.8 Ultraviolet
(UV) light disinfection). If transport equipment is used for
water collection, dedicated equipment with frequent
cleaning and disinfection is crucial for maintaining
good water quality (see D.1 Jerry cans and D.2 Water
vendors (carts and trucks)). Treated water should always
be stored in safe water storage devices (see H.1 Storage
tanks or reservoirs).

Water contaminated with geogenic contaminants
(arsenic, fluoride) can also be treated at the house-
hold level (see H.10 Fluoride removal filters and H.11
Arsenic removal filters). However, many arsenic removal
methods are less reliable or more complex at the house-
hold level compared to community-level water treatment
(seeT.3.2 Arsenic removal methods). Methods addressing
microbial contamination might be needed afterwards
(e.g. combined filters including fluoride filtration media
with ceramic candle filter).

Considerations

This system is common in rural and peri-urban areas
where freshwater sources are available, accessible,
and widely used for different purposes (e.g. bathing,
irrigation, etc.) by the population. In these contexts,
large investments to improve the water supply are
rarely foreseen in the near future.

Considering freshwater sources are likely to be con-
taminated, a number of factors need to be addressed
to minimize adverse health effects. This includes the
availability and financial and physical accessibility of
household water treatment technologies, the aware-
ness of the population regarding their safe use, and
the possibility of awareness raising and behaviour
change campaigns as well as trainings on safe house-
hold water storage and hygiene.

Attention and support must be given to monitoring
and quality assurance of household water treatment
systems since households are responsible for their
own water supply and often do not possess the re-
quired knowledge or resources to sustainably operate,
maintain, and monitor their systems.

16 Compendium of drinking-water systems and technologies from source to consumer
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- System 5 Gravity flow supplies

Gravity water supply systems can be considered
for water sources that are located at a higher
elevation than the settlement they are serving.
These systems use the driving gravitational
force of elevated sources to transport water by
pipelines to storage tanks, treatment facilities,
or directly to the supply points (see A.10 Gravity).
These systems usually rely on protected springs
(see S.3 Spring water) as a water source, but sur-
face water sources (see S.4 Rivers and streams
and S.5 Ponds, lakes, and reservoirs) can also be
used as long as there is treatment before distri-
bution (see T. Treatment) and/or at the house-
hold level as required (see H. Household water
treatment and safe storage). There are also
mixed systems that use pumping at the source
and can apply gravity at certain points within
the system. For example, a mixed system can
pump water from a protected borehole (see 1.6
Protected borehole) to a storage tank (see D.6
Storage tanks or reservoirs) from where it is
transported and distributed through gravity.

The typical community gravity flow water supply
system includes a protected spring intake (see 1.4 Pro-
tected spring intake) situated at a certain elevation
and connected to a header reservoir (header tank).
The header reservoir is usually situated below the
spring catchment. The part of the system connecting
the protected spring intake with the header reservoir
should ideally be unpressurized. This can be achieved
by choosing a larger pipe diameter and a sufficient
height difference between the reservoir and the
spring.

From the header reservoir, water is delivered
through pipes to a downhill reservoir (storage reser-
voir). The height difference between the two reser-
voirs determines the pressure (static pressure) that the
water pipes must resist. Break pressure tanks can be
installed to reduce the pressure on the pipes and
protect them from breakage. However, pressure can
also be lost in the pipes due to the flow, roughness of
the pipe material, pipe diameter, length, and form
irreqularities. These factors need to be considered
when designing a gravity flow supply to guarantee
that sufficient pressure exists for water to reach the
consumer (e.g. household tap, standpipe).

In general, the storage reservoir should be located
as close as possible to the community to be accessible
for maintenance, to reduce the distribution network
length, and to possibly allow overflow water to be
used for other needs (e.g. livestock watering, irriga-
tion). From the storage reservoir, water is distributed
to community standpipes or feeds into the community

distribution network (see D.4 Small public and com-
munity distribution system).

Protected springs (see |.4 Protected spring intake), if
carefully designed and maintained and with adequate
protection of the catchment area, have a reduced
risk of contamination at the source. However, reliable
protection of the spring catchment can be difficult.
Spring water quality can also vary due to precipitation
patterns. To protect or enhance spring water quality
during distribution/storage, reservoir disinfection
should be applied (e.g. through chlorination [see T.2.1
Chlorination]). Household water treatment methods
(see H. Household water treatment and safe storage)
can also be used when there is a risk of contamination
in the distribution network or during transport from
the standpipes or storage reservoir to the households.

Considerations

Gravity flow water supply systems only work prop-
erly when supply pipes are full of water and air locks
are avoided. This requires proper pipe sizing, careful
topography considerations, and installation or air
release valves (see A.10 Gravity).

Gravity flow systems are usually one of the cheapest
and easiest options, as no external energy is required
to maintain water flow. However, at the community
scale, proper management of the water supply system,
including protection of water source catchment, main-
tenance of pipes and reservoirs, and disinfection at the
storage reservoir, is required to ensure long-term sus-
tainability and water safety (see X.4 Risk assessment
and risk management and X.5 Water safety planning).

When water is not disinfected or disinfection is
not properly implemented, the awareness of the pop-
ulation regarding the issues of safe water transport,
storage, and household-level treatment (see H. House-
hold water treatment and safe storage) should be
raised.

18 Compendium of drinking-water systems and technologies from source to consumer
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- System 6 High-quality groundwater

Systems based on the use of high-quality ground-
water (see S.2 Groundwater and S.3 Spring water)
ensure that it is free from harmful contaminants
and is protected from contamination at all levels
— from intake, through transport and storage,
to use at households. All unprotected ground-
water source intakes (see details on unprotected
intakes in 1.4 Protected spring intake, 1.5 Pro-
tected dug well and 1.6 Protected borehole) are
generally subjected to contamination and should
not be used in this system.

Groundwater quality depends strongly on a number
of local factors, including the geological conditions,
soil type, location in relation to sources of contamina-
tion, adequacy of type of extraction technology, depth
of the aquifer, and the presence of existing source-pro-
tection measures and their efficacy. Deep dug wells
(see I.5 Protected dug well) or boreholes (see 1.6 Pro-
tected borehole) need to be protected to prevent the
risk of deteriorating water quality. Protected spring
intakes (see I.4 Protected spring intake) that eliminate
surface water intrusion and protect the catchment
area can also provide water with a reduced risk of
contamination. However, the water quality can vary
greatly depending on precipitation and protection
measures in place.

In these systems, high-quality groundwater (see S.2
Groundwater and S.3 Spring water) is collected
through a protected intake system, which could be a
spring intake (see |.4 Protected spring intake), dug well
(see 1.5 Protected dug well), or borehole (see 1.6 Pro-
tected borehole). Water is abstracted from protected
dug wells or boreholes by motorized or manual pump-
ing (see A.2 Piston/plunger suction pump, A.3 Direct
action pump, A.4 Piston pump; deep well pump)
depending on the depth of the well, available energy
sources, and available human and financial resources.
Water from protected dug wells (see I.5 Protected dug
well) can be manually pumped by consumers or water
vendors (see D.2 Water vendors (carts and trucks)) and
collected into clean transport containers (see D.1 Jerry
cans). Water can also be pumped to a distribution sys-
tem (see D.4 Small public and community distribution
system) that delivers it to consumers, a public stand-
pipe, or a water enterprise (e.g. water kiosk [see D.3
Water kiosk] or bottling facility), with excess water
flowing to a storage tank (see D.6 Storage tanks or res-
ervoirs). Alternatively, water can first be pumped to an
elevated storage tank from which it is distributed by
gravity to consumers (see A.10 Gravity and D.4 Small
public and community distribution system). If topography
permits, gravity-based systems (System 5 Gravity flow
supplies) can be built to distribute water without

pumping. High-quality groundwater can also be bottled
or filled into clean jerry cans (see D.1 Jerry cans), trans-
ported by water trucks (see D.2 Water vendors (carts
and trucks)), or sold through water kiosks (see D.3 Water
kiosk) —assuming that good water quality is maintained
by the user, service provider, or business owner.

In areas with unreliable energy supply, safe water
storage tanks (see H.1 Storage tanks or reservoirs) at
households (e.g. rooftop, ground level, or underground)
can be used to cover for interruptions in the water supply.

Considerations

This system can be used anywhere high-quality
groundwater is available, source protection measures
are possible, or the hydrogeological situation allows
for the construction of new protected dug wells or
boreholes. Siting for a dug well or borehole usually
requires a hydrogeologist with considerable practical
expertise and information on the local geological
conditions. The capital investment required for this
system is considerable when dug wells and boreholes
need to be built to access a groundwater source. As
such, the rehabilitation of existing dug wells or bore-
holes should be done where possible. Maintenance of
the intake structures, pumps, and distribution network
requires the availability of trained personal and financial
resources, possibly collected through water tariffs.

When a high-quality water aquifer is tapped and its
intake structures are properly designed, constructed,
and protected, the raw water should be free from high
concentrations of suspended organic and inorganic
particles and pathogenic organisms. However, if water
is abstracted from aquifers with high organic matter
content, sub- or anoxic conditions may occur. Water
with depleted oxygen can contain iron and manga-
nese, which need to be removed via aeration followed
by the sedimentation and/or filtration of formed pre-
cipitates. In any case, if there is a risk for microbial con-
tamination in the distribution network or during storage,
disinfection (e.g. with chlorine, see T.2.1 Chlorination) is
required. If this is not done or not implemented prop-
erly, the awareness of the population regarding the
issues of safe water transport, storage, and household
level treatment (H. Household water treatment and
safe storage) should be raised. If transport equipment is
used for water collection, dedicated equipment with fre-
quent cleaning and disinfection is crucial to maintain
good water quality (see D.1 Jerry cans, D. 2 Water ven-
dors). Household water treatment methods can also be
applied as described in System 4 Freshwater sources.

20 Compendium of drinking-water systems and technologies from source to consumer
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- System 7 Groundwater subjected to geogenic contamination

This groundwater-based (see S.2 Groundwater)
systemis similar to System 6 High-quality ground-
water, though in System 7 Groundwater subjected
to geogenic contamination, abstracted ground-
water contains geogenic (naturally occurring)
contaminants and therefore requires treatment
prior to consumption.

Geogenic contamination stems from interactions be-
tween the rocks in aquifers and the groundwater,
which may release substances that can be harmful
when consumed over long periods. Of all naturally
present contaminants in drinking-water, arsenic (As)
and fluoride (F) represent the greatest threats to human
health and affect millions of people worldwide. Elevated
manganese (Mn) is an issue that also affects many
parts of the world, including groundwater supplies.
WHO has therefore derived guideline values for these
chemicals. Guideline values typically represent a con-
centration of a chemical without a significant health
risk over a lifetime of consumption and are intended to
support countries in setting their own drinking-water
quality regulations and standards. The WHO guide-
line values for drinking-water are 0.01mg/L for As,!
1.5mg/L for F and 0.08 mg/L for Mn (WHO, 2022a).2
Other contaminants such as selenium, uranium, boron,
and chromium can be a problem as well, but their pres-
ence is usually localized and limited in extent. Iron may
affect the taste, odour, and appearance of water and
therefore consumer acceptability, but is not a direct
threat to human health at the concentrations typically
found in groundwater. However, water that is unaccept-
able to consumers may indirectly pose a health risk if it
results in reduced consumption leading to dehydration
or in consumers seeking alternative, less safe, water
sources.

The treatment of geogenic contamination is more
complex and often more costly than the treatment of
microbially contaminated water. Therefore, the use
of alternative microbiologically safe water sources
(treated surface water, rainwater, groundwater from
different aquifers) or the potential for dilution with
non-contaminated sources should always be consid-
ered before water-treatment systems are built. When
suitable alternatives are not feasible or available, con-
taminated sources (e.g. groundwater wells) should be
upgraded with a treatment step. Many technologies
exist for removing As and F contamination at different
scales (see T.3.1 Fluoride removal methods, T.3.2 Arsenic
removal methods, H.10 Fluoride removal filters, H.11
Arsenic removal filters).

Household water filters that remove arsenic or
fluoride may be used (see H.10 Fluoride removal filters,
H.11 Arsenic removal filters), but treating water at the

source on a community scale (see T.3.1 Fluoride removal
methods and T.3.2 Arsenic removal methods) is usually
preferable, as the treatment efficiency can be monitored
more easily. When community treatment is needed,
water is usually pumped mechanically and delivered
to the community water-treatment point. Treatment
systems may also be installed directly at a community
hand pump. The technologies for treating arsenic at a
community scale (see T.3.1 Fluoride removal methods,
T.3.2 Arsenic removal methods) often include a pre-
treatment step to oxidize As (lIl) to As (V). As (V) can
then be removed by coagulation/precipitation using
aluminum and iron salts, precipitation with naturally
occurring iron, membrane methods, adsorption on
granular activated alumina or iron-based solids/me-
tallic iron, or ion exchange using various strong-base
anion exchange resins. Fluoride removal technologies
are based on fluoride adsorption on filter beds using
calcium phosphate- or aluminum-based solids, precip-
itation/coagulation techniques, or membrane-based
techniques such as reverse osmosis.

Since treating geogenic contamination requires
considerable investments and the raw water might
be safe for washing and cleaning, treated water for
drinking and cooking purposes can be sold in water
kiosks (see D.3 Water kiosk). When decentralized or
semi-centralized treatment is involved, distribution
networks similar to those used for System 2 Central-
ized surface water treatment, System 3 Decentralized
surface water treatment, or System 5 Gravity flow sup-
plies are used.

Considerations

All filtration processes used in As and F removal are
based on physical or chemical adsorption, meaning
that the filters will reach their adsorption capacity at a
certain point and will need to be replaced. If water
quality monitoring is not performed regularly to detect
required filter replacements, the concentrations of the
contaminants in the drinking-water will increase and
be undetected by operators or users. Estimations of
the uptake capacity of filtration material based on
water use and raw water concentrations, together
with simple semi-quantitative water quality tests can
help to establish a timely maintenance schedule (e.g.
see X.9 Water quality monitoring).

1 The guideline value for As is provisional, and is based on the difficulties
with removing arsenic to lower levels using conventional water treat-
ment. Every effort should therefore be made to keep concentrations as
low as reasonably possible and below the guideline value when resources
are available.

2 The guideline value for Mn is provisional due to uncertainties in the
health-effects database. Incremental improvement towards meeting
the provisional guideline value is encouraged, in situations where it is
unfeasible to achieve.

22 Compendium of drinking-water systems and technologies from source to consumer
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- System 7

Water sold or distributed as safe from geogenic
contamination might still contain pathogenic micro-
organisms, so water from shallow wells still needs to
be assessed for microbial contamination. In any case, if
there is a risk for microbial contamination in the distri-
bution network or during storage, disinfection is re-
quired (e.g. with chlorine, see T.2.1 Chlorination). If
transport equipment is used for water collection, ded-
icated equipment with frequent cleaning and
disinfection is crucial to maintain good water quality
(see D.1Jerry cans, D.2 Water vendors (carts and trucks)).

24 Compendium of drinking-water systems and technologies from source to consumer






System 8 Freshwater sources subjected to anthropogenic

contamination

This system is based on freshwater sources (see
S.2 Groundwater, S.3 Spring water, S.4 Rivers and
streams and S.5 Ponds, lakes, and reservoirs) with
anthropogenic contamination that are the major
source of water supply when naturally safe sources
are unavailable or not perennially accessible.

Anthropogenic contamination, i.e. pollution through
human activity, can significantly impair the quality of
water sources. Particularly in densely populated areas,
elevated concentrations of chemical contaminants aris-
ing from industrial activities, human dwelling, and agri-
cultural activities can be present in drinking-water
sources. They can include but are not limited to pesti-
cides, fertilizers, industrial chemicals, and hydrocarbons,
as well as cyanobacterial toxins that arise from blooms
caused by human activity. These contaminants can be
released from point sources, such as dysfunctional or
overloaded sewage treatment plants and industrial pro-
duction sites, as well as from diffuse sources like surface
run-off from agricultural land and roads. An extensive
overview of potential chemical and microbial hazards in
surface water and groundwater and how to mitigate
them is given in the WHO publications (2006) Protecting
groundwater for health and (2016a) Protecting surface
water for health.

This system is generally similar to Systems 2 and 3. Sur-
face or groundwater is abstracted through protected or
unprotected river or lake intakes (see 1.7 River and lake
water intake), dams or reservoirs (see 1.2 Rainwater
catchment dam, 1.3 Sand/subsurface storage dam), or
protected springs, dug wells, or boreholes (see 1.4 Pro-
tected spring intake, I.5 Protected dug well, 1.6 Protected
borehole). Intake systems containing some form of natu-
ral treatment, such as river or lake bank filtration (see .8
Riverbank filtration), can make use of the treatment ca-
pacity of the soil and the soil groundwater system. This
can significantly reduce the particulate and microbial
load and further reduce the organics prior to the specific
technical unit process, which will increase its effective-
ness. Abstracted water is pumped or supplied by gravity
to the treatment plant. Anthropogenic contaminants
are usually addressed after reductions in the turbidity
(seeT.1 Clarification) and microbial contaminants (see T.2
Removal/inactivation of microorganisms) by advanced
water treatment methods. These technologies generally
address particular contaminant classes. Therefore, con-
structing an appropriate drinking-water treatment sys-
tem requires information to be available on the concen-
tration and physicochemical properties of the contam-
inants present in the source water. Depending on the
type of anthropogenic contaminant, the treatment
methods can include ozonation (see T.4.2 Ozonation) to
reduce organic contaminants by destruction, adsorption

by granular activated carbon (GAC) (see T.4.1 Activated
carbon), removal by nanofiltration (NF) (see T.4.3 Nano-
filtration), removal by reverse osmosis (RO) (see T.5.2 Re-
verse osmosis), and in special cases, ion-exchange resins.
Depending on the technology used, post-disinfection
might be applied after treatment and distribution
through community or large-scale distribution systems.

Micropollutants, such as pharmaceutical compounds
and their metabolites, can be present in very low levels
(< 0.1 ug/L). The risk of these micropollutants to human
health, like for all chemicals, is a function of exposure
and toxicity. However, given the extremely low concen-
trations of many pharmaceuticals, the health risks are
likely to be low. Practical guidance and recommenda-
tions on managing concerns about pharmaceuticals in
drinking-water can be found in the WHO publication
(2012a) Pharmaceuticals in drinking-water.

Considerations

The design, construction, and operation of such ad-
vanced treatment systems requires a high investment,
trained engineers and operators, construction compa-
nies, and an available and reliable supply of consum-
ables and financial resources to cover operational and
maintenance costs, as well as monitoring costs. Often, a
more sustainable and cost-effective approach involves
mitigation strategies to reduce the point contamina-
tion of source waters. Thus, this system should only be
applied if high-quality water sources are unavailable or
areduction in point contamination cannot be achieved.

System selection should always consider types and
concentration of contaminants, so a comprehensive as-
sessment of source water quality along with documen-
tation of relevant activities in the local catchment area
(both observed and expected) is required. The chemical
and microbial contaminants in the freshwater sources
can vary significantly in concentration and composition
over time. In addition to continuous contamination
events, shock loads may arise through events such as an
overflow of sewage, spills of waste or chemicals, sea-
sonal use of chemicals (e.g. in agriculture), and rainfall
patterns.

In general, organic contaminants are better removed
by adsorption onto GAC than by NF, though frequent
replacement of the GAC needs to be considered. For NF
and RO, an important aspect for process selection is the
water recovery rate, which is the percentage of feed
water converted to product water (permeate). Lower
water recoveries are typical for dense membrane pro-
cesses, which produce a concentrate containing the re-
tained contaminants in addition to the permeate used for
drinking-water supply. The concentrate from RO or NF is
mostly discharged as wastewater and requires further
treatment.
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- System 9 Desalination of brackish and salt water

This system should be used as a major source of
water supply only if freshwater sources are not
available or accessible. Desalination removes
contaminants and salts from brackish or sea-
water (see S.6 Brackish water, seawater).

Brackish or seawater has an increased content of
dissolved salts, mostly sodium chloride, as well as mag-
nesium sulfate, potassium nitrate, or sodium bicarbon-
ate. Seawater typically has a salinity of around 35g/kg,
with lower values near the coast or close to the inflows
of rivers. Brackish water is a mixture of fresh and
seawater and can be characterized by salinity values
of 0.5-30g/kg. Brackish or seawater can be treated
for drinking by reducing the total salinity to less
than 1000mg/L (approximate electric conductivity of
1.6 mS/cm). Chloride concentrations above 250mg/L
can also give a detectable taste to water and may cause
consumer acceptability issues, even if there is no health-
based guideline value. Excessive chloride concentra-
tions may also increase the corrosion rate of metals in
the distribution system, leading to increased concen-
trations of metals in the supply (e.g. iron, copper).

Brackish water or seawater (see S.6 Brackish water,
seawater) is abstracted through different types of
intakes, e.g. beach wells or open intakes and their
respective abstraction systems, before it is transferred
to the water treatment system. Seawater intake sys-
tems (see 1.9 Seawater intake) comprise some form of
filtration, such as beach wells, which make use of the
natural treatment capacity of sand. This significantly
decreases the particulate and microbial load and
reduces the pretreatment requirement.

The treatment is done at desalination treatment
plants. Pretreatment such as membrane filtration or
multi-media filtration (see T.1 Clarification, T.2.5 Ultra-
filtration) are used to remove turbidity prior to the
actual desalination stage (see T.5 Desalination). Current-
ly, reverse osmosis (RO) (see T.5.2 Reverse osmosis) is
the state-of-the-art technology in desalination, while
several other technologies, such as membrane distillation
(T.5.1 Membrane distillation) or electrodialysis, are
emerging and applicable in certain scenarios. The pro-
duced permeate (see T.5.2 Reverse osmosis) or distillate
(T.5.1 Membrane distillation) then often undergoes a
post-treatment step to adjust the pH and remineralize
the water. This is often done with lime or dolomite, to
add health- and taste-related bivalent ions like calcium
and magnesium to the almost salt-free desalination
product water prior to distribution and consumption.
Remineralization can also reduce the corrosivity of
desalinated water, which isimportant to protect down-
stream components.

Considerations

Handling the brine, which is the concentrate of
removed salt and minerals, is one particular concernin
desalination by thermal or membrane processes. In
seawater desalination, the brine is often discharged to
the sea. Brackish water desalination requires other
solutions for landlocked plant locations. The brine can
be discharged as wastewater, stored in evaporation
ponds, further treated toward zero-liquid discharge
(costly), or used for aquaculture or the irrigation of
halophilic (“salt-loving”) plants.

System designs have to consider the site-specific
salinity and ion composition of the raw water to be
desalinated, particularly to define the achievable re-
covery rates and optimum energy usage as well as to
avoid the formation of salt deposits (scaling) in the
desalination plant.

The energy consumption of desalination systems is
significantly higher than conventional drinking-water
treatment systems. Although the specific energy
consumption for desalination in seawater RO plants
has significantly declined in recent decades due to
technological improvements, it still ranges around
3-4kWh/m3 compared to 0.1 kWh/m?3 for conventional
surface water treatment systems as described in Sys-
tem 2 Centralized surface water treatment. Brackish
water units require less energy due to the lower salini-
ty.

Desalination coupled with a solar power supply
(see A.13 Solar) or wind power (see A.12 Wind) can
be reliably operated in remote locations. If energy is
generated by a diesel generator (see A.15 Internal
combustion engine - diesel and petrol), low grade
heat can be used to desalinate the water by thermal
processes, such as membrane distillation. However,
desalination treatment plants at any scale are highly
complex multi-stage treatment systems that require a
high level of automation and expertise to ensure reli-
able operation and maintenance.

For further information on drinking-water quality
considerations for salt water, refer to WHO (2011) Safe
drinking-water from desalination.
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Part 2 | Technology information sheets

The second part of the Compendium provides an over-
view of the various water supply technologies within
each functional group (Source, Intake, Abstraction,
Treatment, Distribution and Storage, Household water
treatment and safe storage).

The technologies are presented in Technology Infor-
mation Sheets. These summarize the (i) main features
of technological design, (ii) applicability and adequacy
of the technology, (iii) main operational and mainte-
nance requirements, and (iv) any health and environ-
mental implications of applying this technology as well
as major acceptance issues. The references and further
sources of information are listed at the end of the
Compendium.

Table 1
Technology information sheet summary table explained

The table at the top of each technology sheet indi-
cates in which system template the technology can be
found and on which management level the technology
should be operated and maintained. It describes whether
technology elements and components are likely to be
locally available and whether the technology is well
established or relatively new. Table 1 summarizes differ-
ent options. In the Source section, only applicability to
systems is mentioned.

Management level
Household/school/health
center/community/
centralized

|

Applicable to systems
1,2,3,4,56,7,8

Local availability of technology
or components
Yes/no/mostly/occasionally

Technology maturity level
Established technology/
new technology

\/ \/

Indicates in which Describes which man-

system template the agement approach is

technology can be appropriate for the

found operation and mainte-
nance of the technology

Part 2 — Technology information sheets

Indicates whether technology
components are locally avail-
able

1

1

1

Describes whether a

technology is estab-
lished or relatively new
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Ice & snow

S b'l'?wation

Rainfall

Surface runoff

Fog & dew Rivers

Seepage

Spring

To establish a water supply system, a resource providing
sufficient quantity of water should be available. These
systems are commonly based on groundwater or sur-
face water resources, though in areas with sufficient
rainfall, rainwater can also be an appropriate water
resource. The quantity and quality of the source water
determine the required water treatment and water
supply system design. Depending on the source, water
resources usually contain dissolved or particulate mat-
ter and gases as a result of interaction with the atmo-
sphere, minerals in rocks, natural organic matter, and
macro- and microorganisms. Anthropogenic activities
further impact the quality of these water resources.

This section describes water resources that can be
used for drinking-water supply and covers:

S.1 Rainwater

S.2 Groundwater

S.3 Spring water

S.4 Rivers and streams

S.5 Ponds, lakes, and reservoirs

S.6 Brackish water, seawater

Volcanic steam

——

Atmosphere

o,

Evapotranspiration

Evaporation

Streams

Animals

qunts

& volcanos

Rainwater (S.1 Rainwater) is generally used as a sup-
plementary source of water, which often requires stor-
age tanks.

Groundwater (S.2 Groundwater, S.3 Spring water),
the water below the surface of the earth, is generally
better protected from microbial contamination. How-
ever, that does not mean it is always safe. Depending
on the environmental conditions and location, it can
be contaminated with pathogenic microorganisms. In
some regions, it can also be affected by chemical con-
tamination, such as by fluoride, arsenic, iron, manganese,
or high salinity. Localizing groundwater abstraction sites
and estimating available groundwater quantities is a
complextask that requires drilling and pumping equip-
ment for abstraction (see A. Abstraction).

Surface water sources such as rivers and streams
(S.4 Rivers and streams) or ponds, lakes, and dams (S.5
Ponds, lakes, and reservoirs) are easily accessible. Gener-
ally, surface water may contain a higher concentra-
tion of microbial contamination and may be turbid
(cloudy). Thus, it requires treatment before consumption.

Brackish and seawater (5.6 Brackish water, seawa-
ter) are water resources with high salt contents and as
such are alternative water sources that require desali-
nation before consumption. Usually, they are only
used when other water sources are not available or
access is limited.
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Water can be harvested from fogs under favorable
climatic conditions. Currently applications are limited
to only a few areas and pilot scale, but the field is grow-
ing. Fogis not considered as a separate water source in
this section, but some information can be found in the
reference section.

Water is needed to carry out activities other than
drinking or cooking and, particularly in water-scarce
areas, communities often do not differentiate be-
tween water for domestic and non-domestic uses.
Thus, the water supply systems in water scarce areas or
areas with extended dry periods should be designed
with multiple water uses in mind. Multi-use water
supply systems are more likely to achieve an impact
and be maintained over the long-term.

When selecting any kind of water resource, an initial
assessment should be conducted that considers local
factors, including the following (see Annex 2 for more
information).

« Water quantity:

Is the yield sufficient throughout the entire year?

Can changes in water availability and water

demand be estimated?
« Water quality:

How is water quality affected by local activities

(e.g. sanitation practices, agriculture, industry, or

other contamination sources in communities)?
« Technology required for exploitation:

Which technologies are required for abstraction

and treatment and are they feasible? Are the re-

quired skills and technologies available for water
source exploitation? Are appropriate and reliable
supply chains in place for replacement parts and
consumables (e.g. chemical additives, laboratory
testing equipment)? Are the costs of water re-
source exploitation affordable?

« Energy:

Is pumping needed, or can gravity be used? If

pumping is needed, are reliable and affordable

energy sources available?
» Acceptance:

What are legal and social rights around the water

source and are there cultural preferences for

certain resources?
« Environmental and health risks:

What is the impact of water source exploitation

on the population, environment, and ecosystems

in its catchment?

Part 2 — Technology information sheets — Source
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S.1

Rainwater

Applicable to systems Management level
1,4 - -

Local availability

Technology maturity level

Rainwater refers to water that falls in drops from
clouds to the earth'’s surface.

Rainwater can be collected from courtyards, hill slopes,
institutional buildings, roofs of buildings in residential
areas, or from temporary surfaces created by using
cloth or plastic sheets, and it is stored in storage tanks
or reservoirs (see I.1 Roof water collection system, 1.2
Rainwater catchment dam, 1.3 Sand/subsurface storage
dam and System 1 Rainwater harvesting). Rainwater
harvesting often supplements existing water resources
when they become scarce or are polluted. In rare cases,
itis used as a sole source of drinking-water when other
sources are not available, not accessible, saline, or con-
taminated. Rainwater can be used for various purposes
including gardening, irrigation, and domestic uses as
well as for drinking-water. Additionally, it can be used
to recharge groundwater through managed aquifer
recharge techniques.3

Applicability and adequacy

In general, rainwater is mostly of good quality but
can deteriorate during harvesting, storage, and use.
Pathogenic microorganisms can enter the rainwater
harvesting system through animal excrement (e.g.
bird droppings). Also, inadequate rainwater collection
and storage systems may be vulnerable to the intrusion

of surface run-off containing faecal contamination.
First-flush devices, which prevent the first flush of
run-off from being collected in storage tanks, are
necessary for roof water collection systems (see 1.1
Roof water collection system). When exposed to light
and with sufficient nutrients, algae (cyanobacteria)
may grow in storage tanks, which can produce com-
pounds with unpleasant taste and odour, and under
certain conditions, toxins which may impact health.

Rainwater can be slightly acidic (pH 5-6) because it
interacts with carbon dioxide in the atmosphere to
form carbonic acid. Since rainwater is generally free
from other sources of alkalinity and has no buffering
capacity, more acidic water can cause corrosion, such
as of metal roof catchment areas. The roofing materials
(e.g. paint coatings, metals) and storage tank materials
can affect the water quality as well, leading to elevated
levels of chemical contamination.

Rainfall quantities and patterns (“seasonality”) and
the size of the rainwater capturing area (e.g. roof)
determine the rainwater harvesting yields at a given
time of year.

Unless the existing water resources are extremely
scarce, rainfall should be at least 300 mm/year to make
rainwater harvesting a feasible primary drinking-water
source.
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Health and environmental aspects/Acceptance

Rainwater lacks minerals like calcium and magne-
sium, and thus lacks a particular taste. During storage,
rainwater can develop taste and odour, which may
negatively affect its acceptance as a drinking-water
resource.

The introduction of contamination, such as faecal
contamination from surface run-off, can pose further
health hazards, which can be minimized by a well-
designed and properly maintained rainwater harvest-
ing system (see I.1 Roof water collection system) and
point-of-use treatment solutions (e.g. H.4 Chemical
disinfection and H.9 Solar water disinfection).

® Advantages

« Easily available and accessible

« Rainwater is generally of good quality if properly
collected, stored, and supplied

> Disadvantages

o Supplyis limited by rainfall patterns over the year,
the size of the rainwater capturing area, and stor-
age capacity of the rainwater harvesting system

« Contamination of rainwater by air pollution, ani-
mal excreta, insects, dust, bushfire deposition, etc.
is possible

o Acceptance can be hampered due to a lack of taste
or development of taste and odour during storage

> References and further reading materials can be
found on page 205.

3 Managed aquifer recharge is not considered in the intake section. An
overview of issues and technological options can be found in Casanova,
Deveau & Pettenati (2016).
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Groundwater

Applicable to systems Management level
4,5,6,7,8 - -

Local availability

Technology maturity level

RECHARGE AREA

able DISCHARGE AREA

Groundwater is fed by rainwater and from sur-
face waters, such as rivers, streams, lakes, or
wetlands, which infiltrate into the subsurface.

Groundwater is stored in cracks and voids in soil, sand,
and rocks. These water-bearing subsurface layers are
called aquifers. In the subsurface, water flows at dif-
ferent speeds depending on the size of the voids in the
soil or rocks (porosity) and how well these spaces are
connected (hydraulic conductivity). Subsurface ground-
water is present in two zones: in unsaturated (or
vadose) zones, voids are partially filled with water,
while in saturated zones voids are entirely filled with
water. The boundary between these zones is referred
to as the water table, which fluctuates as a function
of the balance between groundwater inputs and ex-
traction. The water table can thus occur at various
depths over time.

Aquifers can be confined or unconfined. Confined
aquifers are found in between two layers of soil with a
low permeability, such as rock or clay. Unconfined
aquifers are underneath permeable soil layers and are
directly recharged by rain or stream water.

36
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Aquifers can be further distinguished between deep
or shallow, and this affects how groundwater can be
withdrawn through wells (see 1.5 Protected dug well
and 1.6 Protected borehole)

Applicability and adequacy

Groundwater quality depends strongly on the geo-
logical conditions, location in relation to point and
diffuse sources of contamination, adequacy and type
of extraction technology, depth of the aquifer, and
any existing protection measures.

In general, groundwater can be considered less vul-
nerable to contamination than surface waters. When
water slowly infiltrates into the soil and travels through
the subsurface within aquifers, it is naturally filtered,
which may result in the removal of microbial contami-
nants, such as bacteria, viruses, and protozoa. However,
shallow aquifers near the earth’s surface are likely to
be influenced by contaminated surface water bodies,
on-site sanitation systems, landfill discharges, and
industrial chemicals, such as pesticides, etc. Karst
aquifers are also prone to contamination due to their
large voids and high groundwater flow velocities that

Compendium of drinking-water systems and technologies from source to consumer



therefore limit filtering capacity. Deep groundwater,
protected by a confining layer, is generally better pro-
tected from microbial and chemical contamination.

In certain regions, groundwater may be affected
by geogenic contamination. High levels of fluoride,
arsenic, iron, manganese, or chloride can have either
man-made or natural causes, and regardless have to be
removed by multi-stage treatment technologies (see
System 7 Groundwater subjected to geogenic contami-
nation). An extensive overview of potential contami-
nants in groundwater catchments is given in the WHO
publication (2006) Protecting groundwater for health.

Health and environmental aspects/Acceptance

Groundwater is usually well accepted as a drinking-
water source, especially since it is often perceived as
being less contaminated than surface water sources.
However, while this is generally true, the safety of un-
treated groundwater sources is not guaranteed. Disin-
fection of groundwater sources may be needed where
there is a risk of microbial contamination, particularly
where aquifers are shallow, unconfined, karstic, or are
known to be impacted by contamination.

Abstracting groundwater from a well at rates ex-
ceeding the recharge rate may decrease the level of
the water table. If such overextraction continues for
long enough, the well may eventually run dry. Over-
extraction may also increase the potential for drawing
potential contaminants into the aquifer, such as salt
water. Therefore, it is crucial to ensure that extraction
rates do not exceed recharge rates for sustainable
water supplies. Details on sustainable groundwater
extraction, including measurement techniques and
methods for understanding the magnitude of ground-
water depletion, can be found in the International
Union for Conservation of Nature and Natural Resources
(IUCN; 2016) publication Managing groundwater sus-
tainably (Smith et al., 2016).

® Advantages

« Groundwater is often available close to where
itis required

« Better microbial and chemical water quality com-
pared to surface waters

> Disadvantages

« Risk of natural contaminants, such as arsenic, fluo-
ride, manganese, and iron, in certain regions

o Accessing this water resource requires extraction
technologies, such as constructing a well and
installing a pumping system

- References and further reading materials can be
found on pages 205 and 206.
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m Spring water

Management level

Local availability

Technology maturity level

Applicable to systems
‘ 4,5,6,7,8 - - _
- Ca =8 -
g
Water table - 1

A spring is groundwater naturally flowing from
the earth’s subsurface to the surface.

A spring forms due to the pressure in an aquifer, which
causes some of the water to flow out at the surface.
Pressure is built if groundwater encounters a low per-
meability zone that hampers its flow. Ultimately, the
water spreads laterally and intersects the earth’s
surface. This commonly happens at places where the
topography is lowered in relation to the water level,
such as at low elevations, along hillsides, on the side
of a canyon or gorge, or at the bottom of slopes.

Some springs consist only of droplets of water seep-
ing from the ground, while others are large and may
create rivers or lakes. Gravity springs occur when
groundwater meets an impermeable soil layer (such
as clay) and is then forced to the surface. Artesian
springs form when groundwater is trapped between
two impermeable layers, thereby putting pressure on
the groundwater. If there are cracks or fissures in the
overlying soil, water is forced to flow through these
openings up to the surface. Artesian springs can reach
the surface with considerable pressure.

Spring

Spring-fed stream

Applicability and adequacy

Springs can form in many landscapes, but locating
them requires practical experience. Compared to other
drinking-water resources, tapping springs may be
relatively inexpensive in terms of construction and
maintenance costs, particularly if the source is located
close to consumers. Spring sources may be more
shallow than wells or bores and there is generally no
need for costly pumping or extensive abstraction in-
frastructure (although installation of a spring box may
be needed). Since springs are generally located on hills,
a simple gravity flow distribution system can be in-
stalled.

To maintain water supply and water quality, spring
water should be properly tapped and spring protection
has to be ensured. Water tapping from springs differs
between artesian and gravity springs (see |.4 Protected
spring intake).

Health and environmental aspects/Acceptance
Springs are commonly used sources of water that
are well accepted by communities.
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Depending on the local geological conditions, lo-
cation, catchment activities, and existing catchment
protection measures, spring water can generally be of
good quality. However, as the spring approaches the
ground, it can be subject to contamination (i.e. both at
the spring outlet and in its direct vicinity). Major sources
of contamination may include surface water run-off,
infiltration with water contaminated from open defe-
cation, inadequate on-site sanitation systems, and
presence of animal faeces in the local vicinity.

A spring box (spring water collection chamber) is
commonly installed to reduce the risk of contamina-
tion of the spring at the “eye” (see |.4 Protected spring
intake). Where there is a risk of microbial contamina-
tion, the spring water should be disinfected (e.g. T.2.1
Chlorination in the case of piped distribution systems
or H.4 Chemical disinfection for the household level).

® Advantages

« Likely to have good water quality if spring catch-
ment is properly protected and spring is properly
tapped

« Low construction costs for tapping the water

« Can be used for relatively simple gravity water
supplies without pumps

© Disadvantages

« Quantity of water from springs can be susceptible
to seasonal variation and water table fluctuations

« Depending on soil structure and surrounding
conditions, rainfall events can affect turbidity
and microbial contamination

« Springs occur only under specific hydrogeological
conditions, and the location of the spring may not
be easily accessible (e.g. on steep hillsides)

- References and further reading materials can be
found on page 206.
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m Rivers and streams

Applicable to systems Management level
2,3,4,8 - -

Local availability

Technology maturity level

Lake

Glacier

Rain & snow Rapids & waterfalls

Tributary

TRANSITION ZONE

A river or stream is a natural flow of freshwater
across the land and subsurface towards another
stream, river, lake, or the sea.

A stream is a water body that is in constant motion.
Streams vary substantively in their characteristics, such
as size, depth, velocity, salinity, and location. Thus
creeks, brooks, tributaries, bayous, and rivers are all
categorized as streams. Rivers are the largest type of
stream, and they carry large amounts of water from
higher to lower elevations.

A catchment area of a river is the area from which a
particular river receives surface flow (e.g. from other
rivers), subsurface water (e.g. from aquifers), and
drainage water originating from precipitation. The
term “upstream” refers to the direction towards the
source of the river (source zone), and the term “down-
stream” refers to the direction towards the mouth of
the river where it empties into larger rivers or the sea
(flood plain zone).

Throughout the river’s course, the water transported
downstream is in constant interaction with aquifers
(see S.2 Groundwater), and the total volume of a river

FLOOD PLAIN ZONE

River

Larger lake
or sea

changes in response to this underlying groundwater
system. Many rivers and streams gain water from and/
or lose water to groundwater during their course.
Seasonal variations in water flow are expected for all
rivers. Some may also dry completely during dry seasons
or flow only in the subsurface. Periodically, as a result
of heavy rain or increased snowmelt, the increased
run-off leads to flooding of the downstream flood
plains.

Applicability and adequacy

Rivers are multiple-use resources. In addition to
household drinking and domestic water use, rivers are
also used forirrigation, animals, small industries, trans-
port, and ecosystem services.

The total quantity of water available at any given
time is an important consideration when opting for a
river water supply. Streamflow data might be available
in water department offices or can be measured.

River water quality is highly variable by nature due
to the type and intensity of surrounding land use,
types of rocks and soils, and catchment vegetation
and climate. Contamination of river water is likely due
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to poor sanitation practices (e.g. open defecation, dis-
charge of raw or inadequately treated sewage), sur-
face run-off from surrounding agriculture and other
anthropogenic activities, and/or industrial discharges.
An extensive overview of potential hazards in surface
water catchments and their management is given in
the WHO publication (2016a) Protecting surface water
for health.

In most cases, the quality of river water in medium-to
small-sized or fast-flowing rivers does not differ much
across the width and depth of a riverbed. In large,
slow-flowing rivers, considerable variation in organic
matter content, nutrients, and dissolved oxygen can
be expected. River water intakes should ideally be
upstream of any potentially contaminating activities
from human settlements, agriculture, industry, or roads.
(see 1.7 River and lake water intake and 1.8 Riverbank
filtration). Upstream rivers, close to the source zone,
can be relatively free of contamination, but in most
cases, river water requires extensive treatment (see
System 4 Freshwater sources and System 7 Groundwater
subjected to geogenic contamination). In the rainy
season, rivers might have low dissolved solid concen-
trations but large sediment loads that require removal
to ensure effective disinfection.

Health and environmental aspects/Acceptance

Establishment of riparian buffer zones (strip of
vegetation between the land and water body) can
help reduce the impact of contaminated surface run-
off, and restricting water body uses can reduce the
impacts of potentially contaminating activities (e.g.
bathing, washing, fishing, boating, etc.).

Water from slow-flowing rivers might have an un-
acceptable taste (e.g. moldy, musty, or earthy) from
microbial compounds (e.g. cyanobacteria) that are
not easily removed by standard water-treatment
technologies.

In the presence of high organic matter content,
chlorination (see T.2.1 Chlorination) can produce dis-
infection by-products, which should be minimized due
to the potential health concerns associated with their
long-term exposure. However, the longer-term poten-
tial health risks from these by-products are low in
comparison with the confirmed acute risks associated
with inadequate disinfection. Therefore, disinfection
should not be compromised in attempting to control
disinfection by-products (WHO, 2022a).

If water is used for a certain purpose in one location,
it might affect users in another downstream location,
causing conflicts or affecting the broader ecosystem.
When proportionally large volumes of water are
planned to be withdrawn from a river, integrated
water resource management principles should be
applied locally. It should always be taken into account
that the development of water resources through dams
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or abstractions in many cases leads to degradation of
the aquatic ecosystem with numerous negative conse-
quences (e.g. decline in biodiversity, mosquito breed-
ing, etc.).

® Advantages

« Typically easily available and accessible

« Quantity of water and seasonal variability are
easier to assess than in other sources

= Disadvantages

« Water quality is usually poor (microbial and
chemical contamination, suspended particles) and
extensive multi-stage treatment is needed

« Seasonal variations in water quality and quantity

« User conflicts due to competition for limited water
resources in certain settings

- References and further reading materials can be
found on page 206.
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m Ponds, lakes, and reservoirs

Applicable to systems Management level
2,3,4,8 - -

Local availability

Technology maturity level

Ponds, lakes, and reservoirs are standing or
slow-moving surface water bodies that form
naturally from rain, run-off, or river water.

Lakes and ponds are water bodies that may form natu-
rally, reservoirs are always human-made. Reservoirs
are built by constructing a dam across a river or part of
a river where the flow of water is blocked to create
a reservoir where water is stored (see 1.2 Rainwater
catchment dam).

When water is stored in reservoirs and lakes, losses
through evaporation and seepage must be considered.
Under dry tropical climates, annual evaporation rates
of 1.2-2.5 mm/day are typical. In hot desert areas,
annual evaporation may exceed 2500 mm. In cooler,
more humid areas, annual evaporation is less than
1000 mm. Seepage rates depend on the ground per-
meability and retaining structures of the dam or lake.
Depending on the size of the water body, shading
may be appropriate to minimize evaporation losses
(e.g. planting trees or covering with geotextile mate-
rial).

Applicability and adequacy

Ponds and lakes are often multiple-use resources,
and the water is used for irrigation, drinking-water for
humans and animals, bathing, washing of clothes,
small industries, and ecosystem services.

The quality of these surface water resources should
be considered poor in most cases. In ponds, lakes and
reservoirs, the water quality is influenced by contami-
nants from human activities, which can enter these
water bodies through direct discharge, contaminated
rivers and streams feeding these bodies, or through
surface run-off. Microbial contaminants, can enter these
systems through various pathways, including direct
discharge of raw or inadequately treated sewage,
through surface run-off impacted by faecal contami-
nation from open defecation/inadequate sanitation
facilities, agriculture, etc. An extensive overview of
potential hazards in surface water catchments and
their management is given in the WHO publication
(20164a) Protecting surface water for health.

Standing surface water resources have a self-
cleaning capacity. This means that under favorable
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conditions, lakes and reservoirs can attenuate pollution
by natural processes, such as microbiological degradation
of certain compounds, inactivation of microorganisms
by sunlight and/or predation, photolysis of some
chemical pollutants, and sedimentation of particles
and suspended solids (and contaminants sorbed to
these particles). Cyanobacteria may be present under
favorable conditions (e.g. certain nutrient concen-
trations and climatic conditions) and their scums may
accumulate on the surface of ponds, lakes and reser-
voirs. This should be taken into consideration when lo-
cating an intake pipe (see |.7 River and lake water intake).

Health and environmental aspects/Acceptance
Ponds, lakes and reservoirs should be protected
from contamination by preventing open defecation
and discharges of inadequately treated wastewater
through improved sanitation management measures.
Establishment of riparian buffer zones (strip of vege-
tation between the land and water body) can help
reduce the impact of contaminated surface run-off,
and restricting water body uses can reduce the im-
pacts of potentially contaminating activities (e.g.
bathing, washing, fishing, boating, etc.). Due to the
risk of contamination, surface water should always be
treated (see System 4 Freshwater sources and System 7
Groundwater subjected to geogenic contamination).

The presence of cyanobacteria may result in taste
and odour issues, as well as the presence of potentially
harmful toxins. Stagnant water can be a potential
mosquito-breeding site.

Accumulation of sediment may be an issue over
time which requires management. These sediments
may contain harmful microorganisms, metals and nu-
trients and certain climatic events can trigger a release
of these contaminants from the sediment to the upper
water columns, potentially causing a spiked deteriora-
tion in water quality and triggering cyanobacterial
blooms.

Constructing a dam has major impacts on people
living downstream of the river as well as aquatic
organisms, plants, and domestic and wild animals. Bio-
diversity can be adversely (and sometimes irreversibly)
impacted by the construction of dams. These impacts
on people, aquatic organisms, and ecosystems should
be assessed during the planning phase. Even for small
dams, construction and planning should be controlled
by respective authorities.

® Advantages

« Lakes and reservoirs can provide year-round
sources of freshwater that are easy to access

« Except during rain events or storms, water
turbidity is often low at a certain distance from
the shore

Part 2 — Technology information sheets — Source

= Disadvantages

High contamination levels

Deterioration in water quality after rain events
(e.g. run-off containing microbiological
contamination, turbidity)

High water loss due to evaporation

Stagnant water sources are potential mosquito
breeding sites

Might be difficult to obtain authorization to build
a dam; high construction and maintenance costs
Risk of cyanobacterial growth, which may affect
water quality

Often used for fishing, domestic (e.g. washing,
bathing), and recreational activities (e.g. swim-
ming, boating), which poses a risk to water quality

References and further reading materials can be
found on page 206.
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m Brackish water, seawater

Applicable to systems Management level
9 - -

Local availability

Technology maturity level

Seawater comes from seas or oceans and has a
high salt content. Brackish water is less salty
than seawater but, compared to freshwater, has
a salty taste and cannot be used directly for
drinking-water purposes.

Seawater has a salinity of about 3.5%, meaning that
every litre of seawater has 35 grams of dissolved salt
(mainly sodium and chloride ions). The content of
salt and other minerals in water sources is typically
described in terms of the concentration of total dis-
solved solids (TDS). This gives seawater a TDS concen-
tration above 35000 mg/L, as compared to freshwater,
which generally has a TDS concentration of less than
1000 mg/L. Brackish water forms by the mixing of
freshwater with seawater and is characterized
by TDS concentrations between 1000 to 10000 mg/L.
Brackish water can be found in estuaries (i.e. the inlet
of a river into the sea or ocean) or aquifers. Brackish
water can also be found inland in surface water
(where there is a high evaporation rate that concen-
trates minerals in the water) or groundwater (where
rocks in the aquifer have a high mineral content that
leaches into the water).

In regions with limited freshwater availability,
brackish water or seawater is used as an alternative
water resource. To remove the high salt content from
these sources, “desalination processes” must be applied
(see T.5 Desalination). Common desalination techniques
include thermal distillation (see T.5.1 Membrane distil-
lation) and membrane separation (see T.5.2 Reverse
osmosis). Using these technologies, salt water is con-
verted into freshwater with very low concentrations of
salt and other minerals. The removed salt and minerals
are concentrated in a waste stream (“brine”).

Applicability and adequacy

Brackish water is sometimes used directly by com-
munities that have no other alternatives. Seawater needs
to be desalinated. Freshwater produced by thermal
distillation and membranes is very pure and contains
low concentrations of dissolved salts and minerals,
such as calcium, magnesium, sodium, and chloride
(TDS <50mg/L). This very pure water is commonly used
for industrial or research applications. When producing
drinking-water, certain minerals might be re-added (re-
mineralization) to the purified freshwater to improve the
taste and reduce corrosion in pipes, fittings, and tanks.
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The use of brackish or saltwater as a source may be
limited since desalination technologies require high
amounts of energy. The treatment of seawater is more
expensive than brackish water due to the higher TDS
content. Additionally, brine disposal can be expensive.
The total costs vary with the size and type of desalina-
tion system, the source water quality, and local energy
costs, but overall costs to produce freshwater from
saltwater are generally higher than making use of
other water sources.

Health and environmental aspects/Acceptance

In addition to salt, brackish or seawater sources may
contain harmful microbial and chemical contaminants,
depending on local activities (e.g. discharge of human
or industrial effluents). Contamination from marine
cyanobacteria/algae may also impact source water
quality. As such, treatment is needed prior to human
consumption (see System 9 Desalination of brackish and
salt water). For further information on drinking-water
quality considerations for salt water, refer to WHO (2011)
Safe drinking-water from desalination.

Desalinated water with a very low TDS content can
taste unpleasant, which can result in low acceptance
by consumers. The brine has very high salt concentra-
tions and needs to be disposed of in such a way as to
minimize environmental impacts. Options for brine
disposal include discharging into the sea or ocean (in
coastal areas), injection to a saline aquifer, or evapora-
tion to produce solid salts. Because brine has a higher
density than seawater, upon discharge into the ocean,
appropriate measures (e.g. discharge only during
strong sea currents or through nozzle diffusers) are
needed to avoid the development of salty layers on
the sea floor near the brine outlet, which negatively
affect marine life. Any brine disposal must be in line
with local environmental regulations and appropriate
environmental impact assessments.

® Advantages
« Abundant water source, easy to access if coastally
located

> Disadvantages

« High treatment and energy costs for freshwater
production and brine management

« Re-mineralization of produced freshwater might
be necessary

- References and further reading materials can be
found on page 206.
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In all improved water sources, water is collected from
the source through an intake or withdrawal system.
For each water source, there are various intake
systems available. Some intake systems also act as a
reservoir for storing water or provide a certain level of
treatment.

This section describes intake systems that can be
used for drinking-water supply, and it covers:

I.1 Roof water collection system
I.2 Rainwater catchment dam

1.3 Sand/subsurface storage dam
I.4 Protected spring intake

I.5 Protected dug well

1.6 Protected borehole

I.7 River and lake water intake
I.8 Riverbank filtration

I.9 Seawater intake

Rainwater collection systems differ depending on
whether water is collected from the roof (1.1 Roof water
collection system) and used as a supplementary water
source during the rainy season or where water is collect-
ed from a larger catchment dam and itis used as a year-
round water supply. Rainwater and/or surface water
can be stored in a catchment dam (1.2 Rainwater catch-
ment dam). Sand or subsurface storage dams (1.3 Sand/
subsurface storage dam) can store and provide access
to water flowing in the subsurface. Groundwater can
be accessed at the outlet of a spring (1.4 Protected
spring intake) or by constructing a well (1.5 Protected
dug well and 1.6 Protected borehole), which is an ex-
cavated hole extending down to the water-bearing for-
mation. This hole should be supported (and protected
from contamination) by a lining (for a dug well, 1.5 Pro-
tected dug well) or a casing (for a borehole, I.6 Protect-
ed borehole). A variety of construction methods exist for
building wells, the choice of which depends on soil
characteristics, required depth and capacity, and the
availability of tools and skills. Dug wells use traditional,
simple, and widely accepted technology, which is
generally lower in cost than drilled wells (“boreholes”).
Compared to dug wells, however, the construction of
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boreholes is often faster and safer, the risk of contam-
ination is lower, and deeper groundwater sources can
be accessed. Surface water intake structures vary de-
pending on if the intake needs to be protected from
rolling stones or debris (.7 River and lake water intake),
if the water level changes during the year, and if water
pre-filtration through infiltration wells is performed
(1.8 Riverbank filtration). Seawater intake structures
(1.9 Seawater intake) have to adapt to ocean dynamics
and should be designed not to harm the marine environ-
ment.

Properly constructed intake systems should both
provide convenient access to water sources as well as
protect water and its sources from contamination. See
Annex 2 for a summary of technological interventions
at the source.
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8 Roof water collection system

Applicable to systems Management level
1 Household, school, health
center, community

Local availability of technology
or components
Mostly

Technology maturity level
Established technology

Treatment

ROOF WATER COLLECTION SYSTEM

Rainwater is collected from a roof by a gutter
and stored in a tank. Ideally, it includes a filter
box to remove larger pieces of debris and a first
flush device to redirect and discharge the first
portion of roof run-off water that carries pollut-
ants from the roof surface.

The main design parameters that must be considered for
a roof water collection and harvesting system concern
rainfall quantity and pattern, roof area, run-off coef-
ficient, and storage tank volume in relation to water
demand. The amount of rainwater harvested per year
can be estimated using the following equation:

Supply (L/year) = Rainfall (mm/year) x Roof Area (m2) x
Run-off coefficient

A roof run-off coefficient is the ratio of the volume
of rainwater that runs off the roof surface to the
volume of rainwater that falls on that surface (this co-
efficient generally varies between 0.5-0.9). A run-off
coefficient of 0.9 means that 90% of the rainfall is
collected. This coefficient considers water losses due

First flush
device

Filter Rainwater |
tank

O
To disposal

TARPAULIN COLLECTION SYSTEM

to spilling, evaporation, wind, overflowing gutters,
and leaky collection pipes and first-flush devices. The
roof material also determines the run-off coefficient
to a large extent and influences the quality of the har-
vested water.

Guttering is used to transport rainwater to the stor-
age tanks and is available in different materials, such
as plastic, metal (e.g. aluminum), bamboo, wood, etc.
A gutter is fixed just below the roofline to catch rain-
water run-off.

The first rainwater can collect dust, bird droppings,
leaves, etc. lying on the roof surface. To prevent con-
tamination of the storage tank, the “first flush” must
be diverted. Roof water collection systems, therefore,
should incorporate a first-flush device. These first-flush
devices come in a variety of designs, generally consisting
of a pipe or a tank into which the first rain flush is
diverted. These systems are usually designed to collect
run-off from the first 1-2 mm of rainfall. Once full, roof
run-off flows to the main storage tank. A filter box up-
stream of the first flush device could also be used to
protect against larger pieces of debris entering the
water storage tank (e.g. leaves).
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Plastic, metal, or ferro-cement tanks or clay pots
and jars can be used to collect and store rainwater, and
these can be located either on or below the surface of
the ground. Ideally, storage tanks should provide a
continuous supply to meet the demand for water
throughout the dry season.

Applicability and adequacy

Rainwater harvesting is a flexible technology that
can be applied under a wide range of conditions to
supplement existing water resources. However, annual
rainfall should be at least 300 mm/year to make rain-
water harvesting a feasible option for supplementary
water supply. It is rarely used as a primary or sole water
source, but in such cases, large water-storage capacities
are needed and water quality needs to be maintained
over prolonged storage periods.

The capacity of the storage tank is determined by
rainfall patterns throughout the year and the size of
the rainwater catchment area (e.g. roof). Usually, the
storage tank is the most expensive component of a
roof water collection system, and the choice of tank
depends on the range and price of locally available
commercial options and the cost and availability of
building materials.

The quality of rainwater varies depending on the
harvesting method (e.g. roof material) and storage type.
Some common problems include faecal contamina-
tion from birds and small animals or from humans and
livestock (e.g. underground tanks), as well as lead
contamination from roofs or chemical contamination
from paintwork. Chemical contamination may also
arise from locally polluting activities, such as industrial
emissions, agricultural burning, and pesticide spray-

ing.

Operation and maintenance

Roof water collection systems range in size and
complexity. For larger, automated systems, some
expertise is required for set up and installation. For
low-technology systems, the operational expertise
and maintenance is minimal and can be handled by
the user. Implementing these systems should be
accompanied by appropriate user education.

Apart from droughts, the main concern with roof
water collection systems is the quality of the stored
water. The quality should be controlled by diverting
first flushes and by the occasional cleaning of the roof
and gutters. In practice, the efficiency of many systems
is greatly reduced by poorly installed or broken gut-
ters. An uneven slope of the guttering should be
avoided because of the formation of stagnant water
pools that lead to vector breeding (e.g. mosquitos).
Another typical problem is broken taps at the storage
tanks. For implementing rainwater harvesting projects,
the supplied tanks and taps must be adequate for
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their level of use. Storage tanks should be securely
covered to keep out insects, dirt, and sunlight, which
promotes the growth of cyanobacteria and algae in
the tank. Furthermore, taps should be installed above
the base of the tank to avoid discharging settled debris.

Health and environmental aspects/Acceptance

Stagnant water in storage tanks can support mos-
quito-breeding sites if the tanks are not adequately
covered.

Rainwater lacks minerals like calcium and magne-
sium, and thus lacks a particular taste. Additionally
during storage rainwater can develop undesirable taste
and odour, which may negatively affect its acceptance
as a drinking-water resource. Most common taste and
odour issues arise through small dead animals, sediments,
biofilms (“slimes”), or algal growth in the storage tanks,
which may also represent a health risk if this water is
consumed.

Where there is a risk of microbial contamination,
stored rainwater should be disinfected to inactivate
bacteria and other microorganisms when it is used
for drinking. This can either be done at the level of
the tank (e.g. by chlorination) or directly before con-
sumption using household water treatment (e.g. H.4
Chemical disinfection or H.9 Solar water disinfection).

® Advantages

« No electrical energy is required if rainwater is
collected by gravity and stored in elevated
or ground-level tanks

o Low capital and operating costs

« Long service life

« Individual household ownership and use

« Water is often available where needed

© Disadvantages

« May run dry during droughts and dry season

« High contamination risk where there is poor
operation and maintenance

« Forunderground water tanks, a pump might
be needed

« Potential breeding area for mosquitos

-> References and further reading materials can be
found on page 207.
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m Rainwater catchment dam

Applicable to systems
2,3,4,5,8

Management level
Community, centralized

Local availability of technology
or components
Yes

Technology maturity level
Established technology

Constructing a dam across a natural rainwater
catchment area, such as a valley, creates a stored-
water reservoir available for human use.

Reservoirs are built by constructing a dam across a
valley or drainage to block the flow of year-round or
intermittent run-off water from rivers, streams, or
springs to create a reservoir where water is stored.
The ideal site for a reservoir should allow for a large
volume of water to be retained with the smallest dam
possible (e.g. a wide valley that narrows suddenly).
Dams without spillways are built for relatively small
and constant stream water flow, whereas a spillway is
constructed for relatively large streams with seasonal
fluctuations. The dams are usually constructed up-
stream of all human settlements and potentially con-
taminating activities (e.g. agriculture, industry), where
possible, to reduce the potential for water contamina-
tion. After choosing a site for a dam, the height of the
dam is approximated relative to the desired water
storage volume of the reservoir and water losses by
seepage and evaporation. A guide for calculating
water storage, dam height, and thickness as well as other
important design considerations can be found in the

Food and Agriculture Organization of the United Nations
(FAO) publication Manual on small earth dams. A guide
to siting, design and construction (2010).

For small earthen dams (<3 m in height), banks can
be constructed using earth with a suitable clay con-
tent that are reinforced with masonry or concrete.
Dams >6m in height are not considered here, as they
require more complex engineering and experience.
Dams of >3 m might be required in hot climates (i.e.
high evaporation rates) with seasonal rainfall to store
enough water for the entire year.

Users can abstract water directly from the reservoir
or the water can be supplied (pumped or gravity-
driven) via steel or concrete pipes to covered stor-
age tanks or through a larger distribution system to
households. A valve is usually installed at the outlet of
the dam to control water flow in the pipes. Water from
reservoirs requires multi-stage treatment before it is
safe for consumption (see System 1 Rainwater harvest-
ing).

Applicability and adequacy
The storage capacities of dams can vary widely
depending on the water demand and the site where
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the dam will be built (e.g. site-specific geology, topo-
graphy, annual rainfall, etc.).

Water losses can occur due to evaporation and seep-
age (water loss due to infiltration through porous soil).
To prevent seepage, small reservoirs are usually lined
with concrete, mortar, orimpermeable clay.

Appropriate design, construction, maintenance, and
inspection/monitoring of the dam are essential, since
the risks to downstream populations can be consider-
able. These risks should always be considered during
planning, as well. Even for small dams, construction
and planning should be reviewed, approved, and
controlled by appropriate authorities.

The life expectancy of a properly designed earth dam
is >10 years, which can be extended through mainte-
nance and rehabilitation as needed.

Operation and maintenance

There should be standard operational procedures
in place to manage the controlled release of water
during heavy rainfall events to avoid over spilling and
the uncontrolled release of water downstream, as well
as to protect the integrity of the dam. Sediment trans-
ported by rivers or streams can also reduce the storage
volume of the reservoir and act as a sink for contami-
nants (such as microorganisms, metals, and nutrients).
Therefore, sediment should be occasionally removed.

If the water is not extracted directly by the water
users from the reservoir, a local community member
should be appointed to open and close the valves of
the dam to regulate the water flow. The outlet pipes
and valves should be checked regularly for leaks.

Routine dam integrity inspections should be con-
ducted to minimize risks from dam failure.

Health and environmental aspects/Acceptance

Generally, water quality is expected to be poor for
surface water dams and open storage facilities, such as
reservoirs, due to multiple contamination pathways.
The impact on populations and ecosystems at the
location of the dam, and upstream and downstream
of the dam, should be assessed during the planning
phase.

The stagnant water can be a potential mosquito-
breeding site. Certain fish species, such as tilapia, live
on insect larvae and could be introduced into the
reservoir to control mosquitos. However, increased
nutrient content and faecal contamination from fish
should be taken into account in such cases, as well as
the potential impact of any introduced species on
aquatic ecosystems. Water circulation (e.g. solar-
powered pumps to gently circulate water) can limit
water stagnation as well as cyanobacterial growth.

The presence of animals or improper sanitation
facilities in the catchment can lead to water contamina-
tion, and watershed protection measures are indispens-
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able for ensuring water safety for multiple uses. Fenc-
ing the dam and reservoir can prevent livestock access
and reduce the risk of faecal contamination. Water
safety plans can help to ensure adequate protections
are implemented (see X.5 Water safety planning).

® Advantages

« Reservoirs can provide year-round freshwater
storage while facilitating easy access

« Costs for constructing a small earthen dam are
usually low (locally available material)

© Disadvantages

« High contamination risk for reservoirs, which
may also be potential mosquito-breeding sites

« High water loss due to evaporation

« Authorization needed from authorities to
construct and build dams

o Possible impacts on water availability for nearby
and downstream populations; possible conflict

« Possible negative impact on the ecosystem

« High risk to downstream human safety and
property in the event of dam failure

- References and further reading materials can be
found on page 207.
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m Sand/subsurface storage dam

Applicable to systems Management level
4 Community

Local availability of technology
or components
Yes

Technology maturity level
Established technology

SAND STORAGE DAM

SUBSURFACE STORAGE DAM

Sand storage dams and subsurface storage dams
are built in arid areas to trap water during the
rainy season and store it for use in dry periods.
Sand storage dams are constructed above ground,
whereas subsurface storage dams are built en-
tirely underground.

The general principle of sand and subsurface storage
dams s similar, as both store rainwater, which can then
be used during dry seasons for various purposes (e.g.
for livestock, irrigation, domestic use, and drinking-
water).

Sand storage dams are constructed on the surface
and tap into the bed of a seasonal river. These dams
are usually only slightly higher than the upstream river
bed. During rainy periods and high river flow, sand
and soil particles are transported and deposited in
front of the dam. Run-off water is stored in these de-
posits as groundwater. Each time the reservoir fills
with sand, the crest of the dam can be raised for more
water storage. Water is commonly abstracted by scoop
holes in the riverbed, by wells, or by laying a perforat-
ed outlet pipe at the bottom of the dam that is con-
nected to a tap on the other side of the reservoir.
Protected wells with hand pumps (see |.5 Protected
dug well) are recommended abstraction structures,
since scoop holes are very susceptible to pollution from

animals and humans, and outlet pipes with a tap could
weaken the dam structure if not properly constructed.

Subsurface storage dams are built entirely below the
ground, where they hinder the flow of groundwater.
The crest of the subsurface dam is recommended to be
1m below the surface to prevent the land from be-
coming waterlogged. Water from this reservoir can be
abstracted through a protected dug well, or where
appropriate (e.g. at slopes of hills), by placing a gravity
pipeline through the dam.

The main advantage of both sand and subsurface
storage dams is that the stored water is protected
against evaporation and is naturally filtered by the
soil, which may improve the water quality. Subsurface
storage dams have less water-storage capacity com-
pared to sand dams, which can be regularly raised.
However, subsurface dams are less expensive and rel-
atively easier to maintain as compared to sand dams.

Applicability and adequacy

Sand storage dams are preferably used at sites with
steep slopes, whereas subsurface storage dams are
built in flat areas.

The thickness and height of the dams depend on
site-specific factors, such as the total streamflow of the
groundwater or seasonal river. In a first step, a trench
is dug across the river bed down to an impermeable
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and solid soil layer, such as rock. Walls are then con-
structed in the trench, and the dam is built from locally
available materials, such as blocks and stones, con-
crete, or earth.

For both dam types, wing walls, which are walls that
may be added at an angle to direct and confine the
flows, should be embedded in the river bank to pre-
vent erosion. The downstream side of the dam should
be reinforced with concrete or large boulders. Water
losses through cracks in the impermeable soil base can
occur.

The lifespan of properly designed subsurface storage
dams may be over 50 years. Sand storage dams may
require yearly rehabilitation or raising, e.g. after floods
or due to the accumulation of sediments and sand.

More information on technical design consider-
ations and the construction of groundwater dams can
be found in the Vétérinaires Sans Frontiéres publica-
tion SubSurface dams: a simple, safe and affordable
technology for pastoralists (2006).

Operation and maintenance

If properly constructed, these storage structures
require only minimal operation and maintenance
activities. The wells (see I.5 Protected dug well) and
gravity pipes should be cleaned regularly. After floods,
sand dams have to be checked for potential damage,
and any issues should be repaired immediately by
suitable technical experts.

Health and environmental aspects/Acceptance

Groundwater dams impact downstream ground-
water flow and recharge, which needs to be consid-
ered during the planning phase. Although the quality
of water abstracted from sand dams and subsurface
dams may be somewhat better than that of river water
due to natural filtration processes, some contamina-
tion is still likely, and treatment is advisable.

® Advantages

« Storage of seasonal water resources

« No loss of stored water through evaporation

« Typically better quality than surface water due
to natural filtration

« Durable and inexpensive structures can be
constructed with locally available materials,
such as earth and stone, concrete, blocks, etc.

« Little operation and maintenance required —
silting is not a problem for groundwater dams

© Disadvantages

« Construction of a dam requires expertise and
is labor-intensive

« Suitable construction sites may be far from
water users
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> References and further reading materials can be

found on page 207.
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m Protected spring intake

Applicable to systems
4,5,6,7,8

Management level
Community

Local availability of technology
or components

Yes

Technology maturity level
Established technology

Diversion ditch

Spring water collection systems are constructed
to catch spring water, facilitate its collection,

and protect it from contamination.

Depending on the type of spring (see S.3 Spring water)

the intake structures can differ.

For gravity springs, a spring box (or spring chamber)
is usually installed. Although there are many different
designs, there are a few common features shared by
most of them. Spring boxes are structures made out of
concrete, bricks, or clay. They are permeable on one
side or at the bottom to allow spring water to collect
and are watertight on all other sides. Spring boxes
with an open bottom are more typical for springs in

flat areas and are usually easier to construct.

The role of the spring box is to prevent infiltration
and mixing of surface run-off water with spring water.
As such, spring boxes should have a secure but remov-
able cover, which provides access for maintenance but
prevents rainwater or surface water from penetrating.
The spring box has an outlet pipe and an overflow
pipe with a screen to prevent mosquitos and small an-
imals from entering. Some erosion control measures
are required at the overflow pipe to protect the struc-
ture. To avoid surface run-off entering the spring box,
a run-off diversion ditch is installed, typically a few

metres upstream (upslope).
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Backfill

Large trees or other deep-root vegetation might
damage the spring box structures over time and should
therefore be avoided when construction sites are
selected. Spring boxes may be designed to accommo-
date alarge storage capacity and can thus also serve as
a storage tank. When high amounts of suspended
solids are expected to affect the spring water quality,
spring boxes can also be designed to serve as a sedi-
mentation tank.

Further detailed design, construction, operation, and
maintenance considerations on spring intake structures
are given in the Swiss Centre for Development Cooper-
ation in Technology and Management (SKAT) publi-
cation Spring catchment (Meuli C & Wehrle, 2001).

Applicability and adequacy

Spring water collection systems are simple and
robust in design and require no pump for water ab-
straction. As such, they are relatively cheap compared
to other intake technologies. Spring boxes can be built
from locally available material, such as masonry and
concrete. They can be easily modified to fit local needs
and environments or combined with other technolo-
gies, such as gravity-driven water distribution systems.

Establishing inner and outer protection zones can
shield the spring from pollution. An inner protection zone
around a spring (with a minimum radius of 15m) is

Compendium of drinking-water systems and technologies from source to consumer


https://skat.ch/wp-content/uploads/2017/01/Handbook_Volume4.pdf

recommended.? It can be formed by constructing fences
or barriers to keep away grazing animals, which can
contaminate spring water with their feces. To avoid
other polluting human activities, such as the construc-
tion of latrines, application of manures, fertilizers or
pesticides, etc. in the nearby area, extended protec-
tion zones (minimally extending to where the ground-
water is atleast 2m deep or 30 m away from the eye of
the spring) should be built.# Within the inner protec-
tion zone, only grass or other light vegetation should
be planted. Roots from trees or bushes could damage
the spring box or block pipes. However, in the ex-
tended protection zone, trees and bushes that do not
consume a lot of water are beneficial, since they pre-
vent erosion and heavy run-off.

Operation and maintenance

The infrastructure for spring water intake and
abstraction does not require significant operation and
maintenance. Regular monitoring of the intake ele-
ments as well as of the water quality should be
conducted on a routine basis.

If a decrease in water flow is observed, it is likely
that the collection system is clogged. Leaks at the
spring box or at the supply and overflow pipes should
also be identified and repaired. An increase in turbidity
during storm events could indicate contamination
from surface run-off. Sediment removal from the
spring box is required. Periodic (e.g. seasonal and after
flooding events) disinfection of the spring box may
also be required. It is advisable to measure the flow of
the spring and compare the results to the same season
in previous years to estimate the reliability of the

spring.

Health and environmental aspects/Acceptance

Springs are usually very well accepted by users. The
location, geological conditions, and protection mea-
sures in place will influence the water quality (see S.3
Spring water). Where there is a risk of microbial con-
tamination, spring water should be disinfected prior
to consumption (e.g. H.4 Chemical disinfection).

® Advantages

« Low construction costs if no pumping is required

« Protection of spring water quality

« Spring box can also provide sedimentation
basin and storage features

« Low operation and maintenance efforts/costs

o Usually well accepted

© Disadvantages

« Depending on the type of spring, the water flow
reliability will differ

Part 2 — Technology information sheets — Intake

> References and further reading materials can be
found on pages 207 and 208.

4 General guidance only. Appropriate protection distances should be
site-specific and consider local factors, including soil type and perme-
ability, depth of the water table, and the volume and concentration of
contaminants. For guidance on determining appropriate minimum safe
distances for potentially contaminating activities, refer to WHO (2024a).
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m Protected dug well

Applicable to systems
4,6,7,8

Management level
Community, household

Local availability of technology
or components
Yes

Technology maturity level
Established technology

Hand pump

Well cover

A dug well results from excavating a hole in the
ground from which groundwater can be ab-
stracted with a pump or a bucket. A dug well is
protected from run-off water by a well lining, a
platform (apron), and a well cover.

Dug wells are traditional technologies used to extract
shallow groundwater. They are often excavated man-
ually (hand-dug well) and are large enough for persons
to enter to maintain or deepen the well. Compared to
drilled wells, such as boreholes (see 1.6 Protected bore-
hole), dug wells have much larger diameters, typically
ranging from 0.8 m up to 15m. Depths range from<5m
(shallow dug well) to > 20m (deep dug well). The soil
type, diameter, and depth of the dug well determine
the amount of water available for extraction. The
deeper and wider a well, the higher the infiltration
area and therefore the greater the rate of well re-
charge.

In many rural areas, unprotected dug wells are
simple holes in the ground that can be easily contami-
nated by surface water run-off and/or excrement from
humans or animals.

Drainage channel

A protected dug well is protected from run-off water
by a well lining that is raised above ground level, a
platform (apron) that diverts spilled water away from
the well, and a cover that prevents bird droppings and
animals from falling into the well. The well head is the
visible structure at the surface that is composed of a
concrete seal, a well cover, a safe water-lifting device
such as a hand pump, and a drainage channel. Under
the well head is the well shaft and the intake area,
where groundwater can be accessed by the pump. At
least the top 3m of the well shaft should be lined to
stabilize the well and ensure that surface water cannot
penetrate directly into the well. But appropriate pro-
tection depth is site specific and normally the lining
extends between 1-4m below the water table, where
the depth achieved is dependent on how permeable
the aquifer is compared to the rate of de-watering.
Thelining also needs to be extended above the ground
level at a height that will prevent surface water in-
filtration. Common materials used to line wells above
water level are bricks and mortar or concrete blocks or
rings. The walls below the groundwater table need to
allow groundwater to enter the well and are typically

56 Compendium of drinking-water systems and technologies from source to consumer



made out of gravel, coarse sand, or porous concrete. It
is advisable to use a design that easily allows for subse-
guent deepening. For this, best practice is to make the
well shaft above the water table as a permanent lining
that does not move, with a smaller diameter telescopic
lining at the water table that can then be ‘caissoned’
(sunk while digging) into the water table. This allows
the well to be deepened more easily at a later stage.

Besides properly lining and covering dug wells to
maintain groundwater quality, protection of the sur-
rounding area is important, such as by constructing
fences to keep out grazing animals and avoiding other
human activities that may introduce contamination.
The accumulation and ponding of surface water near
the well should be avoided by mounding earth around
the well to improve drainage away from the well. To
minimize the risk of contamination, the wells should be
located away from contamination sources at a mini-
mum safe distance appropriate for the local context.?

Further detailed design, construction, operation,
and maintenance considerations on shallow dug wells
are given in the SKAT publication Hand-dug shallow
wells (Collins, 2000).

Applicability and adequacy

Dug wells are applicable in areas with suitable geo-
logical conditions. This includes settings with relatively
high/shallow groundwater tables and appropriate
substrata, such as clay, sand, gravel, and mixed soils
without large boulders and rocks.

Protected dug wells can be a valuable alternative to
unprotected water sources. They are usually not tech-
nically intensive to implement and can often be con-
structed through the involvement of the community.
For the excavation and lining of a new well, circular
well rings made of concrete are commonly used (see
Collins, 2000).

After a new dug well is constructed, it must be
disinfected with chlorine before use to remove any mi-
crobial contamination that potentially entered during
the well construction phase.

Dug wells have minimal capital and maintenance
cost requirements as compared to other types of wells.

Operation and maintenance

The communities using the wells should be involved
in their operation and maintenance. Maintenance ac-
tivities include checking the apron for cracks, improving
the yield by deepening the well or removing infiltrated
sand particles, and clearing drainage channels. Hand
pumps and other lifting devices need to be checked
regularly. The area around the protected dug well
should be kept clean to avoid any contamination. Peri-
odic (e.g. seasonal and after flooding events) disinfec-
tion of the dug well may be required (e.g. chlorination).®
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Health and environmental aspects/Acceptance

Dug wells are usually accepted, and are a traditional
method of groundwater abstraction in many areas. In
terms of risks, the collapse of well walls during con-
struction poses a significant risk. In deep dug wells,
poor air quality during construction work can also be
a risk, since the use of fuel-driven pumps for draining
the well during excavation can lead to the accumu-
lation of dangerous gases. Thus, ensure all pumps/
generators are downwind and never lowered into the
excavation.

Groundwater quality is highly dependent on local
geological conditions, well location relative to sources
of contamination, and protection measures in place.
Although groundwater is often less turbid and less
contaminated than surface water sources and is per-
ceived to be safer, this is not always the case. Where
there is a risk of microbial contamination, well water
should be disinfected prior to consumption (e.g. H.4
Chemical disinfection).

The abstraction of groundwater through wells alters
the groundwater level, and intensive extraction can
have adverse effects on nearby water security as well
as on the surrounding environment. Ensuring that ex-
traction rates do not exceed recharge rates is crucial
for a sustainable water supply. Details on sustainable
groundwater extraction, including measurement
techniques and methods for understanding the mag-
nitude of groundwater depletion can be found in the
IUCN publication Managing groundwater sustainably
(Smith et al., 2016).

® Advantages

« Low cost for construction, operation, and
maintenance

« Construction materials locally available

« High acceptance

© Disadvantages

« Long construction phase

« Excavation can be dangerous
(collapsing of well walls)

« Fluctuations in water table affect yields
from wells

> References and further reading materials can be
found on page 208.

5 For guidance on determining appropriate minimum safe distances for
potentially contaminating activities, refer to WHO (2024a).

6 For guidance refer to Technical notes on drinking-water, sanitation and
hygiene in emergencies: cleaning hand-dug wells (WHO & WEDC, 2013).
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Protected borehole

Applicable to systems
4,6,7,8

Management level
Household, community,
centralized

Local availability of technology
or components
Mostly

Technology maturity level
Established technology

Concrete chamber

Plain casing

A borehole for extracting water is a hole that is
vertically drilled into the ground to reach
groundwater bodies. Essential components of a
borehole include a strong casing that prevents
the walls from collapsing, a screen that allows
groundwater to enter the borehole, a sanitary
seal that protects the borehole from intrusion by
surface run-off, and a manual or motorized
pump that extracts groundwater.

Boreholes further differ from dug wells in their dia-
meters, which generally vary between 0.1-0.25m.
Boreholes are typically made with hand-drilling tech-
nologies (such as hand augers, manual percussion,
sludging, or jetting) and mechanical drilling equip-
ment. Mechanical drilling technologies are capable of
drilling up to 200 m deep, while manual drilling tech-
nologies can generally only access much shallower
depths. Drilling technologies are described in detail in
the SKAT publication “Drilled Wells” (Ball, 2000) .
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Superficial deposits

After drilling a borehole, several elements must be
added before the source can be safely used, including:

« The well head and sanitary concrete seal prevent
contaminants from entering the well.

« The well casing stabilizes the well against collapse
and contamination. Steel and PVC pipes are nor-
mally used for well casings.

« The well screen holds back sediment while per-
mitting water to enter the well. When the casings
are made of PVC pipes, the pipes can be slit to
create fine cuts that can serve a similar function.

« The gravel pack between the screen and the bore-
hole is required when the soil grains are smaller
than the screen mesh.

« A manual or motorized pump is required to
abstract the water from the borehole.

Applicability and adequacy
Generally, the construction of boreholes is quicker
and safer than dug wells, but requires more expertise.
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Depending on the depth and diameter of the bore-
hole and the infiltration area of the groundwater
body, they can be designed for household, community,
or centralized supply in urban and rural areas. The life
expectancy of a properly designed boreholeis > 20 years,
which can be extended through maintenance and re-
habilitation as needed.

The quality of groundwater depends on the local
hydrogeology, its proximity to sources of contami-
nation, the adequacy of protection measures in place
(e.g. well casing, sanitary seal, slab/apron and walls,
drainage channel, fencing, etc.), and the adequacy of
the borehole’s construction. Boreholes (extracting deep
groundwater) are usually better protected from sur-
face contamination than dug wells (abstracting
shallow groundwater). Nevertheless, building a fence
and/or roof around the well head is recommended. To
minimize the risk of abstracting impaired ground-
water, boreholes should be located away from con-
tamination sources at a minimum safe distance ap-
propriate for the local context.” When choosing an
appropriate location for a borehole, the local geology
must be considered to assess if there is a risk of geo-
genic contaminants (e.g. arsenic, fluoride). In coastal
areas, saltwater intrusion can become a problem, par-
ticularly if the rate of groundwater abstraction is too
high.

Operation and maintenance

The operation and maintenance of boreholes in-
clude cleaning the apron and surrounding areas to
prevent groundwater contamination. Maintenance
and repair of the pump require training and access to
suitable tools as well as replacement parts.

Periodic disinfection of the borehole may be required,
e.g. chlorination applied seasonally and after flooding
events.8

Health and environmental aspects/Acceptance
Although groundwater is often less turbid and less
contaminated than surface water sources and is per-
ceived to be safer, this is not always the case. Where
there is a risk of microbial contamination, ground-
water should be disinfected prior to consumption.

If boreholes are drilled into aquifers containing
geogenic contaminants (e.g. arsenic, fluoride), the
groundwater requires treatment before distribution
(e.g. T.3.1 Fluoride removal methods, T.3.2 Arsenic re-
moval methods) or use (H.10 Fluoride removal filters,
H.11 Arsenic removal filters).

The abstraction of groundwater through wells alters
the groundwater level, and intensive extraction can have
adverse effects on nearby water security as well as on
the surrounding environment. Details on sustainable
groundwater extraction, including measurement tech-
niques and methods for understanding the magnitude
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of groundwater depletion, can be found in the IUCN
publication Managing groundwater sustainably (Smith
etal., 2016).

® Advantages

« Boreholes tend to be less susceptible to
contamination than dug wells

« Boreholes can be safer and quicker to
construct than dug wells

o Less maintenance of the borehole

« Simple drilling technologies are available

= Disadvantages

« Siting and drilling may require expertise and costly
equipment depending on local conditions

« Pump maintenance requires expertise/training
and access to tools/parts

> References and further reading materials can be
found on page 208.

7 For guidance on determining appropriate minimum safe distances for
potentially contaminating activities, refer to WHO (2024a)

8 For guidance refer to Technical notes on drinking-water, sanitation and
hygiene in emergencies: cleaning and rehabilitating boreholes (WHO &
WEDC, 2013).
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74 River and lake water intake

Applicable to systems
2,3,4,8

Management level
Community, centralized

Local availability of technology
or components

Technology maturity level
Established technology

Mostly

UNPROTECTED INTAKE

PROTECTED INTAKE

Screens

FLOATING INTAKE

River and lake intake structures are installations
on or in rivers and lakes, which are needed to
safely abstract water. Raw water is transferred to
a pumping station and water treatment plant.
Depending on the type of surface water, intake
structures differ.

A suitable intake location is close to the bank of a river
or lake at varying depths in the water body and in an
area that is relatively free of silt, weeds, and grass to
minimize clogging. Furthermore:

« The site should be near the treatment plant so the
cost of conveying water to the facility is minimized.

« The site should not be near orimmediately down-
stream of contamination sources.

o The intake must be located at a point from which
water can be abstracted even during the driest
period of the year, and which may permit greater
withdrawals if required in the future.

« The intake site should be accessible at all times,

and the intake structure should be constructed

such that it will be resilient to contamination and

damage if flooding occurs. Moreover, sites prone

to flooding should be avoided when siting surface

water intakes.

An unprotected river intake consists of a submerged
pipe placed on the bottom of a river channel. The out-
let of the pipe is elevated from the bottom of the river
and protected with a screen and a strainer to prevent
sand, gravel, or fish from entering the pipes. Sand can
irreversibly damage most pumps within seconds.

A protected river intake includes a number of
screens designed to keep out floating material, such as
trees and branches. The protected intake should be
elevated at least 1m above the riverbed to avoid
boulders and rolling stones. The flow at the intake
should be less than 0.1m/s to create laminar flow
conditions that reduce the drawing of silt and sedi-
ment into the intake. Inlets should always be sub-
merged at least 0.3m under the surface of the water to
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avoid the formation of vortices that lead to the suction
of air, which could affect the pump.

Floating intakes are used to abstract water near the
surface to avoid silt loads that form at the bottom of
some water sources. A flexible plastic pipe is connected
to a float (pontoon), which can be constructed by
attaching a steel or wooden frame to floats made
from empty drums or plastic containers. Screens
should be used to retain coarse material floating on
the surface, which also might clog pipes and pumps.

Applicability and adequacy

River intakes should be located upstream from in-
dustries, densely populated and extensively used agri-
culture areas, sewer outlets and wastewater discharge
points, as well as livestock watering places to reduce
chemical and faecal contamination and/or silt. Intakes
should also be located upstream of bridges to avoid
the turbulence that may be created by water flowing
past the bridge structure. The intake structures should
be stable enough to remain intact even under flood
conditions and should be designed to prevent clog-
ging and scouring. In lakes, water should be collected
at some distance from the shore to reduce contamina-
tion from human activity. In the upper layers of lakes,
cyanobacterial (algal) scums might be present, and in-
takes should be designed to prevent these from enter-
ing the system. In these situations, the capacity to have
variable abstraction heights permits the selection of a
higher quality of water from the water column.

A protected intake can minimize the risks from
fast-flowing river water that transports rolling stones
or boulders, which can damage an unprotected intake
structure. A river water intake always requires a suffi-
cient depth of water. When the natural depth of the
river is not sufficient or to cope with fluctuating water
levels, a weir (a low, submerged, dam-like structure
made of stone, concrete, or masonry) might be con-
structed downstream to ensure that enough water is
available even in dry periods.

Operation and maintenance

Regular cleaning of screens and strainers is needed
to avoid clogging surface water intakes. There should
be a responsible caretaker who checks the intake struc-
tures routinely for damage and the accumulation of
floating materials, as well as during and after critical
events, such as floods or storms. During dry phases,
periodic checks might be useful to ensure adequate
water levels and adjust as needed, such as by building
a weir.

Long periods of non-operation of the intake struc-
tures should be avoided to prevent the growth of
mussels and vegetation on the screens. Backflushing
the intake pipe may also be performed when it is
clogged. If a small weir is used to elevate the water level
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at the intake point, an accumulation of silt may occur
behind the weir, making it periodically necessary to
flush the accumulated sediments. Flexible pipes, used
for example in floating intake structures, can be moved
by storms, wind, or due to erosion and may need to be
relocated after such events.

Fencing and other measures can provide special pro-
tection of the water intake sites, as intake locations are
often remote, and animal access can also be deterred
by such measures. Where possible, polluting activities
should be restricted around the intake site (e.g. swim-
ming, use of powered boats/crafts, keeping/watering
livestock).

Health and environmental aspects/Acceptance

When a weir is built, the risk of flooding should be
considered, since even small weirs can hold large vol-
umes of water that can cause considerable damage
downstream if the weir were to fail suddenly. Surface
water quality is usually poor, and abstracted surface
water generally requires multi-stage treatment before
it is safe for consumption.

® Advantages
o Usually simple and robust structures

© Disadvantages

« Floods or human activity can damage intake
structures

« Clogging of screens and strainers can occur

« Floating objects may collide with floating intakes

> References and further reading materials can be
found on page 208.
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m Riverbank filtration

Applicable to systems
2,3,4,8

Management level
Community, centralized

Local availability of technology
or components

Technology maturity level
Established technology

Mostly

Borehole

Recharge

Riverbank filtration is a water abstraction tech-
nology that pumps water from boreholes that
are typically drilled within a few hundred metres
of the river bank. During the pumping process,
surface water is forced to pass through the
riverbed sediments. Through this filtration pro-
cess, chemical and microbial contaminants are
removed.

Most of the contaminant removal occurs in the zone
between the river and riverbed sediments (colmation
layer) due to the high microbial activity and small grain
size of sediments in this zone. This zone thereby acts as
a natural pre-filter that combines physical filtration,
adsorption, absorption, and biodegradation processes.
After these natural treatment processes, riverbank
filtrate mixes with the groundwater present in the
subsurface. As a result, water pumped from riverbank
filtration wells is generally better quality than river
water.

Riverbank filtration wells are designed vertically or
horizontally. Vertical wells are commonly used for the
extraction of smaller quantities of water and are typi-
cally located a few hundred metres from the surface
water body. They extract water with long residence or
travel times to ensure high contaminant removal effi-
ciencies. Horizontal wells (collector wells) are used for

higher extraction rates and are located nearer the sur-
face. The abstracted water has a shorter residence
time and thus can still contain higher levels of some
contaminants.

Although riverbank filtration can be effective in the
removal of many contaminants, it should be used as a
pretreatment process, and multi-stage treatment of
the abstracted water is still required for safe consump-
tion.

Applicability and adequacy

Riverbank filtration reduces the operation and
maintenance efforts for raw water filtration and clari-
fication, including reducing the demand for chemicals
used in coagulation/flocculation processes as well as
the frequency with which subsequent filters must be
cleaned/backwashed when additional filtrations steps
are used. In some cases, riverbank filtration can com-
pletely replace other clarification processes. The water
produced by this process is more biologically stable
(has less organic material) than raw surface water.
Riverbank filtration can further reduce fluctuations in
water quality and temperature across seasons and
weather events. Conversely, under certain conditions
(reducing conditions), particulate iron and manganese
can be solubilized in the subsurface, resulting in poor
removal or even increased concentrations in abstracted
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water, requiring additional treatment steps (such as
oxidation/aeration and filtration) before the water
can be disinfected and consumed.

Riverbank filtrate quality depends on many factors,
including the composition and properties of the aqui-
fer, river water quality, dilution with groundwater, the
distance of wells to the river and filtration velocity,
temperature, pumping rate, and the soil characteris-
tics in the subsurface — particularly in the colmation
layer. The efficiency of riverbank filtration is thus
dependent on local conditions, which can make it dif-
ficult to define general procedures for site selection or
general efficiencies for contamination removal.

Operation and maintenance

The level of water flowing from the riverbed and
mixing with the groundwater should be constantly
monitored to achieve sustainable water extraction.

Aquifer clogging is one of the major problems ex-
perienced with riverbank filtration. This can happen
in poorly designed systems when suspended solids
accumulate in the colmation layer and impede the
percolation of river water into the subsurface.

Health and environmental aspects/Acceptance

River water quality is usually poor, and abstracted
surface water generally requires multi-stage treat-
ment before it is safe for consumption (see S.4 Rivers
and streams)

The sustainable management of riverside ground-
water resources is crucial to prevent groundwater
exploitation and associated problems, such as saline
intrusion, land subsidence, and deteriorating water
quality. Details on sustainable groundwater extraction,
including measurement techniques and methods for
understanding the magnitude of groundwater deple-
tion, can be found in the IUCN publication Managing
groundwater sustainably (Smith et al., 2016).

® Advantages

« Cost-efficient technology

« Robust natural treatment processes that pro-
duce water of better chemical and microbial
quality, as well as better biological stability,
than raw surface water

= Disadvantages

« Risk of leaching or mobilization of aquifer
contaminants

« Applicability depends on local hydrogeology

« Clogging of aquifer

- References and further reading materials can be
found on pages 208 and 209.
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m Seawater intake

Applicable to systems Management level
9 Centralized

Local availability of technology
or components

Technology maturity level
Established technology

Sometimes
SURFACE INTAKE SUBSURFACE INTAKE
To main
process
plant
Vertical
Wet well Sand/alluvial beach well

Seawater intake structures are designed to
abstract seawater for desalination. Intake struc-
tures are categorized into surface and sub-
surface intakes that should abstract seawater
without harming the marine environment.

The optimal location and design of infrastructures for
seawater intake are very site-specific. The ocean is a
dynamic water body that has powerful waves and
changing currents that damage intake structures and
alter the quality of abstracted water. Abstracted sea-
water quality affects treatment requirements, while
the distance from the intake location to the plant
has significant economic impacts. Desalination plants
often use the existing intake structures put in place to
provide the cooling water used in power plants.
Surface intake structures collect water above the
sea bed and are mostly used by large desalination
plants with capacities >20000 m3/day. At the intake to
the plant, seawater is pre-screened by traveling water
screens, mechanical bar screens, and/or passive well
screens. The screening chamber is often located on or
near the shore, while the intake pipe can extend hun-
dreds of metres into the ocean. Open surface intake
structures can have a lifespan of 30-50 years.
Subsurface intake structures include beach wells,
infiltration galleries, and other structures located

material

below the sea bed. Intake volumes from subsurface
intake structures are generally lower compared
to surface intake structures and are thus used in
smaller desalination plants with capacities of around
4000m3/day. The lifespan of beach wells is expected to
be 15-20 years. Subsurface intakes naturally pre-treat
seawater via a slow filtration through the sea bed. The
collected water usually contains lower levels of solids,
silt, oil, grease, natural organic contaminants, and
aquatic organisms.

Applicability and adequacy

Desalination plants can impact the environment
due to the need to discharge the concentrated brines
produced in the desalination process (see System 9
Desalination of brackish and salt water) as well as due
to the potential impact of intake structures on marine
life. Organisms too large to pass through pre-screen-
ing filters and meshes (such as fish and crabs) can
become trapped on these screens by the force of the
flowing water (impingement) and can be injured or
killed as a result. Smaller marine animals can pass
through the intake screens and reach the treatment
plant (entrainment), where they will likewise be killed
by the treatment processes. Impingement and entrain-
ment primarily occur with surface intake structures.
Passive screens with slow-flowing water and thus little
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force and/or additional measures such as fine mesh
screens or fish buckets, can be implemented to pre-
vent impingement and entrainment.

Subsurface intake structures, such as beach wells,
need a minimum sustainable sea bed sediment layer
through which natural filtration is accomplished.
Beach erosion can remove the filtration layer over
time, thus reducing the long-term well performance
and lifespan of the intake structure. Therefore, loca-
tions where there is a potential for beach erosion in
the vicinity of the intake wells should be avoided.

Operation and maintenance

The operation and maintenance requirements of de-
salination systems depend on the type of intake system.
Surface intake screens need periodic cleaning with air
to prevent solids from clogging the screen surface. The
maintenance for subsurface intakes generally requires
more effort (in terms of both finances and time). Yields
from beach wells may diminish over time due to scaling
of the well collectors caused by the precipitation of ions
or bacterial growth. All well types require periodic
cleaning, which can be achieved using weak acids, air or
water surging, or sonic disaggregation and redevelop-
ment. Infiltration galleries accumulate fine particles on
the surface of the filter beds that impact intake capacity.
The upper portions of the filter bed need to be periodical-
ly removed by dredging or replacing the upper portion
of the filter bed media.

Health and environmental aspects/Acceptance

Subsurface intake designs can have potential nega-
tive impacts on nearby fresh groundwater aquifers. If
the coastal aquifer from which seawater is drawn is
hydraulically connected to a freshwater aquifer, the
removal of large seawater volumes may lower the
water levels and thus the production capacity of the
connected freshwater aquifer.

Abstracted seawater is usually pre-treated (coa-
gulation and filtration or membrane filtration) after
intake to remove organic and particulate matter that
will interfere with the desalination process (see T.5 De-
salination). Further, a disinfectant is applied to reduce
microbial pathogens in the treated water.

Surface structures:
® Advantages
« Provide larger volumes of water at lower cost

« Not dependent on coastal geology

© Disadvantages
« Impingement and entrainment risks are high
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Subsurface structures:

® Advantages

Natural filtration of seawater, less pretreatment
required

No impingement and entrainment effects on
marine organisms

> Disadvantages

Potential negative effects on nearby freshwater
sources

-> References and further reading materials can be

found on page 209.
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Abstraction entails the capture and removal of raw
water from a source and requires the availability of
energy for subsequent transportation of the water to
treatment plants, storage tanks, or distribution net-
works.

This chapter describes different abstraction methods,
equipment that may be required, and associated energy
sources that are commonly used.

Humans have used pumps for thousands of years.
Over time, a wide variety of pump technologies have
been introduced and evolved, though many of the
ancient systems are still in demand today because of
their distinct advantages in certain situations.

Major technological developments in pumping
systems occurred around the time of the industrial re-
volution, and then again with the proliferation of
cheap power from electricity grids. Even with these
advances, the need for a reliable, high-quality water
supply and the limited availability of electricity, en-
gines, and fuel in some locations has necessitated the
extensive implementation and development of manu-
ally operated pumps. Overall, a wide variety of pump
types are commercially available - each developed to
provide specific operational advantages.

Pumps are often categorized based on the method
by which energy is added and the way in which the fluid
moves through the pump. Three broad categories
exist: impulse (A.1 Hydraulic ram pump), positive dis-
placement (A.2 Piston/plunger suction pump-A.7 Rope
and washer pump), and velocity pumps (A.8 Radial flow
pump and A.9 Axial flow pump). Different sub-types
are also described in this section.

A.1 Hydraulic ram pump

A.2 Piston/plunger suction pump
A.3 Direct action pump

A.4 Piston pump; deep well pump

A.5 Progressive cavity pump;
helical rotor pump

A .6 Diaphragm pump
A.7 Rope and washer pump
A.8 Radial flow pump

A.9 Axial flow pump

A |Abstraction

Additionally, a range of energy sources available
to drive the transportation of water from a source to
a distribution network, treatment works, or storage
facility is also discussed:

A.10 Gravity

A.11 Human powered
A.12 Wind

A.13 Solar

A.14 Electric

A.15 Internal combustion engine —
diesel and petrol

The type of water source (e.g. surface water,
groundwater, seawater), the quantity required, geo-
graphic considerations, and the availability of grid
power or fuel all influence the decisions behind what
type of pump and energy source should be employed.

For elevated water sources, such as an upland river
or spring, the force of gravity can be used to transport
the water through pipelines to storage tanks, treat-
ment facilities, or directly to consumers.

For groundwater or surface water at elevations
lower than the treatment works, storage facilities, or
consumers, pumping is required.

Electricity and diesel are efficient traditional energy
sources to abstract and convey raw water over long
distances. When a local functioning electricity net-
work is available, electric motors are preferable to in-
ternal combustion engines (diesel or petrol) because
electric-powered pumps are easier to operate and
maintain than engine-powered installations. Also, the
high cost of fuel renders engines less favorable.

Alternatives such as solar, wind, and manual effort
should also be considered, since they do not require
any ongoing energy costs. Wind power is a good
choice in locations where wind is constantly available
throughout the year with average wind speeds greater
than 2.5m/s. However, when large quantities of water
are required, wind power and manual effort might not
be sufficient. Solar power can be an efficient alterna-
tive in remote areas with abundant sunshine, where
fuel is expensive, or where grid electricity is not avail-
able. On one hand, it is important to note that solar-
and wind-powered systems require a greater initial
capital investment and more specialized technical skills
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for maintenance compared to electric and diesel-
powered pumps. On the other hand, they may be
more cost effective over time, since there are fewer on-
going costs and can therefore be paid back relatively
quickly. Also, due to the inherently intermittent nature
of energy availability with wind or solar, provisions
usually need to be made for water storage.
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B Hydraulic ram pump

Applicable to systems
3,5,6

Management level
Community with appropriate

Local availability of technology
or components

Technology maturity level
Established technology

technical support/ Sometimes
centralized
Tank
Water treatment
if needed
Delivery pipe
Hydraulic A R R R R
Raw water source rampump L eeece .

Feed pipe

Impulse or hydraulic ram pumps are designed
to reliably provide pressurized water from an
existing source with little or no energy input. A
hydraulic ram pump uses the velocity of an ex-
isting flow (e.g. a nearby river) and a difference
in height to create a pressurized flow.

The pump, which is located at a lower level, uses a series
of one-way valves and a compressible pocket of air to
harness the energy (or impulse) of the flowing stream
of water. The flowing water compresses the air pocket,
which in turn forces a small amount of water through
the pump discharge at a higher pressure, allowing
water to be lifted to a level higher than the water source.

Hydraulic ram pumps can operate using only a dif-
ference in water level and pump location. Water can
be pumped up to 40 times as high as the available
height difference between the water and the pump
installation, though only a small portion of the total
amount of water entering the pump can be delivered
to the outlet. The amount of water that can be deliv-
ered is governed by the ratio of the input and delivery

Air chamber

pipe

.
-
]
]
Q.

Check

2 pipe valve

.
Delivery ]
L]
.
.

levels above the pump. Performance tables for ram
pumps are usually provided when a unit is purchased.

Hydraulic ram pumps require a reliable source of
water (drive water) and a site suitable for pump instal-
lation that is below the level of the water source. The
minimum amount of drive water required is 0.12 to
0.17 L/sec for small pumps, and the minimum working
fall (minimum height difference between the source
and the pump) is 1m.

Applicability and adequacy

Hydraulic ram pumps are mostly suitable for hilly or
mountainous areas where the water source is situated
lower than the desired point of use for communities.
Usually streams, rivers, or springs can be used as a
water source to operate a ram pump. Sufficient flow/
capacity in the water source must be carefully consid-
ered, since much of the water volume delivered to the
pump is used to power the pump and is returned back
to the water source below the pump. In practice, only
around 10% of the total volume available in the source
is pumped to higher elevations.
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Operation and maintenance

Hydraulic ram pumps can operate 24 hours a day,
7 days a week for many years with no external power
and little maintenance as long as sufficient water is
available to drive the operation. Hydraulic ram pumps
have to be started manually by repeatedly opening
the impulse valve until the pump continues to operate
by itself. The weight or spring tension on the impulse
valve has to be adjusted to achieve the correct fre-
qguency for automatic operation, which can be prob-
lematic when the delivery pipe is still empty. In most
cases, some manipulation of the main valve will also
be required during starting. The owner’s manual will
usually adequately describe the procedure for starting
and stopping the pump.

Parts which may require periodic checking and
maintenance include the main valve, check valve, and
spring. Depending on the design and quality of the
placement, even as often as once a year. It is recom-
mended that the performance of the ram pump be
checked on a monthly basis. Inlet filters on the feed
pipe may require daily or weekly checks and cleaning,
depending on the quality of the available water. If a
feed well is part of the system (strongly recommended),
floating particles should be removed weekly. The feed
well will also require manual cleaning when sludge
build-up approaches the level of the inlet of the feed
pipe.

Since a water hammer puts considerable stress on
the main housing, pipe system, and seals, care should
be taken to fit the system exactly as recommended by
the supplier. For proper performance and high effi-
ciency, the feed pipe and the pump housing have to be
rigid. Sturdy platforms for the ram pump improve the
performance and ensure a long, trouble-free service
life.

Health and environmental aspects/Acceptance

As the system runs on renewable energy, environ-
mental impacts are negligible. There is also little pos-
sibility of injury to operators. Hydraulic ram pumps
often pump from surface water sources, which are
likely to be contaminated. Thus, the water requires
treatment.

® Advantages

« Requires no electricity or fuel

« Robust, due to few moving parts, and easy
to maintain under local conditions

© Disadvantages

» Requires natural elevation difference of Tm or
more between water source and pump position

« Has low output volumes (typically 1-3 L/sec)
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.02 Piston/plunger suction pump (Positive displacement pump)

Applicable to systems
1,3,6,7

Management level
Household/school/

Local availability of technology
or components

Technology maturity level
Established technology

(for water lifts up to 7m) neighborhood/community/ Sometimes
health center technical
support required
PISTON PUMP OPERATION PISTON PUMP
Pump rod g
Piston valve
Spout /
I v - D Handle
ﬁ Apron N Foot valve

TREADLE PISTON PUMP

=)

Treadles

Suction pipe

Piston/plunger suction pumps are a type of
positive displacement pump, which displaces
a fixed amount of water per cycle. Within this
category, piston/plunger pumps are unique in
that they function through a sliding seal within
a cylinder, which is moved up and down (recip-
rocating action) to in turn force water through
one of the two non-return valves — these are
usually located within the pump head itself.
This action creates a vacuum in the suction
pipe, and atmospheric pressure on the water
outside then pushes the water into the pipe.

Piston/plunger suction pumps are the only positive
displacement pumps that usually have all of their

Surge chamber

ROWER PISTON PUMP

Plastic
cylinder

Piston valve

Foot valve

Suction pipe

working parts above ground and where suction is
used to lift the water. They can be both manually
operated (by hand or foot) or mechanically-operated.

Once water is in the suction pipe of these pumps,
there is a maximum height to which it can rise, which
depends on atmospheric pressure. Theoretically, the
maximum would occur when the weight of the atmo-
spheric pressure pushing water up the pipe is equal
to the weight of water in the pipe (i.e. 10.34m)
However, in reality, imperfect suction conditions and
energy loss due to water movement in the pipe
means that at sea level, this is more likely to be a
maximum of around 7 m, and at higher altitudes, this
will be even lower (e.g. to around 4.5m at an altitude
of 2400 m).
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Suction pumps usually need to be primed to create
avacuum —this involves pouring water into the cylinder
to create an airtight seal between the piston seals and
cylinder. Having a non-return foot valve at the other
end of the suction pipe helps to hold water in the pipe
once it has entered. Leaking foot valves might require
regular priming when the pump is emptied.

There are different varieties of this pump for both
irrigation and drinking-water supply. Pumps meant
forirrigation tend to be designed such that pumping
occurs with the larger body parts that will not fatigue
as quickly during prolonged pumping (such as the legs
or back), and this resultsin a higher flow rate (between
3000-4500L/h or 0.83-1.25L/sec at 5m depth) com-
pared to non-suction types (2500-3000L/h or 0.7-
0.83L/sec at the same depth).

Applicability and adequacy

Manually operated suction pumps can typically
supply water to small communities of 50-100 people,
although they also often exist at household level in
different contexts. Mechanized suction pumps some-
times serve communities of up to 1000 people at rates
of 25L per capita per day.

Since this type of pump operates using suction lift,
it is only suited for areas with a shallow water table.
However, within this context, it can be useful in situa-
tions where an offset pump is needed (e.g. abstracting
water from a riverbed well that is laterally offset below
the river sand surface) or where the required water
quantity is high (e.g. where water is used for produc-
tive use, such as irrigation).

Operation and maintenance

Piston/plunger suction pumps are relatively easy to
maintain, since all of the moving parts are above ground
level. In contrast to other pump types, piston/plunger
suction pump maintenance can normally be done by a
village caretaker or by the users themselves, requiring
only simple tools, basic spare parts, and materials.

The basic skills needed for preventive maintenance
(e.g. greasing, dismantling the pump stand, and re-
placing spare parts) can be quickly taught to pump
caretakers. For major repairs, such as a broken riser
pipe and cracks in the welding of metal parts, skilled
technicians and specialized tools and materials would
be required.

The parts that periodically require replacement are
the valves and piston seals. Beyond this, little mainte-
nanceis required on the pump itself. This type of pump
can have either plastic or metal for both the cylinder
and suction pipe. Experience has shown that corrosion
is more likely occur where metal components are used
in conjunction with groundwater with a less than pH 6.5,
which in turn means more frequent replacement of
affected parts — especially pump rods and pipes.
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Health and environmental aspects/Acceptance

There can be health concerns with water quality
with this type of pump, as the water source may be
contaminated if dirty water is used for priming.

Chemical water quality has also been an issue in
some metal pumps — when groundwater is less than
pH 6.5, it becomesincreasingly likely thatiron from the
pipes can dissolve into the water. The presence of lead
is also a risk when it is used for the weighted non-re-
turn valve as part of soldering or from where it has
been combined to make brass fittings — lead is found
to leach out in water with both a low or neutral pH. In
some cases, this means a direct health risk (for lead) or
indirect health risk (for iron, which can cause or exac-
erbate the effect of iron-related bacteria that cause
taste and colour problems to the point where people
might choose a microbiologically unsafe but aestheti-
cally more pleasing water source).

® Advantages

« Has well-proven and robust design

« Has few moving parts, which are all above ground;
therefore, low operation and maintenance

« Issimple to maintain under local conditions

« Is good for offset pumping situation

© Disadvantages
 Has risk of contaminating the water source
during priming
« Has maximum pumping lift of approximately 7m
at sea level (less at higher altitudes)

> References and further reading materials can be
found on pages 209.
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m Direct action pump (Positive displacement pump)

Applicable to systems
1,3,6,7

Management level
Household/school/

Local availability of technology
or components

Technology maturity level
Established technology

(for water lifts up to 15m) neighborhood/community/ Sometimes
health center; technical
support required
Handle
S| t
pou Pump stand

Apron

Borehole —

—

Cylinder —

Piston valve —
Grapple —{__|

Foot valve guide \

Foot valve /

Direct action pumps are a type of positive
displacement pump, which displaces a fixed
amount of water per cycle. Within this category,
direct action pumps are unique in that water is
lifted or displaced directly by the user without
additional levers or bearings (meaning mainte-
nance requirements are less). Additionally, the
below-ground components are mostly made
from plastic, which makes them corrosion re-
sistant and easier to handle.

Direct action pumps are operated by hand. They func-
tion through users lifting and displacing the water
column directly in a reciprocating manner —this causes
water to move into the pump head on both the up-
stroke and downstroke. This is made possible by two

Standing plate

| _— Pump rod

Functionality of the pump

..........................

non-return valves, one at the bottom of the outer pipe
and the other at the bottom of the inner pipe. Two of
the main types of this pump are the Tara and Canzee
pumps, both using two non-return valves. However,
the Tara uses an inner pipe that is hollow and sealed,
which makes it buoyant. It also has a piston (with inte-
grated non-return valve) that seals against the outer
pipe such that the outer pipe acts as a cylinder. In con-
trast, the Canzee pump allows water to enter both the
inner and outer pipes, and there is no piston or cylinder
— rather water lubricates the two pipes. For the Tara
pump, because the inner pipe is buoyant, less effort is
needed on the upstroke and more on the downstroke,
whereas with the Canzee pump it is the reverse. The
installation of direct action pumps is simple and does
not require lifting equipment or special tools.
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Applicability and adequacy

Direct action pumps are installed on boreholes of
limited depth (generally up to around 15m). Because
the water column is lifted directly, pumping water
from deeper depths is not feasible —the only way to do
that is to reduce the weight of water in the pipes
through modified pipe design. These pumps can ab-
stract water at rates between 0.25-0.42L/sec from
depths of around 12m.

Direct action pumps are more cost effective than
deep well hand pumps for medium lifts, and the con-
figuration also provides protection against bacterio-
logical contamination. They can be used as a “commu-
nity” installation for up to 300 users.

Operation and maintenance

For the Tara pump, the buoyancy of the pump rod
simplifies pumping operation. Any direct action pump
can be easily operated by both adults and children if
the water table is less than 5m below the surface. How-
ever, children may experience difficulty in operating
the pump with depths of greater than 5m.

Operation and maintenance are easier for direct
action pumps than deeper well pumps. This is because
these pumps lift water directly using no levers or bear-
ings, which are used by deeper well pumps - resulting
in fewer pump maintenance issues in comparison.
Also the use of plastic pipes and fittings means that
extracting pipes is easier and more straightforward
than for metal pipes — for the Tara pump, the foot
valve can actually be removed without removing the
outer pipe. Additionally, some of the parts can be
manufactured locally (e.g. the valve washers for Canzee
pumps can be made from inner tubes), which can
improve sustainability. Another factor that reduces
maintenance is the fact that pump rods and rising
mains are made from plastic, making these pumps
resistant to corrosion by groundwater with a low pH —
this means less repair and replacement of compo-
nents is needed.

This mechanical simplicity, low cost, and corrosion-
resistant lightweight construction therefore makes it
possible for a large part of the operation and mainte-
nance to be carried out at the village level, and it
usually only requires one or two people. Maintenance
is relatively simple and can be quickly taught to users
or caretakers.

Annually, the pump should be dismantled and
checked. Small repairs that may be required include
replacing worn seals, washers, and foot valve compo-
nents, and replacing corroded lock nuts. Skilled per-
sonnel are required to carry out major repairs, such
as repairing a broken pump rod or riser pipe or cracks
in the welding of metal parts. Broken or damaged
handles are also known to occur from time to time.

Part 2 — Technology information sheets — Abstraction

Health and environmental aspects/Acceptance

When correctly installed and maintained, direct
action pumps do not pose any risk of microbial con-
tamination of the water source. Additionally, there is
little risk of injury while carrying out operation and
maintenance tasks.

One issue with direct action pumps is the risk of
over-exertion or injury, since water has to be lifted di-
rectly. For this reason, long pumping times are not
suitable.

® Advantages

« Operates where there is limited or no access
to electricity or fuel

« Has well-proven and robust design

« Requires few moving parts, and those are
easy to maintain under local conditions

« Provides relatively easy access to pipes and
valves below ground

« Largely eliminates risk of water-source
contamination and part corrosion by
the material specification and the design
of the pumps

« Isrelatively cheap and easy to manufacture

© Disadvantages
« Serves only small communities
+ Islimited to 15m of operating lift
« Can be physically strenuous to operate,
especially for children or the elderly

> References and further reading materials can be
found on page 210.
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W8 Piston pump; deep well pump (Positive displacement pump)

Applicable to systems
3,4,6,7

(for water lifts of 2-30m;
maximum 60 m under
practical considerations)

Management level
Household/school/
neighborhood/community/
health center; technical
support required

Local availability of technology
or components

Local production is possible but
requires a good industrial base.

Technology maturity level
Established technology

Spout

Pump head Handle

Head flange

| Water tank
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| __— Pump stand
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Plunger rod —
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Deep well piston pumps are a type of positive
displacement pump, which displaces a fixed
amount of water per cycle. Within this category,
deep well piston pumps are unique in that water
is lifted from deeper depths with the help of
additional levers or gears.

Most deep well piston pumps are lever-action hand
pumps, but flywheel action designs also exist. The
pumping motion performed by the user at the pump
stand is transferred to the piston by a lever and a series
of connected pump rods inside the riser pipe.

Non-return valves within the cylinder ensure water
is lifted in the rising main. The cylinder is usually 15-45m
below the ground, though up to 90m is possible.
These pumps typically yield 0.3L/sec at lower lifts
and 0.2 L/sec when installed at the full depth of 45m.
Deep well pumps can work at shallower depths, but
some designs that rely on the weight of the pump rods
for the downstroke (e.g. India Mark pumps) may not
perform as well.

Riser pipes can be manufactured from galvanized
iron or unplasticized PVC (uPVC). The connecting rods
are usually plain mild steel, and the foot valves and
plungers are usually brass or plastic.

Cement concrete foundation

|~ Socket

—

[~ Rising main

| Piston valve
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Applicability and adequacy

Deep well piston pumps are manually operated
pumps that are extensively used in many low-income
countries in Asia and Africa. They are ideal for lifting
water from boreholes or dug wells where the water
table is beyond the reach of suction and direct action
pumps and where the option of electrical or fuel-pow-
ered pumps is not viable. Several designs are approved
and promoted by international organizations, and
many have been installed since the 1980s.

Most deep well pump installations are too expen-
sive for single-family use, so it is usually necessary
that communal level installations be considered. In all
likelihood, this will require investment by an external
organization, such as a government department or an
non-governmental organization (NGO).

Operation and maintenance

As the mechanism for moving the water is located
below the water table, no priming is required. How-
ever, considerable effort is required to operate such
pumps. Therefore, the pumps are usually operated by
adults, and in some cases, two people operate them
jointly. It is important that the pump stand and site be
kept clean to avoid contaminating the water source.
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Most pump cylinders now have an open top. This
allows the piston and foot valve to be removed through
the rising main for servicing and repairs, while the ris-
ing main and cylinder stay in place. In this case, the rising
main has to have a large enough diameter to allow the
piston and foot valve to pass, which can increase the
pipe weight. This has been solved using plastic pipes
for the rising main (e.g. India Mark 3 pump or Afridev)
and by doubling up the casing to act as rising main at
the same time (e.g. Blue Pump for a new borehole). In
contrast, where cylinders are larger than the rising
main (i.e. not open top, as with the India Mark 2 pump),
removing a piston or foot valve requires removing the
whole rising main pipe.

Pump rods have special connectors that allow them
to be assembled or dismantled using simple tools. The
connecting joints sometimes incorporate pump rod
centralizers that prevent wear of the rising main.

Maintenance and repair can be carried out by skilled
technicians. For preventative maintenance, usually only
one or two people are needed, though this depends
on the pump type. For example, older versions of such
pumps often require specialized teams and lifting
equipment for installation and removal. On the contrary,
more modern versions usually do not require any spe-
cial skills or equipment, and to a large extent, improved
models of such pumps can be maintained largely at
village level with only minimal technical support.

For common pump models, the availability of spare
parts depends on the context — sometimes they are
locally available, and sometimes not. The maintenance
frequency can also depend simply on the quality of
local pump parts, which might not be as good of a
quality as elsewhere, even when the pump design has
been standardized.

Daily maintenance activities consist of checking the
pump performance and the quality of the water as well
as tightening bolts that may have worked loose. Parts
that might require periodic replacement are washers,
plunger seals, and foot valve parts. Minor repairs may
also include straightening bent pump rods and replac-
ing corroded lock nuts. The pump should be dismantled
and checked on an annual basis.

Due to the increased forces when pumping from
greater depths, these pumps are prone to more technical
failures. In certain settings, breakdowns can be expect-
ed every three to four months (e.g. for India Mark and
Duba pumps) or monthly (e.g. for Afridev). The pump
design can help them to function much longer between
breakdowns (12-36 months for the Blue Pump). The
most common technical challenges include failed plung-
er seals, hook-eye connectors, or lever handle bearings
as well as the corrosion of metal components.

Skilled assistance will be required to carry out major
repairs, such as attending to broken pump rods, riser
pipe damage, or cracks in the welding of metal parts.

Part 2 — Technology information sheets — Abstraction

Health and environmental aspects/Acceptance

When correctly installed and maintained, the pumps
do not pose any risk of introducing microbial contami-
nation to the water source. One health issue is the
possibility of over-exertion, even where the pumps
provide mechanical assistance.

Chemical water quality can become an issue with
some metal pumps — where groundwater is less than
pH 6.5, it becomes increasingly likely that iron is
dissolved into the water from the pipes. Lead can also
leach out from certain welds and fittings regardless of
pH (see A.2 Piston/plunger suction pump), both caus-
ing indirect health risks.

® Advantages

« Has self-priming pumps

« Has a well-proven and robust design, suited to
many users

« Mostly eliminates water-source contamination
and part corrosion because of the material
specification and the design of the pumps

o Can manually lift from deeper depths

= Disadvantages

« Manually operated pumps can only serve small
communities

« Is difficult and time consuming to operate
hand pumps with a lift of more than 10m

« Have more mechanical failures due to higher
lifting forces

« Is more difficult to access the piston/valves on
some designs

« Has greater operation and maintenance
requirement than other hand pump types

-> References and further reading materials can be
found on page 210.
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V<1 Progressive cavity pump; helical rotor pump (Positive displacement pump)

Applicable to systems
1,3,4,6,7,8
(for water lifts of 2-300 m)

Management level
Community, technical
support required

Local availability of technology
or components
Well-proven and robust motorized

Technology maturity level
Established technology

system used in suction pumps as well
as in submersible pump systems;
available from renown international
pump suppliers

Drivebelt pulleys

Drivehead

Borehole casing

Rising main

Foot valve
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Progressive cavity pumps are a type of positive
displacement pump, which displaces a fixed
amount of water per cycle. Within this category,
progressive cavity pumps are unique in that
water is lifted using a helical rotor rather than a
reciprocating piston.

These pumps are extremely versatile and can be used in
many different pumping applications. Most progressive
cavity pumps are motor driven, although manually oper-
ated versions also exist. They are often also referred to as
“mono pumps”.

Due to their design, helical rotor pumps are suitable
for installation both above ground and in boreholes.
Previously, the drive mechanism for a helical rotor pump
was situated at ground level and connected to a drive
shaft (either through a V-belt or a geared drive head),
though now an electric motor is more commonly close-
coupled to a short section of flexible drive shaft within

Discharge pipe

Drive shaft

Stabilizers

Pump element
(steel rotor in a rubber stator)

the borehole. The drive shaft is connected to the metal
rotor that rotates, causing it to seal against the flexible
rubber stator. This forms sealed cavities that move the
water to the discharge of the pump. Fluid is moved at a
steady rate that is determined by the rotation speed of
the pump. This results in a fairly stable flow, regardless of
the head (the pressure being pumped against, measured
in metres) that must be overcome. This type of pump is
capable of pumping to extremely high elevations.

Progressive cavity pumps can operate over a wide
range of depths up to 300m with flow rates up to
50000L/h (13.8L/sec) at low heads.

Forthe most part, the liquid being pumped acts as the
lubricant between the rotor and stator. For this reason,
"dry running” must be avoided, as this will result in rapid
overheating and complete destruction of the polymer-
based stator. These pumps should never be operated
against a closed valve, since doing so can damage
the pump and fittings. For suction pumps, there is a
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maximum height to which water can rise in a pipe de-
pending on atmospheric pressure, which itself varies
with altitude (see A.2 Piston/plunger suction pump). Ad-
ditionally, sufficient pressure needs to be available in the
pipeline immediately before the water enters the pump.
If this pressure is too low, it can result in a phenomenon
known as cavitation, which causes rapid damage and
failure of internal components. To prevent this, the net
positive suction head (NPSH) needs to be calculated
using atmospheric pressure at the pump site, NPSH
data from the pump manufacturer, friction loss in the
inlet pipe, and vapor pressure. Suppliers should there-
fore be consulted during project design to ensure that
the pumps have the specified minimum pressure.

Applicability and adequacy

Helical rotor pumps are generally driven by electrical
motors or internal combustion engines. They are known
for high levels of mechanical efficiency, especially in small-
er units. They are more suitable for pumping water with
solids or abrasive particles compared to other common
types of borehole pumps (e.g. velocity pumps), and are
used for both drinking and non-drinking-water. Howev-
er,borehole pumps still need to be sized and positioned
correctly to prevent excessive velocity across a screen
(which pulls more particles; see 1.6 Protected borehole).

Operation and maintenance

For surface-mounted suction pumps, it is crucial to
have a suction line from the water source that is com-
pletely free of air leaks, since the introduction of even
small amounts of air into the suction pipe will result
in a significant loss of pump performance.

Helical rotor pumps are not complicated, which
makes them generally more reliable and easier to fix
compared to other mechanized pumps. However, since
they do consist of mechanical components rotating at
a high speed, wear and tear is a reality that must be
addressed. Previously, when the drive mechanism was
at ground level and everything was easily accessible,
maintenance was more straightforward, though issues
did arise with the constant pump vibration causing
shaft seal failures that needed to be repaired. Submers-
ible pumps are now designed with close-coupled mo-
tors with flexible shafts that have no joints, meaning
the lifetime of the parts is now five times greater than
before. However, motor maintenance does require
removing it from below ground.

Stators will wear out first, and for every two changes
of stator, a rotor should also be changed. Stored stators
degrade faster with increased heat, humidity, sunlight,
or ozone, so they need to be stored correctly. If they are
older than 5 years, there will already be some degrada-
tion and a decreased operational life when used.

Rotors are usually made of hardened alloy steel or
stainless steel. However, where metal components con-

Part 2 — Technology information sheets — Abstraction

tact groundwater with less than pH 6.5 corrosion is more
likely occur. This in turn means more frequent part re-
placement, so rotors are often coated with a chrome
plating to provide resistance to corrosion and abrasion.
As with all motorized pump installations, suppliers
usually recommend that both an active and standby
unit be installed to ensure continuity of service when
breakdowns occur that cannot be rapidly repaired.

Health and environmental aspects/Acceptance

When correctly installed and maintained, the pumps
do not pose any risk of introducing microbial contami-
nation to the water source.

Operators must be trained and made fully aware of
the risk of injury associated with high-speed rotating
equipment. Only trained personnel should be allowed
to work on mechanized pumps. The area where the
equipment is operating should be off limits to the
general public, and there should be a way to shield
people from fast-moving V-belts where these exist.

Chemical water quality can also become an issue
with some metal pumps — where groundwater is less
than pH 6.5 it becomes increasingly likely that iron is
dissolved into the water from the pipes. Lead can also
leach out from certain welds and fittings regardless of
pH (see A.2 Piston/plunger suction pump), both caus-
ing indirect health risks.

® Advantages

« Has well-proven design that is robust and
manufactured by many reputable suppliers

« Flow rate does not vary too much with
increasing head, so less design needed

« Is more resistant to aggressive groundwater
(through having more stainless steel)

« Can cope with pumping solid particles

© Disadvantages
« Requires trained service personnel for repairs
« Must have precise alignment of installations for
long service life
« Can have costly and time-consuming repairs if
the repair service is not available locally
« Requires water inside the pump housing before
starting; running dry for even a minute will destroy
the stator
« Has high starting torque that can result in starting
difficulties and damage to stators
« Not as readily available in certain settings
« Running against a closed valve can damage pump
and fittings

- References and further reading materials can be
found on page 210.
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05 Diaphragm pump (Positive displacement pump)

Applicable to systems
3,6,7
(for water lifts of 2—-60m)

Management level
Community; technical
support required

Local availability of technology
or components
Available as submersible pump or sur-

Technology maturity level
Established technology

face pump in most countries; in some
areas, manually operated versions are
also available mainly for shallow water

lifts

Exhaust Inlet
port port

| Valves

rod

INLET STROKE

Diaphragm pumps are a type of positive
displacement pump, which displaces a fixed
amount of water per cycle. Within this category,
diaphragm pumps are unique in that they use
a flexible diaphragm to force fluid through the

pump.

Diaphragm pumps use a flexing diaphragm that moves
fluid in and out of a chamber. During the suction move-
ment of the diaphragm (inlet stroke), the outlet valve
is closed, and fluid is drawn into the pumping chamber
through the suction valve. When the diaphragm reverses
direction (exhaust stroke), the suction valve closes, the
pressure valve opens, and fluid in the pump chamber is
pushed out through the pressure valve.

In community water supply applications, diaphragm
pumps are used for various applications with flow
rates ranging from around 0.2-0.5L/second and pres-
sure heads from around 15-100m.

A wide range of diaphragm pumps is available to
cater to these different applications. Solar-powered
installations often use diaphragm pumps, since the
mechanical efficiency is high and largely independent
of the motor speed. Some suppliers also promote
manually operated versions. These pumps can also be
driven by motors and mechanical systems that convert

I~ Diaphragm

T Connecting

-
™ Motor
eccentric

EXHAUST STROKE

the rotating movement of motorsinto the required re-
ciprocating motion action of the pump.

Applicability and adequacy

The principle of the pump is attractive because it
allows thin flexible hoses to be used, making the pump
easy to install or remove without the need for special
tools or equipment. Different versions of diaphragm
water pumps are designed for lifting or transporting
water from almost any source to the point of use. They
are particularly useful for small, controlled flow rates,
for dosing chemicals and corrosive liquids (e.g. chlo-
rine), or for pumping water with solid particles (e.g.
when dewatering). As there are options that do not rely
on electrical power, dewatering with diaphragm pumps
can be achieved with compressed air if available.

The mechanical efficiency of diaphragm pumps is
excellent. This makes the technology suitable for small
pumps and for solar-powered applications.

Operation and maintenance

A diaphragm pump can be operated manually by
pushing down on a foot pedal or sometimes with a
handle. Pressing the pedal can take considerable effort,
as much as the bodyweight of the user, and the pump
must be built to withstand this.
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Deep-well diaphragm pumps are typically installed
to serve communities, so a caretaker should be ap-
pointed and trained to carry out the required day-to-
day operation and maintenance tasks. The pump
head, platform, and surroundings should be cleaned
daily, and all nuts and bolts should be checked and
tightened. The drive piston, rings, and guide
bushing need to be checked monthly and replaced if
necessary.

At least once a year (and more often if conditions
warrant), components installed in boreholes should
be checked, and the entire pump should be washed
with clean water. In general, a pump can be extracted
from the well by the caretaker and reinstalled within a
few hours. Minimal tools are required to maintain the
pump, though some system of technical support will
be necessary to assist when major maintenance work
is required.

Health and environmental aspects/Acceptance

When correctly installed and maintained, the pumps
do not pose any risk of introducing microbial contami-
nation to the water source. Risk of injury from high-
speed rotating equipment must be considered if instal-
lations are motorized.

® Advantages

« Has self-priming pump options

« Has well-proven and robust design and is
manufactured by many reputable suppliers

« Easy to operate and perform minor maintenance

> Disadvantages
« Requires trained service technicians for major
repairs
« Can have costly and time consuming repairs if
the repair service is not available locally
« May not be possible to operate by all users due to
the physical effort required for manually-operated
versions

- References and further reading materials can be
found on page 210.
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W/ Rope and washer pump (Positive displacement pump)

Applicable to systems
3,4,6,7

(for water lifts of 2-30m;
maximum 60 m under
practical considerations)

Management level
Community; technical
support required

Local availability of technology
or components

Well-proven hand pump design
that can be locally built; drawings
are available from international

Technology maturity level
Established technology

organizations

Rope with pistons
or washers

Flywheel

L
A=

_\ Rising main

Guide block

Rope pumps are a type of positive displacement
pump, which displaces a fixed amount of water
per cycle. Within this category, rope pumps
(also known as rope and washer pumps) are
unique in that water is lifted directly using a
continuous movement of a flywheel in only one
direction (rather than in a reciprocating man-
ner). The below-ground components are mostly
made from plastic, which makes them corrosion
resistant and easier to handle.

Rope pumps are usually manually operated, but can
also be motorized. They function through a loose
hanging rope that is lowered into a well. This rope
connects a flywheel at the top with a flared entry
point to the rising main at the bottom. The washers fit
only loosely within the rising pipe, but this is enough
to ensure that at a certain rotational speed of the fly-
wheel, more water is lifted than falls by gravity around
the washers. The net result is that water is drawn up
through the pipe and flows into the pump head.

The rope pump can be produced with locally avail-
able materials and skills using small workshops. The
metal flywheel is joined with sides of old tires, which
help grip the rope and washers, and has two handles,

meaning it can be operated by either one or two people.
Aloop of polypropylene (PP) rope connects this above-
ground flywheel with a guide below the water surface
— nylon rope can be used, but it tends to slip and
stretch more than PP rope. Washers are attached to
the rope at intervals of 1m and can be made from
round disks made of rubber, such as from the side of
old car tires — thousands of rope pumps in Latin Amer-
ica and Africa use this material. Alternatives consist of
plastic pistons made of high-density polyethylene
(HDPE), which are efficient and easy to standardize;
leather or wood, which have been tried with less
success; or knots matching the diameter of the pipe.

Manually operated rope pumps can be used for
water depths of up to 50m, while they have also
been motorized for depths up to 100 m. Flow varies on
the lift—manual pumps at 5m depth can deliver around
5000L/h (1.4L/sec), reducing to 500L/h (0.14L/sec)
at 50 m depth, while motorized pumps at 100 m depth
can deliver 1100L/h (0.31 L/sec).

The recommended riser pipe generally varies be-
tween 18 and 40 mm in diameter, depending on the
required water lift (e.g. for lifts greater than 20m,
smaller pipes of typically around 25mm are recom-
mended).
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Applicability and adequacy

The rope pump is best suited to household level or
small communities with low numbers of users (e.g. up
to 50), since the plastic materials are not as robust as
other deep-well pumps. Manually operated rope pumps
are used for drinking and productive purposes (e.g. small
scale irrigation) in areas with water tables up to 50 m.

The installation of a rope pump is simple and does
not require lifting equipment or special tools. The
pumps are generally installed in dug wells, though
there are also versions that fit into boreholes.

Operation and maintenance

The manual pump version is operated by turning a
crank. As the mechanism for moving the water is locat-
ed below the water table, no priming is needed. With
lifts of 30m or more, it may be necessary for two peo-
ple to operate the pump jointly to lift the weight of
the water in the pipe. It is important that the pump
stand and site be kept clean to avoid contamination of
the water source. Even though the typical model
exposes sections of rope and pistons, when correctly
installed on a sealed well, a rope pump delivers water
of much better quality than traditional open wells.

Motorized rope pumps often deliver water into a
tank, and consumers then collect water from a tap on
the tank. In some cases, motorized pumps are
equipped with a feature that allows manual pumping
if required when the motor breaks down.

This type of pump is well suited for maintenance by
semi-skilled technicians, as preventative maintenance
requires only one or two people. All repairs can be done
with few tools, and spare parts are usually easy to
source. Operation and maintenance is easier than for
other hand pumps, largely because of the simplicity of
the design. There are fewer parts with no levers or
bearings (apart from models with bearings on the
flywheel axle), and as a result, there are fewer pump
maintenance issues in comparison.

Daily activities consist of checking the pump perfor-
mance and the quality of the water, as well as ensuring
that the area around the pump is clean and that no
foreign matter can enter the well. Greasing the bear-
ings and checking the condition of other parts of the
pump should be performed weekly. Parts that might
require periodic replacements are washers, pistons,
ropes, riser pipes, and support bearings on drive wheel.

Health and environmental aspects/Acceptance

For motorized systems, the sustainable use of the
water source should be monitored carefully. Contami-
nation of the water source can be avoided to a large
extent if the openings of the well are kept small and
the slab is kept clean and protected. This ensures that
contaminated run-off water and wind-carried matter
is guided away from the well opening.

Part 2 — Technology information sheets — Abstraction

However, there is a potential for microbiological

contamination at the point where the rope becomes
exposed within the pump head, but some designs
mitigate this through a pump head cover—in any case,
this risk is low.

® Advantages

Requires no priming

Has well-proven and robust design

Has lower operation and maintenance
requirements than deep-well pumps due to
fewer working parts, plastic components,
and relatively easy access to the pipes and
valves below ground

Is inexpensive to install and maintain

Can be manufactured locally

> Disadvantages

Serves only small communities when manually
operated

Requires significant effort for manual operation
of rope pumps with a lift of more than 5m

Has possible risk of contamination through
touching the rope

Has no foot valve, meaning each time pumping
is started, the raising main needs to again be
filled with water

References and further reading materials can be
found on page 210.
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0l Radial flow pump (Centrifugal pump)

Applicable to systems
2,3,6,7,8,9
(for water lifts of 10-600m)

Management level
Community/centralized;
technical support required

Local availability of technology
or components
Radial flow water pumps are produced

Technology maturity level
Established technology

in huge numbers worldwide by
numerous of companies

SINGLE STAGE CENTRIFUGAL PUMP
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MULTISTAGE SUBMERSIBLE PUMP

The most common technology used for pump-
ing water is a velocity pump, which is one that
increases flow velocity at the pump to convert
kinetic energy into pressure energy. These pumps
displace varying amounts of water depending
on the rotational speed of an impeller that rotates
on a drive shaft.

The main type of velocity pump is the radial flow pump
(also known as centrifugal), unique in that it throws
water outwards at right angles to the shaft. These
pumps work through the motion of an impeller, which
accelerates the flow of the fluid towards the outer
edge of the impeller. This progressively increases the
pressure while simultaneously creating a negative
pressure zone at the inlet, which draws fluid into the
pump. Pumps can be situated at ground level (suction
pumps), but are otherwise submersible. They are gener-
ally driven by motors (electric or internal combustion).
The head, which is the pressure that is pumped
against measured in m, of a single-stage centrifugal
pump is largely governed by the type of impeller and
the rotational speed. A series of several impellers
(stages) can increase the pressure developed by a
pump, and this is practical when either the rotational
speed cannot be increased due to operating con-
straints or a larger impeller diameter would lead to

Discharge

Pump shaft

Impeller

Casing

Intake section

Motor

economical inefficiencies. Pumps can also be set up in
parallel to increase the water quantity.

To achieve flow requirements, velocity pumps should
be designed such that flow can vary significantly with
differences in head. This requires creating a system
curve based on the total elevation to which the water
has to be moved an including any additional energy
(friction) losses in the pipe due to water movement at
different theoretical speeds. Based on this, a pump is
chosen such that the pump curve intersects the system
curve at the desired flow rate. Pump operating points
also need to be efficient — a pump that operates at an
inefficient flow rate can develop multiple issues that
can decrease pump life (e.g. wear and tear on seals and
bearings or cavitation).

Borehole pumps situate the motor below the water
intake, and motor cooling is achieved by ensuring a
certain flow past the motor. Where this is not possible
(e.g. below screens in a borehole or when the pump is
used in a large-diameter well), then a shroud should be
used to first direct water past the motor. Pump choice
should also match the electricity supply on site (single
or three-phase). When powered by solar, a variable-
frequency drive (VFD) will be needed (see A.14 Electric).

For radial flow suction pumps, there is a maximum
height to which water can rise in a pipe depending on
atmospheric pressure, which itself varies with altitude.
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Sufficient pressure also needs to be maintained at the
suction port to prevent cavitation (see A.5 Progressive
cavity pump; helical rotor pump). Standard radial flow
pumps often have high velocities at the inlet and dis-
charge ports (up to 10 m/sec). For suction pipes, maxi-
mum flow velocities should be approximately 1.5m/
sec, which limits the friction-generated pressure loss in
the system. To achieve this, the pipeline diameter
changes at the inlet and outlet of the pump. Low cone
angles of 6-10° minimize the pressure loss when accel-
erating or decelerating the velocity and will protect
the pump from possible cavitation damage while im-
proving the overall system performance.

Applicability and adequacy

Radial flow pumps operate over a wide range of
depths up to around 400 m, with flow rates up to 7 L/sec
at lower heads. In general, they are good for higher
flow requirements, since mechanical efficiency in-
creases with higher flow rates (for flow rates between
3.3-33.3L/sec, mechanical efficiencies between 70-80%
are common). These types of pumps can be used for
submersible as well as surface (dry) applications and
are suitable for different water types depending on
the actual pump design. For instance, some single-
stage pumps are designed to pump solids, while multi-
stage borehole pumps tend to have less space be-
tween the impeller and casing, and solids in this case
can damage the pump.

Operation and maintenance

The motors of radial flow pumps can be configured
to start and stop automatically based on various oper-
ating parameters, such as timers, pressure sensors, and
flow requirements. Likewise, a range of protection
measures can be installed to ensure that the pump
and motor do not operate outside of their specified
operating conditions.

For surface pumps, it is crucial to have a leak-free
suction line to the pump inlet port. Any air in the suc-
tion line can considerably reduce performance.

Radial flow suction pumps installed at ground level
are more straightforward to maintain, as everything is
easily accessible. For submersible pumps, though, all
the pipes have to be removed to repair or replace the
pump itself. Repair and maintenance will be increasingly
likely when pumps have not been sized correctly for the
piped system (e.g. operating inefficiently) or are not
sized or positioned correctly for a borehole (e.g. exces-
sive velocity across a screen, which pulls in particles that
degrade the pump; see |.6 Protected borehole).

Pump repair is carried out in a specialist workshop,
so it is common to have both active and standby units
installed in parallel. This setup can both increase sup-
ply under specific circumstances and ensure supply
during time-consuming maintenance and repairs.
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Metal is used for part of this type of pump, which
means that when it is in contact with groundwater
with less than pH 6.5, corrosion is more likely occur.
This in turn means the more frequent replacement of
affected parts. In this pump, the galvanized iron riser
main is more at risk than the other metal parts, which
are made from stainless steel.

As with all motorized pump installations, suppliers
usually recommend that both an active and standby
unit be installed to ensure continuity of service when
breakdowns occur that cannot be rapidly repaired.

Health and environmental aspects/Acceptance

Operators and maintenance personnel must be
made aware of the risk of injury associated with high-
speed rotating machinery. Electrical connections from
pump to cable should be correctly spliced with water-
proof resin to prevent electric shock or electrocution.
This is especially important when pumps are used to
dewater a structure where someone is present (e.g. a
protected dug well during construction).

Chemical water quality can also become an issue
with some metal pumps — where groundwater is less
than pH 6.5, it becomes increasingly likely that iron is
dissolved into the water from the pipes. Lead can also
leach out from certain welds and fittings regardless of
pH (see A.2 Piston/plunger suction pump), both caus-
ing indirect health risks.

® Advantages

« Has well-proven and robust design and is
manufactured by many reputable suppliers

« Isresistant to corrosion because it has more
stainless steel

« Some types can pump solid particles

« Isreadily available in most countries

« Does not need vertical borehole for installation

« Can be safely run against a closed valve for
short periods of time

> Disadvantages

« Requires regular maintenance

« s sensitive to operating conditions (flow rate changes
significantly with increase in head, so a good pumping
system design is needed) — poor conditions can signifi-
cantly reduce the lifespan of pump seals and bearings

« Requires oversized power supply for startup current
for electric motors

« Requires trained service personnel for repairs, which
can be costly and time consuming if the repair service
is not available locally

- References and further reading materials can be
found on page 211.
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m Axial flow pump (Centrifugal pump)

Applicable to systems Management level Local availability of technology Technology maturity level
2,8,9 Centralized, technical or components Established technology
(for water lifts of 2-12m; support required Widely available for low lifts in most

maximum 15m) countries; produced by large

companies and small workshops

Discharge

) Motor

_/

A

Inflow e

Impeller

Axial flow pumps are a type of velocity pump, be well designed, since the axial flow impellers are
which functions because increased flow velocity sensitive to disturbances in the approach flow.
at the pump converts kinetic energy into pressure Tubular flow pumps can be installed as dry-wet or
energy. Within this category, axial flow pumps  wet-wetinstallations. In wet-wet installations, the pump
are unique in that they transport fluid in the same is submerged in fluid, whereas in dry-wet installations,
direction as the drive shaft using the pressure a booster pump is required to immerse the impeller
difference at the impeller vanes (and not radially =~ continuously into fluid. Alternatively, a water- and
at right angles to the shaft, as with radial flow  air-tight intake elbow is used at the suction side to
pumps; see A.8 Radial flow pump). eliminate the need for a booster pump.

Axial flow pumps can be several metres or more in
Axial flow pumps are suitable for large flow rates and diameter and are usually designed as single-stage
low heads of up to approximately 15 m for asingle-stage pumps. Multi-stage pumps are an option for higher
pump. The delivery characteristics of a pump can be heads, but they are usually so much more expensive
changed by adjusting the blade pitch angle without  that mixed-flow pumps are used instead.
new parts or machining existing ones. These impeller
pitch blades can be variable or fixed - fixed pitch blades ~ Applicability and adequacy

can only be adjusted by dismantling the impeller, where- Axial flow pumps can be used for drainage, land
asvariable pitch blades can be adjusted during operation. reclamation, irrigation, fluid mixing, or as a cooling
Propeller pumps are axial flow pumps. In water sup- water supply for power stations. For drinking-water

ply applications, they are often designed as tubular  supply, axial flow pumps are used mostly in pumping
casing pumps. In tubular casing pumps, water passing stations where large volumes of water need to be
the impeller and diffuser flows through a pump casing,  transported from dams and rivers to treatment plants,
which has a tube shape. When the column pipe is  aswell as in seawater desalination stations.
concentric with the pump shaft, the tubular casing All axial flow pumps are driven by motors and gen-
pump is also called a vertical pump. Depending on the erally use electric power or diesel engines. The opti-
installation depth, successive column pipes are bolted mum mechanical efficiency of such pumps can be as
together, leading to a long pump shaft. The pump shaft high as 90%. Since the efficiency peak is narrow, it is
needs to be supported by several water-lubricated advisable to plan the system and pump carefully with
bearings, which are usually maintenance free and can  the help of specialists. Most axial flow pumps have the
handle turbid water. A sturdy axial bearing is required power drive arranged outside the water flow. How-
to absorb the axial thrust. The intake chambers must ever, smaller submersible pumps are also available.
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Axial flow pumps can only begin operating when
the suction line is filled with water and the impeller
is immersed in water. Therefore, pumps are mostly
installed below the level of the water source. If the wa-
ter level is below the impeller position, some priming
arrangement is required.

Operation and maintenance

Axial flow pumps are often installed to deliver large
volumes of water. Modern pump installations have so-
phisticated control and protection systems based on
readings of power availability, pressures, flows, and
timers. In low-income countries, small axial flow pumps
are sometimes also produced in local workshops and
used for irrigation, especially for flooding rice fields
from ponds or from supply channels.

The tubular casing pumps (installed vertically) are
designed to be pulled out so that the rotating assembly
alone or with the diffuser can be easily removed and
re-installed. This simplifies access for maintenance.

Axial flow pumps are simple machines, but they
usually operate at high speeds and are driven by tech-
nologically sophisticated motors. The risk of injury
from such high-speed machinery must be seriously
considered. High-speed operation also implies that
machinery can suddenly and rapidly fail, resulting in
serious damage or injury. It is therefore important that
operators and maintenance personnel are sufficiently
skilled to ensure correct operating conditions.

Itis necessary that adequate technical supportbein
place to support the operation and maintenance of
axial flow pumps.

Health and environmental aspects/Acceptance

As large amounts of water can be displaced with
axial flow pumps in a short time, careful system plan-
ning in accordance with local environmental and legal
framework is required to avoid negative effects on the
environment.

® Advantages

« Has well-proven and robust design and is
manufactured by many reputable suppliers

« Can pump large flow rates

« Typically runs at low speed, so less wear

> Disadvantages

« Requires regular maintenance

« Is sensitive to operating conditions, which can
significantly reduce lifespan

« Requires oversized power supply for startup
current for electric motors

« Requires trained service personnel for repairs
and can be costly and time consuming if
the repair service is not available locally

Part 2 — Technology information sheets — Abstraction

Requires precise alignment of installations for
long service life

Is not possible to pump to high pressures

Should not be used with a closed discharge valve
Needs large depths of water in the suction pit

to meet submergence requirements

References and further reading materials can be
found on page 211.

85




LWliE Gravity (Energy source)

Applicable to systems Management level Local availability of technology Technology maturity level
1,2,3,5,6,8 Community/centralized or components Established technology
Mostly (local availability sometimes
problematic)
Water source

— |- — - Maximum water elevation

Water transport is often most economical when
the force of gravity is used to transport water
through pipelines (or channels). As an energy
source, the major advantage of using gravity as
a driving force to move water is that it is eco-
nomical (i.e. no power requirements) and pumps
are rarely needed within a gravity system.

Gravity as an energy source can be used in many differ-
ent stages in a water system. Water sources could be
springs, streams, or simply an elevated tank from which
gravity can efficiently deliver water to a treatment pro-
cess and/or storage or from storage to supply points.
The typical elements of a gravity-fed system include
transmission pipelines, break pressure tanks, storage
tanks, and distribution pipelines.

For larger systems, a topographical survey is essen-
tial for proper system design to ensure there is enough
pressure at each point for sufficient water flow. The
flow depends on the pressure state, energy loss due to
water movement, and residual pressure.

The total energy of water at any specific pointin a
gravity system is the sum of its energy due to elevation,
pressure, and velocity. When water is not flowing (e.g.
in a full tank with closed taps), the pressure is related
only to the difference between the level of the tap and
surface of the water in the tank. This pressure, also
called head, is measured in metres and is given as the
energy per unit weight of water.

When a tap is opened and water flows, the actual
pressure at the tap reduces because some energy is

) Water tower
Transmission line Water supply

Adapted from Breitenmoser et al. (2016)

lost due to heat transfer to the pipe, which then dissi-
pates into the environment. This reduction of pressure
energy is known as “friction loss” or “head loss”, and is
a known quantity for each particular type of pipe
when itis filled completely with water and open at the
other end. This loss is typically stated as metres friction
loss per 100m pipe. Friction loss varies according to
the type of pipe and its diameter — for example, rough-
er or smaller pipes have more turbulence leading to
more energy loss, so the pressure at the end of the
pipe will be less. Also, the longer the pipe, the greater
the friction loss.

With the known pressure loss, the pressure line (or
hydraulic gradient line) can be calculated. Since some
energy is lost when water is moving, the pressure will
be less than when the taps are closed, so this line
always slopes downhill from the source.

Importantly though, this line should always be above
ground to keep air in solution (ideally 10 m or more,
otherwise air-release valves should be used), and
should never go underground, which causes negative
pressure and a siphoning effect. This siphoning can
introduce air into the solution and cause soil contami-
nation via poor pipe joints, which could block the flow.

The hydraulic gradient line should also terminate
above the last tap in the system so that there is an
excess (“residual”) pressure at the furthest point. This
ensures that water will flow at sufficient speed through
the tap (considering some energy loss as well) while
accounting for any discrepancies in actual pipe runs.
The usual rule of thumb is to plan for at least 5m of

86 Compendium of drinking-water systems and technologies from source to consumer



residual pressure above taps. It is also possible to have
too much pressure at a tap — when residual pressures
exceed 56 m, measures have to be installed in the pipe-
line to reduce this pressure.

Applicability and adequacy

Due to long-term economic considerations and the
simplicity of operation and maintenance, the possibility
of installing gravity-fed systems should be thoroughly
explored wherever there is the possibility of abstract-
ing water from a high-lying source. It is particularly
suitable in areas with higher topographical variation
(e.g. hills, mountains) due to long-term economic con-
siderations and the simplicity of operation and main-
tenance.

Operation and maintenance

The capital cost of gravity-fed schemes is generally
higher than in schemes that obtain water from under-
ground sources. This is due mainly to the costs associated
with long pipelines from upland sources to lower lying
settlements. The cost of dams, weirs, and captage
structures can also be significant.

However, the running costs are usually low due to
the absence of any need for electricity or fuel and the
limited need for repairs, which are usually associated
with electrical and mechanical equipment. Wherever
possible, gravity-fed systems should be the preferred
option. Careful consideration should be given to the
overall life-cycle costs rather than simply using the
initial capital outlays. In general, gravity-fed systems
operate with much less risk of failure and associated
supply interruption. For systems utilizing plastic pipes
less than 250 mm in diameter, repairs can typically be
implemented by locally without assistance from lifting
equipment.

Maintenance requirements of the gravity-fed water
supplies include cleaning screens at intake points and
repairing pipe leaks and bursts. There is also some-
times a need to monitor pipe support systems, since
pipelines are often installed over steep terrain and on
rocky ground, which makes them susceptible to dam-
age from a wash away or landslide.

Except in times of heavy rains, wherein the above-
mentioned failures may occur, the supply from gravity-
fed systems is highly reliable. Consequently, the level
of service is usually very good.

Regular patrols of pipelines are required to identify
necessary maintenance. This task can usually be ac-
complished by a single person, though implementing
repairs may require a larger workforce to transport
materials and undertake the actual work.

Health and environmental aspects/Acceptance

Failed pipelines can rapidly empty sources (reservoirs,
tanks). Gravity is a well-accepted source of energy, as
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the principle is easily understood by operators and the
general population.

® Advantages

Has low total life-cycle costs

Provides reliable supply due to not relying on fuel
supplies or mechanical equipment (e.g. pumps)
requiring repairs

= Disadvantages

May require high initial capital investment
Difficult terrain can make pipe-laying and repair
difficult

Needs a natural difference in elevation for it

to work, so not applicable everywhere

References and further reading materials can be
found on page 211.
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SRS Human powered (Energy source)

Applicable to systems Management level

Local availability of technology

Technology maturity level

4,6,7 Household/school/ or components Established technology
neighborhood/community/ Mostly
health center
Hand pump
= \\\
= A User (human force)
/
-
(& h) ~J
\ /)

The most basic form of energy available for en-
suring a household water supply is the effort
that each person can apply.

To supply water for both drinking and irrigation pur-
poses, human energy is commonly used to power
water-lifting devices, such as pumps, as well as for
transporting water from delivery points to individual
households and treating the water at household level.

Many different variations of human-powered pump
design have emerged over the millennia, with im-
provements that attempt to optimize the output from
human effort and to enhance the reliability of the
equipment. Significant advances to these pumps have
been achieved over the past 50 years to meet the vari-
ous demands for extracting water from underground
water resources.

Protected wells and boreholes are by definition
equipped with a pump and capped to reduce contami-
nation. Where this is a manually operated pump, the
design needs to allow water to be lifted using human
energy alone. The typical criteria to be fulfilled is that
it must be possible for only one person to operate the
pump, though sometimes two is possible, such as with
a rope pump. There are design parameters that en-
able this at different depths (e.g. smaller pipe diameter
or levers for mechanical advantage) and flow rates
(e.g. changing the body part used to pump with).

Where higher volumes of water are required,
foot-operated pumps may be preferable. These pumps
can produce water more easily using the legs, which

do not fatigue as quickly. Foot pumps tend to be used
more for shallow depths up to around 6-7 m, depend-
ing on altitude, and are often suction pumps (see A.2
Piston/plunger suction pump). Beyond suction depth
and up to around 15m, the water column in the pipe
can be lifted directly by the user using what are known
as direct action pumps (e.g. Tara pump or Canzee pump;
see A.3 Direct action pump). For depths greater than 15
and up to 45m, mechanical levers are needed to make
the work easier (e.g. India Mark pumps or Afridev; see
A.4 Piston pump; deep well pump). Gearing mecha-
nisms then allow water to be abstracted beyond 45m
in depth and upto 90 m (e.g. with a Duba Tropic pump),
which is the limit for human-powered abstraction.

Applicability and adequacy

Human energy is most often used for water abstrac-
tion, transport, and treatment systems at a household
orrural community scale where there is limited access
to sources of energy and limited financial resources.
In such cases, each family typically does the work to
abstract enough for their own needs. Although human
energy is a free power source, which can reduce on-
going financial costs, there are other costs that can
increase at the same time, such as greater physical and
time burdens for women and children.

Operation and maintenance

Day-to-day operation is carried out by individuals,
usually to meet the requirements of their own house-
hold. Special arrangements may have to be made to
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ensure that water is pumped and supplied to those
that are in some way incapacitated (e.g. elderly and
sick) and cannot operate the equipment.

The level of operation and maintenance needed
will vary according to the type of human-powered sys-
tem in use, and discussion of this topic often revolves
around manually operated pumps. Despite the fact
that the energy source is free, between a quarter and
one-third of manually operated pumps are not func-
tional nor in use due to various reasons, such as tech-
nical issues with the groundwater or borehole (e.g.
corrosive groundwater or bad borehole design) or
with the pump itself (e.g. quality of pump materials or
pump age). There could also be many other reasons
related to management, monitoring, finances, access
to spare parts, or the skills needed for repair. This is a
similar level of functionality to other types of water
systems, but illustrates that a free energy source does
not necessarily equate with better functionality.

Health and environmental aspects/Acceptance

The amount of continuous power output from a
person is limited to around 70 Watts (50 Watts of
effort is equivalent to lifting 0.5 L/s of watertoa 10m
elevation). It is therefore clear that the amount of
water that can be moved or lifted through pumping
by a single person is limited. Achieving this level of
output also relies on the person being in good health
and adequately nourished.

There is a possibility of injury from over exertion
when pumping, especially when the pump is operated
by children, the elderly, and people with other ail-
ments or incapacities. Transporting water can also be
physically hazardous, especially where paths are steep
or slippery, and there are protection risks for women
when the source is remote and insecure.

® Advantages

« Free energy source, meaning lower ongoing
financial costs

« Tends to be used with lower-technology
infrastructure with a lower investment cost

« Low carbon option

> Disadvantages

« Limited by amount of energy that people can
produce, which limits the amount of water that
can be abstracted or transported

« Cannot be operated by people with ailments or
other incapacities

o Causes thermal stress in hot weather and other
health risks, such as physical and protection
hazards

« Contribute to gender inequality

Part 2 — Technology information sheets — Abstraction

> References and further reading materials can be

found on page 211.
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L8 Wind (Energy source)

Applicable to systems Management level

Local availability of technology

Technology maturity level

4,6,7 Household/school/ or components Long established technology
neighborhood/community/ Sometimes
health center
| Wind turbine
Tank
Water treatment
if needed
Submersible

pump

Wind-powered energy systems use wind force
either directly (e.g. to mechanically move a
pump mechanism) or indirectly (e.g. to create
electricity which can be used or stored).

Wind-powered pumps use the energy generated by
wind to turn a turbine, often mounted on a tower, to
lift water to a discharge point. In a wind-pump system,
itis important to align the characteristics of the pump
and the windmill. Mechanical wind-pump systems
work by directly connecting a turbine to a mechanical
pump system. The most common type of pump used
for these systems is a positive displacement reciprocat-
ing piston pump. Such pumps tend to have a high
starting torque requirement due to the need to over-
come the weight of the pump rods and water already
in the rising main. Once the rotor is turning, the torque
requirement decreases due to the momentum that is
developed. Windmills thus continue to operate even if
the wind speed drops to 70% of the speed required to
start the pump. A vane mounted behind the rotor
ensures that the rotor continually faces the wind.
However, this system is limited when the borehole is
not in the best location in terms of wind speed and
when the power characteristics of the turbine and this
type of pump are mismatched, meaning power is not
transferred efficiently at all wind speeds.

Electrical wind-pump systems, on the other hand,
are more efficient, because standard three-phase

electric alternating current (AC) centrifugal pumps
can be operated using power generated through a
permanent magnet generator connected directly to
the pump motor. Operation is possible since standard
pumps are able to operate at variable speeds as long
as voltage and frequency also vary, which is the case
here. The advantages are that there is a more efficient
match in power requirements (where the turbine and
impellers in the pump have similar rates of increase in
rotational speed) and that the pump can be offset
away from the turbine — though this can cause a volt-
age drop in longer lengths of electric cabling. How-
ever, if the turbine receives higher wind speeds further
away, the energy loss from the long cable lengths can
be overcome by the extra power, such that the overall
energy balance is favorable.

To provide for calm periods when the wind speeds
are insufficient to operate the pump, storage for
several days (typically at least 3 days) may be required.
During peak wind conditions, the maximum flow
should also be compatible with borehole design, with
the velocity across the screens not exceeding 0.03m/s
and the drawdown still being sustainable (see 1.6 Pro-
ected borehole). To prevent damage from rotating too
fast in high winds over 13m/s, turbines should be
equipped with an automatic reduction mechanism -
thisis done by furling the blades (where they are turned
away from the wind). A manual override should also
be included for positioning rotors and braking.

90 Compendium of drinking-water systems and technologies from source to consumer



Wind energy is not only used for pumping water,
but can also be used to generate electricity for other
processes or fed to the grid. Energy can be stored us-
ing batteries (e.g. in hybrid systems that also use solar
energy), though due to the cost, energy losses, and the
short lifespan of batteries, it is generally better to
avoid them. This can be done through a good design
of the pumping system and adequate storage.

Applicability and adequacy

Wind-powered systems are usually appropriate for
geographical locations with relatively constant wind
speeds, and the exact wind requirements depend on
the type of pump. For mechanical pumps that are op-
timized for low wind speeds (i.e. to pump water on most
days), the minimum average speed required is 2.5m/s.
Typically, with a wind speed of 3m/s, such pumps
can deliver 0.12L/s against a 10m lift for each square
metre (m2) of rotor area. Electric centrifugal pumps, on
the other hand, require an average of at least 4m/s.

To assess the suitability of a location for a wind-
powered pumping system, it is essential that available
wind data be thoroughly analysed. Such data are
generally available in most countries and are often
presented in the form of national wind resource maps,
which are derived from measurements taken at meteo-
rological stations. However, care should be taken with
interpreting these maps, as they are often underesti-
mated (due to under-maintained recording equipment
at meteorological stations). In cases where there is no
available data, empirical evidence and observations
should be used, and local measurements should be
taken over at least a full year.

The wind speed increases with height, so turbines
are installed on towers. The exact height and site of
the tower should be such that the turbine is not ob-
structed and is above the treetops, where it can prop-
erly capture the wind currents. In practice, this means
placing it so that the rotor is at least 10 m above and
100m from any surrounding trees and buildings.
Therefore, an important consideration is whether the
location has high and dense vegetation; in such cases,
it may be difficult to use a wind-power solution.

Operation and maintenance

The useful life of a windmill is typically 20 years or
more. Wind turbines can operate for long periods with
little maintenance as long as the initial set-up ensures
good lubrication of the gears and driving mechanisms,
and the vanes and blades are protected against corro-
sion. All components should be inspected for corrosion
damage. Bolts and general structural elements should
be checked and tightened periodically. It is essential
that gearbox lubrication is controlled and that the oil
is topped up or changed as required. Turbine blades
and/or bearings should also be checked frequently

Part 2 — Technology information sheets — Abstraction

and periodically replaced (typically after 10 years). To
avoid potential damage, it is important that arrange-
ments are made to apply the braking system during
times of high wind speeds. Trained community mem-
bers can carry out the routine maintenance, but larger
scale repairs will require support from skilled and
appropriately equipped technicians.

More operation and maintenance issues tend to
occur around the pump itself, specifically the mechan-
ical linkage between the turbine and pump, which
tends to cause around 40% of all maintenance require-
ments. In addition, piston seals in the pump need
replacing every one or two years. There can also be
technical issues to do with the groundwater or bore-
hole (e.g. corrosive groundwater or bad borehole
design), which mightincrease the operation and main-
tenance burden.

Health and environmental aspects/Acceptance

Working on windmills can be hazardous. Tasks that
must be carried out at the top of the tower present a
significant fall hazard, and adequate precautions must
be taken to safeguard against such injuries.

Injury can also occur if the moving parts of the
structure are not adequately secured when work is
undertaken. Large forces can be rapidly generated by
gusts of wind, and serious injury may occur if workers
are trapped between moving parts or parts that are
dislodged from the tower when struck by part of the
machine.

® Advantages

« Requires no fuel or energy costs

« Uses renewable energy, a low-carbon energy
option

« Is relatively low maintenance

© Disadvantages

« Requires large storage requirements to
compensate for intermittent power supply

« Locations must have year-round constant
wind of 2.5m/s

« Has relatively expensive initial hardware costs

« Requires specialist equipment and skilled
technicians for major maintenance

> References and further reading materials can be
found on pages 211 and 212.
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.\ikf Solar (Energy source)

Applicable to systems
2,3,4,6,7,8,9

Management level
Household/school/
neighborhood/community/
health center

Local availability of technology
or components
Sometimes

Technology maturity level
Established technology,
rapidly developing

Tank

Photovoltaic array

Water treatment
if needed

Submersible
pump

Solar or photovoltaic (PV) cells convert the
radiation of the sun to electricity, which then
powers a submersible or surface pump to
abstract raw water.

Solar-powered pumping systems (SPPS) should be
combined preferably with an elevated storage water
tank (or, if unavoidable, with batteries) to ensure con-
tinuous water supply during cloudy days and after
dark. PV cells are arranged together under protective
glass plates, thereby forming a photovoltaic module.
Solar modules are the basic elements that are com-
mercially available, and when modules are connected
to each other they form a PV array. The connection can
be arranged either in parallel or a series to give differ-
ent voltage and current outputs.

The number of modules that should be connected
in the PV array depends on the amount of water to be
supplied per day, the total dynamic head of the water
scheme, the available solar energy (which varies daily,
regionally, and seasonally), and the borehole charac-
teristics (which might limit the possible peak flow due
to the velocity across the screen). The average daily
solar energy that can be used and hours of daylight are
not identical, since solar intensity changes during the
day. To be economically feasible for pumping, the daily
average solar radiation at any site should be at least
3kW/m?2 for every month of the year. Identifying the
yearly and seasonal sunshine is therefore important to

decide whether solar panels are a feasible option for
supplying power in a given area. The less hours avail-
able, the higher the investment costs, since a higher
number of PV modules is needed.

Water storage tanks should be included in the water
system for times when a pump is not running (e.g.
during cloudy days and after dark) as well as to
balance the daily fluctuations in demand. Usually, it is
recommended that SPPS designs account for at least a
2-day supply of water storage. If sufficient water stor-
age is not available, different power back-up options
exist. For one of these options, excess electricity gen-
erated from solar panels can be stored in batteries,
which are charged during the day and drained at night
or during cloudy days. However, batteries reduce the
efficiency of a SPPS and increase costs as well as main-
tenance and replacement requirements. Therefore,
their use should be prevented if water storage is in-
cluded. Alternatively, a second option for backup
power includes making a hybrid SPPS by combining
different energy sources (e.g. electric grid with solar or
diesel generator with solar), to ensure pumping at
night or on cloudy days, or as a backup power source
for critical water schemes.

The electricity generated from PV systems is in the
form of a direct current (DC). If it is required that alter-
nating current (AC) motors be powered, inverters
must be installed. In this case, standard inverters
should be avoided in favor of a variable-frequency
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drive (VFD), which will vary the necessary voltage and
frequency (suited to smaller single-phase pumps with-
out start capacitors, or any three-phase pump).

Applicability and adequacy

During cloudy weather, the electricity produced is
significantly reduced (usually reduced to 25-40%). To
maximize the direct sunlight radiation, the solar arrays
should be securely mounted on a sun-facing tilted rack
that faces the equator at a tilt angle equal to the lati-
tude of the location and is placed in an area free of
trees or nearby buildings. Solar panels should also be
protected from strong winds, lightning, and falling
objects, such as tree branches.

There are numerous software packages available
that will facilitate the design process by computing all
factors and geographical locations. They will also pro-
pose designs, including solar panel layouts, cable sizes,
inverter or control box models, pumps, and assure the
components are compatible.

Theoretically, any installation size is possible by sim-
ply connecting additional solar panel modules. SPPS
are in principle able to pump water from 5-500m in
depth, and inverters are made for solar pumping ap-
plications to match pumps of over 210kW. However,
many pump manufacturers tend to specify pumps that
are limited by other technical and practical consider-
ations, such as recommending groundwater pumping
up to 37kW and pump lifts up to 150 m. In all cases,
pumps should be specifically selected and matched to
the solar power systems, and the suppliers of both the
solar panels and the pumps should be consulted
during the design and specification. Preferably, both
aspects would be provided by a single supplier.

For SPPS systems, a wide range of both single and
three-phase motor-pump combinations are available.
Submersible pumps are most commonly used in deep
wells due to their higher pumping head abilities, while
surface pumps are used for shallow wells, lakes, or rivers.
Diaphragm, reciprocating piston, radial flow, and pro-
gressive cavity pumps are all available as submersible
solar-powered pumps from different manufacturers.

Operation and maintenance

Solar panelinstallations should function reliably for
over 10 years without any major problems, requiring
only minimal and simple maintenance in this time.
Batteries (if used), inverters, and pumps, on the other
hand, need more frequent servicing from skilled
operators — hence periodic support from trained tech-
nicians should be available in the region to ensure
sustainability.

The system should be inspected occasionally to
check the pumping rate, condition of the PV panels,
storage tanks, pipes, wiring, batteries, and control
systems and to ensure that all electrical connections
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are firm and protected from dust and water. Mainte-
nance requirements include regularly removing the dust
and dirt from the panels and protecting the panels
from animal and human damage. To prevent theft or
vandalism, different measures such as building a fence
around the installation, welding the underside, and
solar-powered lamps with motion sensors can be used.

Health and environmental aspects/Acceptance

SPPS are a well-accepted technology, since they offer

an environmentally friendly energy source with low
ongoing costs, and the operation and use are simple
and reliable. SPPS are therefore gaining popularity as
an alternative to manual or diesel-generator pumping.

However, there must be appropriate arrangements

made for the disposal of old batteries if used. Care
must also be taken when handling batteries to pre-
vent injuries from potentially corrosive materials and
exposure to a serious electric shock, which is possible
in solar arrays of more than a few panels. Therefore,
only knowledgeable technicians with adequate pro-
tective equipment should be allowed access when
repairs need to be made. DC switches should be in-
stalled at critical points in the scheme to isolate differ-
ent components and ensure electrical safety.

® Advantages

Are reliable, lasting, and robust systems with easy
operation and maintenance

Use a free, renewable energy source

Is a modular system that can be closely matched
to the required water supply

Removes dependency on erratic or expensive
fuel-chain supply

Produces no pollution or noise

© Disadvantages

Requires high capital investment

Risk of theft of panels that are still seen as a
valuable commodity in some locations
Specialist technicians and spare parts needed
for repairs, which are often only available in
large cities

Requires a certain minimum amount of solar
radiation energy for successful operation
(which varies regionally and seasonally)

Most applications need water storage capacity
that is typically larger than for equivalent diesel
systems

References and further reading materials can be
found on page 212.
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LW Electric (Energy source)

Applicable to systems
2,3,4,6,7,8,9

Management level
Community/centralized,
technical support required

Local availability of technology
or components
Notin all locations

Technology maturity level
Established technology

Electric network

Tank
Power
substation
Water treatment
if needed
-5: m/ ﬁ/m\ ﬁ/—\m
Submersible | 1
pump
Borehole
Groundwater level

Electric-powered energy systems use electricity
that has been generated somewhere and fed
into a grid.

At the smallest scale, a set of solar panels or one diesel
generator can produce the electricity needed to power
a water system, such as a pump in a borehole. At a
larger scale, the energy is produced further away by
different means (hydro, solar, wind, or power plants
based on diesel, coal, gas, or nuclear fuel, etc.) and put
into transmission lines to users. In this case, the oper-
ation and maintenance are centralized, and power
is fed into a grid that transports this energy over a
distance for it to be used by multiple users.

Electricity is distributed to users through a network
of power lines and transformers. Transmitting power
over long distances is done at high voltages to mini-
mize losses. Closer to consumers, transformers reduce
the voltage to safe levels for industrial and domestic
use. Depending on the location, power from a nation-
al grid is usually supplied at fixed voltages in either low
single phase (110/220V) or three-phase (208/400V)
arrangements.

To design water supply systems, key considerations
include whether the supply requires direct current
(DCQ) or alternating current (AC), and if AC, whether it
is single phase or three-phase. All can be used for wa-
ter systems, and the choice depends on the operating
requirements of any piece of equipment. For example,

if a large pump motor is chosen with a noted motor
voltage of 415V, then a three-phase supply will be
needed.

The electric motors used in these systems convert
electrical energy into mechanical energy, usually in the
form of a rotating shaft. This mechanical energy can
then be used to operate various types of equipment
and machines. Electric motors can be installed as
separate units and connected to pumps and other
equipment through V-belts, gearboxes, and shafts.
Electric motors are suitable for high levels of automa-
tion, control, and protection since they can easily be
switched on or off and adjusted through electrical
signals received from sensors placed both on the mo-
tors themselves and on the machinery being operated.

Electrical energy can be stored using batteries,
but in general it is better to try to avoid batteries
through a well-designed pumping system and adequate
storage - this is due to the cost and short lifespan of
batteries and the inherent energy losses that occur
during battery storage.

Applicability and adequacy

The use of electrical motors connected to a national
grid is the preferred option for powering water supply
machinery. The technology is well developed and has
few limitations on the size of installation. Pump manu-
facturers produce small, low power consumption pumps
as well as large, industrial-scale units.
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In remote areas far from power-generating plants,
however, there may be challenges associated with the
adequacy of the grid for supporting the connected
loads. This can result in voltage drops in the supply,
and it can be extremely harmful to motors if they are
operated at such low voltages. Suppliers usually specify
that a voltage variation of only 10% should be allowed;
itis usually recommended that motors be switched off
during periods of low voltage. Motor control systems
are often equipped with protection that will auto-
matically stop the machine if voltage varies outside
predetermined limits.

The need to install dedicated power lines over long
distances can result in an excessive capital costs for
installing electric motors and attached machinery.
However, the cost of electricity is usually low when
compared with the price of fuel, such as diesel or petrol.
When making investment decisions, it must be consid-
ered that an initially high capital investment will be
offset by long-term savings on fuel and maintenance
costs, and that electric motors are probably the most
reliable of drive systems for water supply machinery.

Operation and maintenance

Correctly designed and sized installations are ex-
tremely reliable and can operate for many years with
few maintenance and repair requirements.

Routine maintenance checks do need to be carried
out by skilled and authorized personnel, especially the
inspection of all wires, cables, connections, and con-
trol panels, as well as checks of current, voltage, and
frequency to warn of potential problems. Frequent
checking for damage to insulation and the tightness of
connections is essential. Lack of such attention can
lead to machinery damage, fires, and even serious in-
jury.

Where electricity is produced by a local generator,
the maintenance burden and cost will increase signifi-
cantly (see A.15 Internal combustion engine — diesel and
petrol).

Health and environmental aspects/Acceptance

The danger of fire and injury to personnel must be
seriously considered, and adequate protection and
training must be implemented. Some simple safety
rules can also reduce risks — if the work is far from a
distribution board, then the supply should be discon-
nected at the isolator and the fuses should be removed.
Wires should always be assumed to be live until tested,
hands should be kept dry, fuses and circuit breakers
should not be overridden, cables should be properly
insulated and earthed, and it should be verified that
everyone finished their work and is aware before
switching the electricity back on. If battery systems are
used, access should be restricted to avoid electrocution
risks.
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® Advantages

Is relatively low maintenance and therefore
low overall cost to users when electricity is
supplied through the grid — here maintenance
is done further away in a centralized location
Can be operated simply (but operators must
be trained on risks)

Automation is possible

= Disadvantages

Produces medium noise

Poses risk of fire and injury

Can have high initial capital costs

Requires specialized technical skills for
maintenance and repair at centralized level
May not be useful in certain contexts where
power is unreliable

References and further reading materials can be
found on page 212.
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LR Internal combustion engine — diesel and petrol (Energy source)

Applicable to systems Management level

Local availability of technology

Technology maturity level

2,3,4,6,7,8,9 Household/school/neigh- or components Established technology
borhood/community/ Sometimes
health center; technical
support required
Tank
Water treatment
Diesel Submersible if needed
generator .E: / / \ / \
Borehole
Groundwater level

Diesel and petrol (gasoline)-powered energy
systems work by burning fuel directly on site
to create the energy needed to power water
pumping or treatment.

They can be used to drive pumps directly (normally
with the use of belts or gearboxes), or they can indi-
rectly produce electricity to power pumps. However,
these systems have longer-term cumulative environ-
mental and financial costs.

Commercially available internal combustion engines
vary in size from around 2kW to very large power
ratings above 1000kW. The number of cylinders can
range from 1 to more than 16 in some cases. Typical
engine speeds range from 750 to 2200 revolutions
per minute. In modern engines, the operation cycle
begins with air being compressed by a piston inside a
cylinder into which fuel is injected by a high-pressure
pump. The fuel is then ignited by the pressure in diesel
engines or a spark plug in petrol versions. The rapid
fuel burning and resulting gas expansion pushes the
piston. The same movement of the piston is used to
remove the burnt gases from the previous cycle. The
linear motion of a piston is converted to circular mo-
tion through the crankshaft, which is used to drive
pumps, generators, and other types of machinery.
Diesel engines differ from petrol engines in that they
do not have spark plugs to ignite the fuel mixture,
and hence work at much higher pressures. Diesel

engines usually operate at lower speeds than petrol
units, which results in less wear and tear. Engines
typically have an operational lifespan of between
5000-50000 hours (average 20000 hours; diesel lon-
ger than petrol).

To supply water, diesel can be used as an energy
source for both pumping and supplying energy for
other treatment processes (e.g. dosing pumps). Key
design considerations include whether the supply
requires direct current (DC) or alternating current (AC)
— for the former, a converter will be needed, and for
the latter, it should be clear whether single-phase or
three-phase is needed (see A.14 Electric)

Applicability and adequacy

The use of internal combustion engines is appro-
priate when electricity grid power sources are not
available and relatively large volumes of water must
be pumped (e.g. high yielding wells or surface water
sources). Engines of all sizes are also often used as
backup sources of power. It is important to select
engines from reputable suppliers that can provide
maintenance and repair services and reliably supply
spare parts. When engines are used as the main source
of power, an important consideration at the outset is
how long the diesel-powered supply will be needed -
given the current climate-change scenario, diesel
should be designed out for medium to longer-term
water supply applications whenever possible.
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A diesel generator for water pumping should be suf-
ficiently sized to run the pump, also with consideration
for the additional power needed to start the pump. This
involves understanding what total equipment will be
drawing power from the generator now and in future.
Additionally, the power output from diesel engines
reduces with an increase in both temperature and
altitude, which must be considered.

It is also important to consider how maintenance
and repair might be undertaken. Large installations
are not easily moved, and this may require technicians
to carry out the work on-site rather than in workshops.
This can contribute significantly to operation and
maintenance costs and result in loss of service for long
periods of time.

Operation and maintenance

Engines should be serviced (preventive maintenance)
according to the number of hours run, as recommended
by the manufacturer. For example, diesel engines require
an oil and oil filter change every 250 hours (or half that
if air temperature is more than 35 degrees Celsius),
an air and fuel filter change every 500 hours (or more
frequently depending on local dust conditions and if
fuel is dirty), a major service every 1000 hours, and an
overhaul every 10 000 hours.

While a generator should be large enough to start
the motor, over-sizing should also be avoided since it
can lead to excessive fuel and oil consumption. A load
should be designed to be at least 40% of the rated
generator capacity. Otherwise, running continuously
on a light load risks clogging the injectors with carbon
deposits of un-burnt fuel over time, which will then re-
quire a major service to decarbonize. Engines should
also not be run at a speed exceeding 70-80% of rated
capacity, as this will lead to premature wear and in-
efficiency. In general, water-cooled engines need less
maintenance than air-cooled engines.

Internal combustion engines require an operator to
be in attendance. Before starting the engine, the levels
of fuel, oil, and cooling water (if not air cooled) should
be checked and topped up if required. During opera-
tion, the caretaker should check the fuel level and oil
pressure and ensure that the pump and generator are
functioning properly. The readings from all gauges
and metres should also be recorded.

The installation and operational costs for engine-
powered systems are high, and operation and
maintenance require a high level of technical skills.
Troubleshooting problems based on symptoms re-
quires experience. Poorly trained electricians tend to
sometimes do a “fast fix” to get the generator working
by bypassing safety switches, which can lead to more
substantial damage later on. The reliable availability
of fuel, lubricants, and spare parts is essential and
must be planned. Regular maintenance must be im-
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plemented, and technical support must be available.
When diesel fuel is used directly from drums, it should
be allowed to stand for twelve hours so that the sedi-
ments can settle to increase the life of the fuel filters
and to protect the fuel injectors.

Health and environmental aspects/Acceptance

The use of internal combustion engines necessitates
that water sources are adequately protected from
contamination by fuel, lubricants, and fumes. If fuel is
not stored and decanted correctly, it can contaminate
groundwater—this risk can be minimized by storage
on bunded concrete platforms.

The fumes and noise produced by engines can be
hazardous to people working in close proximity to
installations for extended periods. It is also important
that caretakers are trained and made aware of the
risks associated with high-speed machinery. The area
where the equipment is operating should be off limits
to the general public, and there should be a way to
shield people from fast-moving V-belts when engine-
driven pumps are used.

® Advantages

« Can operate independently at remote sites
where electrical power is unreliable

« Has possible high-power output

> Disadvantages
+ Has high environmental cost
« Contaminated fuel can cause serious damage
« Produces noise and particulate pollution,
as well as pollution risk to soil and water.
« Depends on regular fuel supply
« Is expensive to operate and maintain
o Is difficult to automate
« Requires skilled technicians

> References and further reading materials can be
found on pages 212 and 213.

97







This section describes water treatment technologies
that are generally appropriate for larger groups
of users. It includes community treatment options,
semi-centralized applications in neighborhoods, and
centralized-type applications in urban areas. House-
hold water treatment methods are described in
section H.

All water treatment methods can be divided into
five groups (T.1-T.5 below) that can each function as a
single-step treatment or could be applied as part of a
large, multi-stage treatment. The five groups are
structured around the type of contaminants primarily
removed by the method, though some treatment
technologies can be applied to multiple contaminants
from different groups. See Annex 2 for a summary of
technological interventions at the treatment level.

T.1 Clarification

T.1.1 Roughing filtration
T.1.2 Rapid sand filtration
T.1.3 Microfiltration

T.1.4 Coagulation/flocculation/
sedimentation

T.1.5 Coagulation/flocculation/filtration

T.2 Removal/inactivation of
microorganisms

T.2.1 Chlorination

T.2.2 On-site electrochlorination

T.2.3 Ultraviolet (UV) light disinfection

T.2.4 Slow sand filtration

T.2.5 Ultrafiltration

T.2.6 Pasteurization

Part 2 — Technology information sheets — Treatment

T | Treatment

T.3 Treatments for geogenic
contaminants

T.3.1 Fluoride removal methods

T.3.2 Arsenic removal methods

T.4 Treatments for organic and
inorganic contaminants

T.4.1 Activated carbon
T.4.2 Ozonation

T.4.3 Nanofiltration

T.5 Desalination
T.5.1 Membrane distillation
T.5.2 Reverse osmosis

As illustrated in Part 1, a meaningful combination
of technologies is necessary to achieve safe drinking-
water. Context-specific factors should be considered
when choosing a treatment method or combination
of methods, including (see also Annex 2):

« Availability of the water resource and its seasonal
variations

« Water contaminants and seasonal variations in
contamination

« Legal water quality and quantity requirements

« The application of multiple barriers, so that the
failure of one barrier may be compensated by the
effective operation of the remaining barriers

« Scale

« Availability of financial resources

« Local availability of materials or need for imported
products

« Space availability

« Availability of skills and local capacity for design,
management, operation and safety

« Sources of energy
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Clarification

IR E Roughing filtration

Applicable to systems Management level Local availability of technology Technology maturity level
2,3 Community, centralized or components Established technology
Yes
Raw water .
channel Filter Medium gravel Fine gravel Outlet
: % % i channel

Inlet -
chamber

> Outlet
chamber
with drain

k
Drains for

hydraulic cleaning

Roughing filters are used to remove suspended
solids from turbid water (typically up to 100
nephelometric turbidity units [NTU]) through
the sedimentation of particles on a gradient of
filtration media ranging from coarse gravel to
sand. Roughing filters are typically used as
pretreatment processes to remove suspended
solids that could rapidly clog a downstream
filtration step (e.g. slow sand filter). These filters
ultimately improve the disinfection efficiency
and aesthetic quality of water in combination
with downstream treatment.

Roughing filters typically use a gradient of filter media
ranging in size from approximately 24 to 4mm, de-
creasing in the direction of water flow (see figure above).
This use of different grades of filter media, decreasing
successively in size, supports the penetration of parti-
cles into the filter bed. It also combines the advantag-
es of the greater storage capacity of the larger media
with the higher removal efficiency of the smaller me-
dia. Ideally, the filter media fractions should be as uni-
form as possible to increase filter pore space.

The filtration media may consist of gravel from a river-
bed, broken stones or rocks, burnt clay bricks, plastic
material such as chips that are typically used for trick-
ling filters, burnt charcoal, or coconut fibers. Roughing

filters are operated at small filtration velocities, on the
order of 0.3-1.5m/hour. At increased filtration rates
(2m/hour), particles penetrate deeper into the filter
bed, which decreases the filter efficiency.

Roughing filters can flow in different directions. In
addition to the horizontal flow pictured above, these
filters can also be vertical. Vertical (downflow or upflow)
filters are classified according to the manner in which
the layers are installed. The differing fractions of gravel
are filled in separate compartments and form a filter
“in series” or are placed on top of each other to form
a filter "in layers”. Intake and dynamic flow roughing
filters can be included as part of an intake structure or
installed at a water treatment plant.

Applicability and adequacy

Roughing filtration is applicable where there is a
high concentration of suspended solids in the source
water (up to 100 NTU) that needs to be removed before
downstream filtration steps (e.g. slow sand filtration).
This process ultimately improves the efficiency of disin-
fection and the aesthetic quality of the water.

Although designed primarily for the removal of sus-
pended solids, colloids and certain classes of pathogens
may also be removed to a lesser degree in roughing
filters. The removal efficiency for these compounds
depends on the configuration and design parameters

100 Compendium of drinking-water systems and technologies from source to consumer



of the filter, though it is generally lower compared to
rapid sand filters. The efficiency can be increased in
roughing filters with a smaller filter media size at the
last layer and slow laminar flow conditions.

Roughing filters were originally developed for com-
munity water supplies due to their lower operational
costs and requirements compared to conventional
coagulation/sedimentation methods. This makes these
filters applicable in situations with limited local capacity
and financial resources for operational expenditures or
where reliable supply chains for consumable chemicals
are not available. However, capital expenses exceed the
costs of the coagulation process (see T.1.4 Coagulation/
flocculation/sedimentation and T.1.5 Coagulation/floc-
culation/filtration).

Operation and maintenance

In upflow roughing filters, solids penetrate deep
into the filter medium, and therefore hydraulic filter
cleaning is needed. This can be done by lowering the
water table in the filter to wash down loosely accumu-
lated aggregated solids. High filter drainage rates and
adequate installations enhance the cleaning by drain-
age. To reduce the amount of treated water used for
washing, the valves connected to the underdrain sys-
tem of the filter should be opened and closed quickly.
In horizontal-flow roughing filters, it is important to
start cleaning at the inlet side where most of the solids
are retained. High levels of organic matter in raw water
require a high frequency of hydraulic cleaning to reduce
filter compaction and clogging, which require manual
cleaning. Roughing filters should be more thoroughly
cleaned manually after about 1 year of operation, de-
pending on the turbidity of the raw water, by excavat-
ing the filter material from the filter compartment,
washing it separately, and refilling itinto the compart-
ment. Besides hydraulic and manual cleaning, ad-
ditional regular maintenance activities include repair-
ing fissures, applying anti-corrosive agents to metal
parts (valves, rods, and pipes), checking and lubricat-
ing the different valves, skimming off floating material
from the free water table, washing out coarse settled
material, and replacing defective parts.

Health and environmental aspects/Acceptance
Roughing filtration is a pretreatment method and
should not be used as a single step treatment process.
The process may achieve up to 2 log reduction value [LRV]
for bacteria (with performance varying depending on the
filter medium and coagulant used [WHO, 2022a]), as well
as colour, and some organic matter when operated and
maintained optimally. The resulting sludge produced
during filtration should be treated as a waste product
and disposed of appropriately and in-line with local requ-
lations to minimize health and environmental concerns.

Part 2 - Technology information sheets — Treatment — Clarification

® Advantages

Does not require the use of chemicals or
mechanical equipment

Can be constructed with local resources
Requires relatively low maintenance
Has low operational costs

> Disadvantages

Performance may vary significantly depending
on the filter design, maintenance practices,

and raw water characteristics

Cannot treat stable suspensions with high
concentrations of colloidal matter

Inefficiently removes colour compared to other
pre-clarification methods

Requires more time and resources for installation
than coagulation and sedimentation method

References and further reading materials can be
found on page 213.
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Clarification

IR Rapid sand filtration

Applicable to systems Management level

Local availability of technology

Technology maturity level

2,3,7,8 Community, centralized or components Established technology
Yes
Air vent
Raw water
inlet/
Backwash
outlet
Raw water
channel Backwash
supply
Strainers
Strainer plate
Com-
pressed Backwash
air — | airinlet

1
Underdrainage

Filtered 1
water

Filtered water outlet
Backwash inlet

Rapid sand filters remove suspended and colloi-
dal solids from turbid water. The water passes
through the filter media (sand grain size typically
ranging from 0.2-2 mm), and solids are trapped
by, settle onto, or adsorb onto the sand material.
Rapid sand filters should be installed after coa-
gulation and/or sedimentation and before dis-
infection (e.g. chlorination, ultraviolet (UV) light
disinfection).

Rapid sand filters are applied in a variety of treatment
trains. Conventional filtration consists of coagulation/
flocculation/sedimentation/rapid sand filtration (T.1.4
Coagulation/flocculation/sedimentation and T.1.2 Rapid
sand filtration) and can be applied to any surface water
source, including those with high and varying turbidity
and colour. Water with a better initial quality, such
as from a dam or lake (turbidity <15NTU), can also be
treated by direct filtration including coagulation/
flocculation/rapid sand filtration (T.1.5 Coagulation/
flocculation/filtration). Finally, two-stage filtration
assembles coagulation/roughing filtration/rapid sand
filtration and is typically used in small packaged treat-
ment plants with raw water turbidity < TOONTU.
Preceded by a coagulation step, rapid sand filters
remove 70-90% of suspended solids and colloidal
material. Without pretreatment, the removal can be sig-
nificantly lower. Under optimal operational conditions
rapid sand filtration can achieve up to 4 log reduction

value (LRV) for bacteria and viruses, and up to 3 LRV for
protozoa (with performance varying depending on filter
media, coagulation pretreatment, and general operation
and maintenance conditions [WHO, 2022a]).

Rapid sand filters are available in up- and downflow
mode, with filtration run by pumping (pressurized
filtration) or gravity. For decentralized applications,
gravity downflow filters are common because of their
easier inspection and maintenance. These downflow
filters consist of a basin or tank containing the filter
media and a gravel support at the bottom, a manifold
and/or underdrain system to collect the filtered (or
clear) water, and troughs to collect water from the
backwash (i.e. wash water). Additionally, a pump is
needed to power the filter backwash and/or to dis-
tribute the filtered water. Filtered water is typically
pumped to and stored in a water tower (overhead
tank, e.g. D.6 Storage tanks or reservoirs). This water
can then be distributed by gravity to consumers or
back to the filter for backwashing. Chlorine or other
oxidants may be added in certain contexts prior to rapid
sand filtration or prior to the combined coagulation/
filtration process to remove inorganic contaminants
such as iron and manganese, reduce organic matter,
and reduce biological growth within the sand filters.

Rapid filters are operated at a typical filtration
velocity of 10m/h (range 1-50m/h), which is higher
thanthat of slow sand filtration (approximately 0.1 m/h).
The respective supernatant water height, correspond-
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ing to the water level above the filter media, varies
from 0.6-2.5m. The water height depends on the type
of flowrate control (i.e. inflow weir or outflow valve).
For decentralized drinking-water treatment, monolay-
er sand filters or dual media filters are most commonly
used, the former being simpler and the latter being
more robust and reliable. The simplest monolayer rapid
sand filter uses, for example, a sand layer of 0.6-0.8 m
with mean grain sizes of 0.4-0.8mm. The required
uniformity of the filter media should be assured by
sand sieving. In more advanced dual media filters op-
erated in downflow mode, the bottom layer consists of
0.2-0.3m of sand (as before) and the top layer contains
0.5-1.8m of either anthracite or granular activated
carbon with mean grain sizes of 0.8-2.0mm.

Applicability and adequacy

Rapid sand filtration is applicable when the turbidity
of the raw water needs to be reduced for adequate disin-
fection and to improve the aesthetic quality of the water.
These systems can typically be constructed from local ma-
terials. The required sizes for a community water supply
range from a few 100 L plastic barrels to several hundred
m3/h. The latter is most often built from concrete, local
sand, and local piping and valves (i.e. PVC or cast iron).

Operation and maintenance

Rapid sand filtration requires a trained operator to
maintain the proper filtration and backwash rates, to
check the filtered water quality, and to conduct peri-
odic cleaning and repair. Backwashing is required to
remove retained solids, which otherwise lead to filter
clogging, turbidity breakthrough, or loss of pressure (or
head loss). Usually, routine operation involves regular
backwashes, for example, every 1 to 4 days depending
on the influent water quality and flow rate. In general,
the higher the media layer, the longer the filter can run.

In addition to time, other important triggers for
backwashing include filter effluent quality (e.g. turbidi-
ty) and pressure (or head loss) across the filter. Filter
backwashing is performed with treated water. During
backwashing (in upflow mode), the filter bed is expand-
ed such that previously retained fine particles can be
released into the wash water. Meanwhile, the operator
must ensure that the backwash flowrate is high enough
to expand the filter bed, yet not so high as to wash out
the filter material. This optimal flowrate typically ranges
between 12-90m/h. Following backwashing, the filter
bed experiences a ripening period, during which
sub-optimal filter performance is likely. This can be
managed by discarding the filtered water to waste
during this period. Additionally, the operator needs to
regularly check the turbidity of the filtered water to
ensure adequate treatment performance. Ideally, this
would be monitored online (with corresponding exceed-
ance alarms) or regularly (e.g. daily, depending on the
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local context) using a turbidity meter. Finally, the filter
media should be replaced after several years, which can
be done by manually excavating the media with a shovel.
All valves should be opened and closed completely at
least once per year. When damaged or malfunctioning,
repair or replacement requires a mechanic or plumber.

Health and environmental aspects/Acceptance

The wash water from rapid sand filtration may be
turbid and contain harmful microorganisms, so it
should be disposed of appropriately and in line with
local health and environmental requirements to avoid
potential health and ecological impacts downstream.
Since the wash water may contain bacteria, viruses, or
protozoa, it should not be used for other purposes like
washing or bathing. For large community and central-
ized water treatment plants, wash water should be
considered as wastewater and treated as such either
on-site or discharged to a sewer for subsequent treat-
ment at a local wastewater treatment plant. In water-
scarce settings, the wash water may be recycled back
to the head of the water treatment plant. To minimize
the risk of microbial contamination from this practice,
backwash water should be treated and adequately
disinfected (via UV light disinfection where there is a
risk from protozoa) in a separate wash water system
before being recycled back to the head of the plant
(refer to T.1.4 Coagulation/flocculation/sedimentation
for an example of a wash water system).

® Advantages

« Does not require the use of chemicals
(but pre- and post-treatment do)

« Can be constructed with local resources

« Does not require a high degree of technical
capacity for operation

« Serves as a biological filter for the removal
of organics (if chlorine is not used upstream)

© Disadvantages
« Requires reliable operation and monitoring
on a daily basis
« Requires proper hydrodynamic design to
avoid exceeding the maximum filtration rate,
leading to poor filtered water quality
« Varies largely in its removal of microorganisms,
suspended solids, turbidity, and colour depending
on the operational parameters
« Removes only a limited amount of colloids,
organics, and colour without upstream
coagulation/flocculation/sedimentation

- References and further reading materials can be
found on page 213.
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T.1.3

Clarification

Microfiltration

Applicable to systems
2,3,6,7,8

Management level
Neighborhood, community,
centralized

Local availability of technology
or components
Setting specific, membrane modules

Technology maturity level
Established technology

may only be regionally available

Feed
pump

Raw water —

Pretreatment
(optional)

Microfiltration (MF) is used to retain particles
and microorganisms that are larger than the
pore size of the membrane. These membranes
are polymeric or ceramic, with a pore size rang-
ing from 0.1-10 pm. Depending on the pore size,
optimal operation may remove protozoa and
bacteria up to 6 log reduction value (LRV), with up
to 4 LRV removal for viruses (WHO, 2017a).9 Since
the pore size of MF membranes is typically larger
than the size of viruses, microfiltration alone
should not be used for disinfection purposes.

The pressure difference between the input stream
(feed) and filtrate (permeate) is the driving force of
microfiltration. Microfiltration can be operated either
under constant pressure or constant flow conditions.
The operating transmembrane pressure that is typically
used varies from 0.1-1bar. During continuous opera-
tion, particles and microorganisms larger than the pore
size are retained on the membrane surface, forming a
cake layer. Smaller particles and dissolved organic matter
can penetrate into, and adsorb onto the membrane
pores. Both processes reduce the flow of water through
the membrane when operated under constant pressure
or increase the transmembrane pressure when operated
under a constant flow. The formation of the cake layer
and deposition of organic matter within the pores of the
membrane causes fouling. Therefore, MF systems re-
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Prescreen

Membrane
modules

—> Purified water

Backwash waste
Cleaning in place waste

Residuals disposal

quire periodic cleaning by backflushing and/or chemi-
cal treatment (see operation and maintenance) or, in
some cases, pretreatment or the addition of coagu-
lants.

There are different types of membrane fouling. Re-
versible fouling can be removed by backflushing alone
whereas irreversible fouling remains after backflush-
ing though can usually be partly removed by chemical
cleaning. The composition of organic and particulate
matter in the water defines the extent of both types
of fouling. The presence of humic substances, the
main organic compounds in soil, peat, and coal, and
biopolymers in water usually increases irreversible
fouling. Most commercial MF membranes are made of
polymer materials, but ceramic membranes are also
available.

There are three major types of membrane modules:
hollow fiber modules, spiral wound modules, and flat
sheet membrane modules. In drinking-water produc-
tion, mostly hollow fiber modules are used since they
are the most compact as well as low cost. They also
have a lower energy consumption compared to other
module configurations.

Applicability and adequacy

Membrane modules are usually supplied by mem-
brane producers as single units (usually 10-40m?2 of
membrane surface per unit). Engineering companies
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and manufacturers then assemble the units in module
racks and integrate these into large- or medium-scale
drinking-water treatment facilities and/or packaged
systems. Large scale MF treatment plants typically
include pre- or post-treatment units, such as coagula-
tion and/or disinfection. During periods of high water
turbidity, in-line coagulation using iron salts can be
used, which can also be automated based on on-line
monitoring (e.g. turbidity).

Typically, drinking-water treatment plants apply
ultrafiltration (UF) (see T.2.5 Ultrafiltration), and MF is
therefore used as a pretreatment for reverse osmosis
or to reduce turbidity for subsequent disinfection by
other methods. In such cases, MF is typically applied
where efficient and cost effective automated opera-
tion is required and only limited space is available.
Skilled operators are required for the effective opera-
tion of MF plants. For large community, decentralized,
and centralized systems, ongoing technical support
from the manufacturer (including on-site assistance)
should be guaranteed, since the maintenance and re-
pair of automated systems require process engineer-
ing skills and experience with the individual design
features of the systems.

Operation and maintenance

Fouling necessitates periodic membrane cleaning.
In automated MF systems, membranes are cleaned by
backwashing and/or adding chemical agents that
remove the contaminants accumulated on the mem-
brane. During the backwashing process, the direction
of the water flow is reversed using high pressure for a
certain time interval. This removes the cake layer from
the membrane surface and flushes the contaminants
out in a concentrated waste stream (retentate). De-
pending on the manufacturer’s specifications and the
source water characteristics, membrane backwashing
is typically required from every few minutes to every
few hours.

Some fouling agents cannot be removed by back-
washing alone, but can be chemically detached. Clean-
ing agents include caustic soda, acids such as citric
acid, and/or hypochlorite solutions. These chemicals
should not compromise the membrane material or be
used at concentrations above what is recommended
by the manufacturer (e.g. the sodium hypochlorite con-
centration should generally not exceed 500 mg/L free
chlorine during cleaning). In automated systems, a
skilled operator or experienced engineer optimizes
the backwash/cleaning intervals in the commissioning
phase. Chemical cleaning may also be conducted man-
ually, where the membrane is soaked in cleaning agent.

Over time, MF membranes experience some degree
of fouling that can no longer be removed through back-
washing or chemical cleaning. Consequently, the mem-
brane must be replaced (generally every 7-10 years).
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The time until replacement is usually defined by manu-
facturer and assessed during their on-site technical
supportvisits based on performance (e.g. turbidity break-
through, pressure levels) and the extent of irreversible
fouling.

Health and environmental aspects/Acceptance
The disposal of backflush water must be carefully
considered as it may contain a concentrate of the
(microbial) contaminants found in the feed water
when hypochlorite is not used during backwashing.

® Advantages

« Removes turbidity effectively

« Provides a barrier to bacteria and protozoa

« Operates constantly and reliably through
automation and the treatment of water of
variable quality

« Uses a smaller land area due to transportable
and mobile membrane units, as compared to
conventional filtration systems

> Disadvantages

« Hasrelatively high investment costs and con-
siderable operational and maintenance costs

« Requires skilled personnel for operation and
maintenance

« Requires a reliable power supply due to the need
for continuous operation to guarantee optimal
membrane performance

> References and further reading materials can be
found on page 213.

9 The LRVs achieved in practice will vary depending on the integrity of
the filter medium and filter seals, resistance to chemical and biological
("grow-through”) degradation, and general operation and maintenance
conditions (WHO, 2017a).
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Clarification

IR Coagulation/flocculation/sedimentation

Applicable to systems Management level Local availability of technology Technology maturity level
2,3,7,8 Community, centralized or components Established technology
Yes
Raw
water gg;%l;lam Coagulation Flocculation Sedimentation

\

Hydraulic mixer

Clarified
water

Further treatment/disinfection
as required

<—— Recycling sludge water

Filtration media /
filter press

\

e/

Thickened sludge
holding tank

For disposal

Coagulation/flocculation is a pretreatment step
to reduce suspended and colloidal solids, organ-
ics, and colour. A coagulation agent is added to
the raw water, which aggregates the finely dis-
persed particles into larger agglomerates (or flocs),
that can then be removed by sedimentation or fil-
tration (T.1.5 Coagulation/flocculation/filtration).

Most fine particles dispersed in water are negatively
charged and consequently repel each other. In this
way, they remain suspended instead of settling. Coag-
ulation agents can neutralize this charge and thus de-
stabilize the particle suspension (called coagulation).
After charge neutralization, inter-particle attractive
forces attach individual particlesinto larger flocs (called
flocculation). Eventually the particles become large
enough to settle via gravity.
Coagulation/flocculation/sedimentation is typically
applied as a pretreatment step to subsequent down-
stream treatment. The process can remove micro-
organisms to a degree when operated at optimally,
achieving up to 2log reduction value (LRV) for bacteria
and protozoa and up to 3LRV for viruses (with perfor-
mance varying depending on coagulation conditions,
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and general operation and maintenance conditions
[WHO, 2022a]). However, conventional coagulation/
flocculation/sedimentation should be followed by fil-
tration and disinfection.

Common coagulants include ferric and alumina
salts mainly combined with chlorides or sulfates, such
as a solution of ferric chloride (FeCls) or poly aluminum
chloride (PACI). In low-income countries, the natural
and locally available solid alum (natural compound
containing aluminum sulfate) is often used. Because
the pH of raw water strongly influences the process ef-
ficiency, it can be adjusted to the optimal level of
around pH 8 for ferric coagulants and around pH 6 for
aluminum coagulants. It is important that coagulant
dosage is routinely determined to account for a vari-
able quality of source water (see jar test below), be-
cause a sub-optimal dosage (i.e. under-/overdosage)
can result in poorly clarified water. Typical dosages for
ferric chloride (hexahydrate) and alum range from
5-150mg/L and 10-250mg/L, respectively, depend-
ing on the raw water quality (e.g. turbidity, colour, pH).

Aslurry or solution of coagulants should be added
by a dosing pump. Intense rapid mixing (typically 2-5
minutes), often also known as flash mixing, distributes
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the coagulant in the raw water. Floc formation is
achieved through mixing/agitation in a flocculation
chamber at decreasing speeds (from higher to lower)
for typically 10-80 minutes. The formed flocs are then
large enough to settle via gravity in a sedimentation
basin® for typically 90-180 minutes.

Applicability and adequacy

On the smallest scale, flocculation can be per-
formed batch-wise in buckets or barrels. Dose pump-
ing is the most reliable in larger flow-through systems,
but this requires power and that the solid alum be
dissolved before dosage control. Mixers are normally
electrically driven, though overflow weirs and static
mixers are passive mixing approaches (i.e. do not require
power) for coagulation and flocculation, respectively.

Most sedimentation basins are circular or rectangu-
lar, and the flow is horizontal. In rectangular systems,
the depth and width of the flocculation basin should
be similar to the that of the sedimentation basin. The
depth should typically not exceed 5m. In the case of
limited land availability, lamella plates' can be installed
in the sedimentation basin to increase settling effi-
ciency and capacity. To facilitate settling, the water
must not be disturbed/mixed in the sedimentation
basin. An overflow weir is usually used at the outlet to
uniformly distribute the flow and minimize the resus-
pension of particles.

Operation and maintenance

For efficient operation and performance, it s critical
to optimize the chemical dosage of the coagulants
and flocculants and ensure the ideal pH via the addi-
tion of acid or base (alkali) as required. To determine
the minimum dosage of the chemicals required for co-
agulation/flocculation to achieve the desired water
quality targets, the simple laboratory jar test should
be performed. This tests the actual raw water and
should be conducted routinely, minimally at the start
of both the dry and rainy season. Ideally, jar tests
should be conducted more frequently where the raw
water quality varies, particularly during heavy rain
events when the source water quality can rapidly dete-
riorate. During these heavy rain events, the operator
also needs to ensure that the elevated flow rate enter-
ing the sedimentation basin does not prevent flocs
from settling. This can be done by diverting the flow or
closing the intake completely.

Quality control monitoring of the raw and clarified
water should be routinely carried out to optimize the
process (e.g. turbidity, pH, colour, flow rate). Ideally,
monitoring should be carried out online for larger
systems (with corresponding exceedance alarms). In
smaller systems, grab samples should be analysed
daily to weekly, at a minimum, depending on the
source water quality characteristics and variability.
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The dosing pump and mixers need regular inspec-
tion and maintenance (particularly if installed outside).
In humid climates, special attention must be given to
corrosion of these units.

Finally, the settled sludge must be removed regularly
either manually or via an underdrain, typically every
couple of weeks or months depending on the source
water quality. Drained sedimentation basins can be
cleaned manually with a shovel. On-site sludge treat-
ment typically involves dewatering the sludge (e.g.
via gravity thickeners and presses) to produce a de-
watered sludge cake suitable for transportation and
disposal or reuse.

Health and environmental aspects/Acceptance

Most coagulants and the acids and bases used to
adjust the pH must be treated with care since they can
be corrosive (e.g. FeCls). The sludge produced in the
sedimentation basin can cause health concerns, as
it may comprise pathogens and/or heavy metals de-
pending on the raw water quality. The produced sludge
needs usually subsequent treatment, degradation, and
safe disposal in a landfill. If water from dewatered
sludge is recycled back into the system, it should be
treated/disinfected (e.g. via UV disinfection where there
is a risk from protozoa) before being returned to the
head of the plant.

® Advantages

« Lower installation costs and long lifetime

» Lower operational costs

« Consists of widely available materials for
construction and operation (e.g. alum)

= Disadvantages

« Requires a lot of land for sedimentation

« Requires skilled operator for raw water quality
monitoring, dosage, and chemical handling

« Has poor treatment efficiency in case of under-/
overdosage

» Requires continuous supply of coagulant and
power for mixing

> References and further reading materials can be
found on pages 213 and 214.

10 Dissolved air floatation may be used as an alternative to sedimentation
in certain settings (i.e. use of micron-sized air bubbles that attach to
flocs, forming a sludge blanket at the surface of the tank which can be
subsequently removed by a hydraulic “float-off”).

11 A series of inclined plates that provides a large surface area for floc
settling in a small footprint.
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Clarification

IR Coagulation/flocculation/filtration

Applicable to systems Management level

Local availability of technology

Technology maturity level

2,3,7,8 Community, centralized or components Established technology
Yes
Coagulant| c5aqylation Flocculation Rapid sand filter
dosing

\

Hydraulic mixer

Backwash
supply

Com-
pressed
air

-—

b,

Filtered water

\
Underdrainage

1 |

Coagulation/flocculation is a pretreatment step
required to reduce suspended and colloidal
solids, organics, and colour. A coagulation agent
is added to the raw water, which aggregates the
finely dispersed particles into larger agglomer-
ates (or "flocs”), that can then be removed by
sedimentation (see T.1.4 Coagulation/floccula-
tion/sedimentation) or filtration.

Most fine particles dispersed in water are negatively
charged and consequently repel each other. In this
way, they remain suspended instead of settling. Coag-
ulation agents can neutralize this charge and thus de-
stabilize the particle suspension (called coagulation).
After charge neutralization, inter-particle attractive
forces attach individual particles into larger flocs
(called flocculation). Finally, the particles become large
enough to be filtered out.

Although this process can remove microorganisms
to a degree when operated at optimal conditions, con-
ventional coagulation/flocculation/filtration (also called
direct filtration) should be followed by disinfection,
such as with chlorine (see T.2.1 Chlorination) or UV (see
T.2.3 Ultraviolet (UV) light disinfection). Coagulation/
flocculation/filtration is generally only appropriate for
higher quality source waters (e.g. turbidity < 15 NTU).

Common coagulants include ferric and alumina
salts mainly combined with chlorides or sulfates, such
as a solution of ferric chloride (FeCls) or poly aluminum
chloride (PACI). In low income countries, the natural
and locally available solid alum (natural compound
containing aluminum sulfate) is often used. Because

T
Waste water
outlet

the pH of raw water strongly influences the process
efficiency, it can be adjusted to the optimal level of
around pH 8 for ferric coagulants and around pH 6 for
aluminum coagulants. It is important that coagulant
dosage is routinely determined to account for a vari-
able quality of source water (see jar test below), as
a sub-optimal dosage (i.e. under/overdosage) can
result in poorly clarified water. Typical dosages for
ferric chloride (hexahydrate) and alum range from
5-150mg/L and 10-250mg/L, respectively, depend-
ing on the raw water quality (e.g. turbidity, colour, pH).
A slurry or solution of coagulants should be added
by a dosing pump. Intense rapid mixing (typically 2-5
minutes), often also known as flash mixing, distributes
the coagulant in the raw water. Floc formation is
achieved through mixing/agitation in a flocculation
chamber at decreasing speeds (from higher to lower)
for typically 10-80 minutes. The final filtration step
may be either rapid sand filtration (see T.1.2 Rapid
sand filtration) or microfiltration (see T.1.3 Microfil-
tration). Rapid sand filtration is more suitable for
decentralized drinking-water treatment because of the
lower investment costs and availability of spare parts.
It is usually operated by gravity in downflow mode.
For more details refer to T.1.2 Rapid sand filtration.
Membrane filtration usually requires filtration and
backwash pumps, leading to higher investment and
operational costs than rapid sand filtration. However,
the filtered water is of higher quality (i.e. higher re-
moval rates for microorganisms, turbidity, organics,
and colour), and the required coagulant dosage may be
lower. For more details, refer to T.1.3 Microfiltration. In
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some membrane filtration systems, in-line coagula-
tion is used. In such systems, the coagulants are intro-
duced prior to filtration and are often mixed in the
pipe (via static mixing) followed directly by membrane
filtration.

Applicability and adequacy

Dose pumping is most reliable in large flow-through
systems, but these systems require power and that the
solid alum be dissolved before dosage control. Mixers
are normally electrically driven, though overflow weirs
and static mixers are passive mixing approaches (i.e.
do not require power) for coagulation and floccula-
tion, respectively. To backwash the filter, the system
must have a pump and/or a water tower. Because it is
normally applied to higher quality source waters with
lower turbidity, this process results in less backwash-
ing and sludge production (and lower associated
costs for power and sludge processing/disposal) than
conventional coagulation/flocculation/sedimentation
(see T.1.4 Coagulation/flocculation/sedimentation).

Operation and maintenance

For efficient operation and performance, it is critical
to optimize the chemical dosage of the coagulants and
flocculants and ensure the ideal pH via the addition
of acid/base as required. To determine the minimum
dosage of the chemicals required for coagulation/
flocculation to achieve the desired water quality tar-
gets, the simple laboratory jar test should be per-
formed. This test uses the actual raw water and should
be conducted routinely, minimally at the start of both
the dry and rainy season. Ideally, jar tests should be
conducted more frequently where the raw water
quality varies, particularly during heavy rain events
when the source water quality can rapidly deteriorate.
During these heavy rain events, the operator also
needs to ensure that the elevated flow rate entering
the sedimentation basin does not prevent flocs from
settling. This can be done by diverting the flow or
closing the intake completely.

Quality control monitoring of the raw and clarified
water should be routinely carried out to optimize the
process (e.g. turbidity, pH, colour, flow rate). Ideally,
monitoring should be carried out online for larger
systems (with corresponding exceedance alarms). In
smaller systems, grab samples should be analysed
daily to weekly, at a minimum, depending on the
source water quality characteristics and variability.

The dosing pump and mixers need regular inspec-
tion and maintenance (particularly if installed out-
side). In humid climates, special attention must be
given to corrosion of these units.

Rapid filters and membranes both require periodic
backwashes and cleaning. For details, refer to T.1.2
Rapid sand filtration and T.1.3 Microfiltration, respec-
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tively. On-site sludge treatment is described in T.1.4
Coagulation/flocculation/sedimentation.

Health and environmental aspects/Acceptance
Most coagulants and the acids and bases used to
adjust the pH must be handled with care since they
can be corrosive (e.g. FeCls). The sludge produced in
the sedimentation basin can cause health concerns, as
it may contain high levels of pathogens and/or heavy
metals depending on the raw water quality. Usually,
the produced sludge needs subsequent treatment,
degradation, and safe disposal in a landfill. If water
from dewatered sludge is recycled back into the
system, it should be treated/disinfected (e.g. via UV
disinfection where there is a risk from protozoa)
before being returned to the head of the plant.

® Advantages

o Lower installation costs and long lifetime

« Lower operational costs (rapid filters)

« Consists of widely available materials for
construction and operation (alum)

« Requires less land, capital (only rapid filters),
and operational costs, and produces less
sludge compared to coagulation/flocculation/
sedimentation

© Disadvantages

« Requires skilled operator for proper dosage,
chemical handling, and filter backwash

« Has poor treatment efficiency in case of
under/overdosage

> References and further reading materials can be
found on page 214.
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T.2.1

Removal/inactivation of microorganisms

Chlorination

Applicable to systems
2,3,6,7

Management level
Household, neighborhood,
community, centralized

Local availability of technology
or components
Yes

Technology maturity level
Established technology

—

Water supply — :E'j‘
1

Purified water <—

Water storage
tank

Chlorination consists of the addition of chlorine
compounds to water. Under optimal conditions,
chlorine can inactivate bacteria and many viruses
and can provide some residual protection against
low-level microbial recontamination and growth,
including as a result of user practices.

The three most commonly used forms of chlorine are:

« Chlorine gas, which is pure elemental chlorine that
is supplied as liquefied gas in pressurized contain-
ers. It is usually injected under pressure or through
a vacuum-operated solution feed system into the
water line using precise dosing equipment. The
application of chlorine gas requires special safety
precautions. It is thus only recommended for larger
and automated installations (i.e. municipal water
treatment plant) with skilled personnel and proper
process controls and safety measures in place.

o Sodium hypochlorite (NaOCl), also called bleach,
which is commercially available as a 10-15% solu-
tion. The shelf life of liquid sodium hypochlorite is
limited. Depending on the size of installation, it can
be metered in the receiving stream with a dosing
pump or gravity. Sodium hypochlorite can also be
produced on-site through the electrolysis of salt in
an open cell or a membrane-based system (T.2.2
On-site electrochlorination).

o Calcium hypochlorite (Ca[OCl],), which is available as
“powdered chlorine” or “bleach powder” in a con-
centration of 25-30%, high test hypochlorite (HTH)
with a concentration of 65-70%, or solid chlorine
compressed into tablets or briquettes and com-
bined with different additives. Powdered calcium
hypochlorite needs to be dissolved prior to use or
can be added as a powder directly into the receiving
water when there is adequate mixing. Solid calcium
hypochlorite is often dosed through special contact
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Chlorine analyser

Dosing pump

Sodium hypochlorite
dosing

Recirculation
pump

erosion systems, where water passes through the

contactor and slowly dissolves the tablet to form

a solution of a desired concentration. Solid hypo-

chlorite is usually more expensive than other forms.
The concentration of chlorine in water that is available
for disinfection and/or oxidation is referred to as ac-
tive chlorine. Upon disinfection/oxidation this active
chlorine is consumed by inorganics, ammonia, and or-
ganic matterin the water (often referred to as chlorine
demand), and the concentration subsequently decreas-
es. The dosage of active chlorine usually ranges from
1-6mg/L, depending on the quality of the water and
corresponding chlorine demand.

For effective disinfection, WHO recommends a residual
free chlorine concentration (i.e. active chlorine remain-
ing after being in contact with the water during treat-
ment) of = 0.5mg/L after at least 30 minutes of contact
time at pH < 8. A free chlorine residual concentration
of = 0.2mg/L must be maintained throughout the
distribution system until the point of delivery to mini-
mize the risk of microbial recontamination and growth
during distribution and storage. The chlorine concen-
tration (C) multiplied by the contact time (t) yields the
Ct value. In general, chlorine is effective against bac-
teria and many viruses at typical Ct values applied in
water treatment plants. Ct values for different micro-
organisms can be found in LeChevallier & Au (2004).
Chlorine is ineffective against several protozoa includ-
ing Cryptosporidium oocysts, at concentrations and
contact times practical for water treatment processes.

Applicability and adequacy

Chlorination is the most common disinfection
method worldwide, applied at all treatment scales
ranging from households to centralized treatment.
Chlorine can be added to the water at various stages
of treatment:
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Pre-oxidation: Chlorine is added as an oxidizing agent
in a pretreatment step designed to remove inorganic
contaminants, such as iron and manganese. Organics
may also be removed, which can form undesirable dis-
infection by-products. Furthermore, trivalent arsenic
(arsenite) can be oxidized to pentavalent arsenic (arse-
nate), which is more easily removed by iron oxides.

Primary disinfection: Chlorine is added as a final
treatment step (i.e. typically added after filtration) to
disinfect the water and provide a free chlorine residual
concentration during distribution and storage.

Secondary disinfection: Chlorine is added during dis-
tribution/storage within the network via “booster” chlori-
nation stations, or passive in-line chlorination devices, to
ensure an adequate residual concentration is maintained
to the point of use. Chlorine disinfection may also be ap-
plied at the household level (H.4 Chemical disinfection).

For disinfection the ideal pH is less than pH 8. Above
pH 8, the effectiveness of chlorine is reduced such that
more contact time or a higher concentration may be
required for effective disinfection. To balance other
water quality considerations with disinfection, the op-
timum pH for drinking-water is generally considered
to be between pH 6.5 and 8.5.

If dose pumping is applied, power (e.g. electricity) is
required. The gravity feeding of a hypochlorite solu-
tion also requires careful operation given the risk of
sub-optimal dosing. It is recommended that the influ-
ent water turbidity is below 1NTU to ensure sufficient
disinfection. However, keeping the turbidity below
1NTU is not always possible in lower-resource settings;
in such cases, the aim should be to keep turbidities be-
low 5NTU. At turbidities above 1 NTU, higher disinfec-
tion doses or contact times will be required to ensure
that the adequate Ct value is achieved (WHO, 2017c).

Operation and maintenance

Routine operation includes the dosing of hypochlo-
rite solutions (pre-dissolved Ca[OCl], or NaOClI) either
by a gravity dosing system or via a dosing pump. Pump-
ing provides better dosage control. The chlorine dos-
age and residual free chlorine levels should be moni-
tored regularly in the treated water and during storage/
distribution by a trained operator or technical support.
This should ideally be online with corresponding ex-
ceedance alarms, or grab samples need to be analysed
at least once a day with a chlorine test kit.

Since chlorine is very corrosive, special attention
must be given to maintaining the dosing and down-
stream equipment (stock solution storage container,
pumps, valves, pipes).

Chlorine may degrade over time or if stored improperly
(e.g. indirect sunlight, open to the environment). For this
reason, best practice stock management (i.e. following
“first in, first out” principles) and storage (i.e. store
away from direct sunlight, excessive humidity, and

high temperatures in sealed, corrosion-resistant con-
tainers) is required.

Health and environmental aspects/Acceptance
Chlorination is by far the most applied disinfection
method, and thus has a high general acceptance. Con-
sumers vary in their taste/odour threshold for chlorine
and can object to concentrations as low as 0.3mg/L,
which can lead them to seek non-chlorinated, and
therefore less safe, sources of drinking-water. Effective
communication and consumer engagement is needed
to manage such concerns to assure consumers regard-
ing the health benefits of drinking chlorinated water.

Skin and eye contact should be avoided by using
personal safety equipment (protective glasses, gloves,
and cotton coat/clothing). The respiration of chlorine
gas can be avoided with adequate ventilation. Proper
operator training assures safe handling.

Chlorine overdosage, high organic content in the
water, and/or long detention times during storage and
distribution may contribute to the formation of disin-
fection by-products, such as trihalomethanes. The in-
adequate storage of hypochlorite may result in the
formation of chlorite. These disinfection by-products
should be minimized due to potential health concerns
associated with long-term exposure. However, the
longer-term potential risks to health from these
by-products are low in comparison with the confirmed
acute risks associated with inadequate disinfection,
and disinfection should therefore not be compromised
in attempting to control disinfection by-products.

® Advantages

« Low installation and operational costs

« Locally available (liquid or solid)

« Caninactivate bacteria and viruses when
operated optimally

« Easy to use compared to other treatment
technologies including other disinfectants

« Provides some residual protection

> Disadvantages

« Ineffective against Cryptosporidium oocysts
(requiring additional barriers for protection)

« Requires trained operator and equipment

« Requires higher doses and/or contact times if
turbidity is elevated

« Requires regular inspection/replacement due
to equipment corrosion

« Users may object to taste and odour

« Deteriorates over time and when stored improperly

- References and further reading materials can be
found on page 214.
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Removal/inactivation of microorganisms

On-site electrochlorination

Applicable to systems
2,3,6,7

Management level
Household, neighborhood,

Local availability of technology
or components
community No

Technology maturity level
Established technology

Diluent air, hydrogen <«

Water supply Softened water

—

Water

A Brine tank

On-site electrochlorination, also known as the
electrolytic generation of sodium hypochlorite,
involves the electrolysis of aqueous sodium
chloride (common salt).

During electrolysis, a direct electric current drives
chemical reactions that are otherwise non-sponta-
neous. Chemical reactions occur at two electrodes, the
anode and the cathode. At the anode, the chloride ion
is converted into chlorine. At the cathode, hydrogen
gas is produced for a pH increase. The chlorine gas re-
acts immediately (in an open cell system) or at a later
stage (membrane system) with hydroxide ions to form
a hypochlorite ion. The sodium hypochlorite solution
can be used directly to disinfect and/or pretreat water
when operated in continuous mode, orit can be stored
in a buffer tank for later use when operated in batch
mode. The concentration of chlorine in water that is
available for disinfection and/or oxidation is referred
to as active chlorine. Upon disinfection/oxidation this
active chlorine is consumed by inorganics, ammonia,
and organic matter in the water (often referred to as
chlorine demand), and the concentration subsequent-
ly decreases. The dosage of active chlorine usually
ranges from 1-6mg/L, depending on the quality of
the water and corresponding chlorine demand.

In continuous operation mode in open cell systems,
incoming raw water usually goes through a softener
before being split into two lines. One line goes to the
electrolytic cell, and the other line is directed to the
brine storage tank. Saturated brine is injected into the
softened water, which passes to the electrolytic cell.

Diluent air —

: Sodium
Electgylytéc cell == hypochlorite
hydrogen

V

Dosing
pump

NaOCl storac

— Water purified to
point of dosing

Here, a current passes through the electrodes, and so-
dium hypochlorite and hydrogen are produced. Sodi-
um hypochlorite is then stored in another tank from
which it is metered into water. The hydrogen is diluted
immediately and is discharged into the atmosphere.
There are also systems designed to be operated in a
batch or semi-batch mode, which are usually less costly
and are considerably less automated.

Applicability and adequacy

On-site electrochlorination can only be used where
the raw water is of sufficient quality due to the risk of
fouling the electrodes, and these raw water specifica-
tions vary for different systems. Usually the following raw
waterspecificationsare required: hardness (<50 mg/L);
manganese (<50 ug/L); iron, fluoride, free chlorine, and
cyanides (< 1Tmg/L); pH (pH 5-9); lead (< 2mg/L); bro-
mide (< 50mg/L); and silica (< 80mg/L). Where the water
quality exceeds these limits, comprehensive pretreat-
mentincluding the use of a water softener is required.
In principle, any type of salt can be used here, but solar
salt (i.e. salt produced by evaporation as opposed to
mined salt) with a minimum composition of 99.8% so-
dium chloride (NaCl) and < 0.14% of calcium and mag-
nesium is more suitable.

For large scale on-site systems, a DC power rectifier
is usually required. These on-site electrochlorination
systems can replace conventional chlorine gas
systems, and part of the equipment can be retrofitted
to reduce costs. While the installation costs of electro-
chlorination are generally higher compared to chlo-
rine gas, the operational costs and security efforts

112 Compendium of drinking-water systems and technologies from source to consumer



related to assuring the security of chlorine gas trans-
port and storage are considerably reduced compared
to chlorine gas. Once the electrochlorination system is
installed, the process is not easily scaled-up, as no ad-
ditional cells can be added without the corresponding
scale-up of all the equipment.

Operation and maintenance

The site needs to be prepared by a local on-site en-
gineer. The installation and start-up phase requires
the presence of a well-trained service engineer who is
provided or trained by a supplier or distributor. Local
operators need to be trained during the start-up
phase, which usually lasts up to one week, though
they are capable of managing the system on their own
after the intensive training.

The systems often need to be designed at 20-30%
greater capacity to extend the equipment life. Brine
tanks are required to maintain a capacity correspond-
ing to a demand of 15-30 days, and the level should be
maintained close to the recommended storage amount
to avoid automatic shut-down. Leak control as well as
careful monitoring of the operating voltage, current,
and the relationship between salt usage and operat-
ing time should be conducted. Signs of fouling on the
electrodes and float switches need to be detected
visually, and when detected, a cleaning procedure
needs to be initiated. Most systems are supplied with
an integrated acid cleaning system, which can be
either manual or fully automated. It is important to
monitor the water hardness, hypochlorite concentra-
tion, and brine concentration.

Health and environmental aspects/Acceptance
On-site electrochlorination reduces the need for
handling, transporting, and storing hazardous materi-
als, thus increasing general safety, though a good ven-
tilation system is needed for hydrogen removal and to
avoid trapping hydrogen in the pipes. As for other
chlorination techniques, the acceptance of chlorine in
previously unchlorinated areas might be limited.

® Advantages

« Functions automatically to a high degree and
requires minimal labor

» Reduces risk from handling and storage of
hazardous materials

« Reduces dependency on chemical supplies,
including their availability, transportation, and
costs

« Requires lower operational costs compared to
chlorine gas systems
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= Disadvantages

Requires skilled operators for operation and
maintenance of the unit

Requires higher capital investment costs
compared to chlorine gas systems

Requires sufficiently experienced equipment
supplier

Requires reliable source of electricity
Requires good initial water quality to reduce
fouling of electrodes

References and further reading materials can be
found on page 214.
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Removal/inactivation of microorganisms

W Ultraviolet (UV) light disinfection

Applicable to systems
2,3,6,7

Management level
Household, neighborhood,
community, centralized

Local availability of technology
or components
Setting specific, key parts may only

Technology maturity level
Established technology

be regionally available

Raw water

|

Power supply

Treated water

Quartz sleeve

Reactor chamber

UV light is a non-chemical approach for water
disinfection that is effective against all classes
of pathogens and requires only seconds of con-
tact time. It has been successfully used for
drinking-water treatment at all scales.

UV disinfection is a physical process whereby emitted
photons are absorbed by critical cellular components,
such as nucleic acids (DNA and RNA) and proteins,
which inhibits normal cellular function and is even-
tually lethal. Some bacteria are able to repair DNA
damage if the radiation is insufficient, especially when
exposed to the wavelengths present in sunlight. UV
irradiation for water treatment is generated from mer-
cury lamps or UV-light-emitting diodes (LEDs) at dif-
ferent scales. The irradiation is mostly applied at the
point of entry and point of use at low flow rates.

For disinfection, wavelengths in the 200-300nm
range (primarily the UVC region) are optimal, with
250-270nm being ideal. For decentralized drinking-
water treatment with UV irradiation, low pressure
mercury vapor lamps are typically used, whereas for
large-scale systems, low- or medium-pressure mercury
vapor lamps are typically used. Low pressure lamps
emit a single peak of UV radiation at 254 nm, whereas
medium pressure lamps emit polychromatic UV radia-
tion over 185-400nm and into the visible light range.

A typical municipal scale UV disinfection system in-
cludes an array of UV lamps encased in quartz sleeves
and submerged in a closed conduit system, which
is usually made of stainless steel or sometimes UV-
reflecting Teflon.
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Water flows across the lamps from one end of the UV
system to the other in a matter of seconds, emerging
disinfected. The hydraulic retention time is a key factor
in the design of the system that ensures the UV radiation
exposure time and the lamp output intensity provide
the proper UV dose to inactivate the full suite of patho-
genic microorganisms. Water quality, specifically the UV
transmittance of the water, is a key design parameter.

The UV dose for water disinfection is usually
=40mJ/cm? A typical low dose (1-10mJ/cm?) UV
treatment provides at least 3 log reduction value (LRV)
for vegetative bacteria and protozoan parasites, in-
cluding Cryptosporidium parvum and Giardia lamblia,
with performance influenced by the delivered fluence
(i.e. dose, which varies with intensity, exposure time and
UV wavelength) as well as turbidity and presence of
certain dissolved solutes, and general operation and
maintenance conditions [WHO, 2022a]). To inactivate
bacterial spores and enteric viruses, higher doses (30—
150 mJ/cm?) are required. Only validated UV systems
providing the designed dose under typical flow rates
and UV transmittance values should be used. The UV
transmittance at 254 nm is typically greater than 80%
in drinking-water sources. Low UV transmittance (UVT)
in water reduces the treatment effectiveness and should
be monitored.

Other water quality parameters such as turbidity or
suspended solids can reduce the disinfection efficiency
by shielding the pathogen targets from the UV light.
Inorganic constituents, such as iron or manganese, can
foul the lamp and reduce light transmission. Ideally for
effective treatment, the turbidity should be <5NTU,
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suspended solids <10 mg/L, iron <0.3mg/L, and man-
ganese <0.05mg/L. Pretreatment may be required
when the water quality parameters exceed the limit-
ing values. Conventional clarification processes, slow
sand or rapid sand filtration, membrane filtration, or
advanced technologies such as ozonation and acti-
vated carbon filtration can be used depending on the
composition of the raw water as well as the context.

Applicability and adequacy

Mercury-based UV lamps cover all treatment scales
from household application (see H.8 Ultraviolet (UV)
light disinfection) to municipal water treatment. UV
lamps require a continuous power supply. Since their
intensity status and expected remaining lifetime should
be monitored by a UV sensor, a minimum system auto-
mation is also recommended. This consequently re-
places the need for a skilled operator. UV disinfection
does not protect from microbial recontamination and
regrowth after treatment.

Operation and maintenance
Large-scale UV systems are designed for continuous

operation. They should be shut down only if there is

no need for treatment for several days. Lamps need to
be warmed-up for a few minutes before the system
can be restarted.

For community and small-scale systems, daily oper-
ation includes switching the lamp on and off depend-
ing on the water flow, which is usually a fully automated
process. Monitoring of the lamp status should also
function automatically. If the operating lamp dose
falls below a set-point for validated performance
(approximately 70% or less from initial design value),
the system needs maintenance typically due to:

« UV-absorbing (dissolved or suspended) matter that
may decrease the light penetration, and the reactor
should be flushed. Upstream water should be
checked for transmittance and turbidity, and if
necessary, pretreatment must be improved.

« Foulants that may cover the UV sensor or lamp. The
reactor has to be opened, and the sensor, lamp, and
inner reactor surface should be cleaned, such as
with a soft cloth to avoid scratching and a slightly
acidic solution. Some systems have an automated
cleaning mechanism that wipes the quartz sleeves
around the lamps at regular intervals.

« The UV lamp may have reached the end of its life if
none of the above reasons apply. The lamp must be
replaced to ensure proper disinfection. The nominal
lifetime ranges from 8000-12 000 operational hours
(about 1 year of continuous operation) for mercury
lamps. For LEDs, the lifespan varies depending on
the specifications of the LEDs and manufacturer. At
least yearly, the inner surface of the reactor should
be inspected and cleaned.
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The UV transmittance of raw water may vary over
time. This parameter should be measured regularly or
monitored online to ensure the level is maintained
above the manufacturer’s minimum.

Health and environmental aspects/Acceptance

Direct exposure to UV radiation must be avoided.

UV radiation can burn the skin and damage the eyes,
so it is important for operators to protect their eyes
and skin during maintenance and operation. Concern
may arise from the lack of residual disinfectant. Hence,
treated water should be distributed (constant over-
pressure in the distribution networks and maintenance
of a free chlorine residual) and stored safely (D.4 Small
public and community distribution system, D.6 Stor-
age tanks or reservoirs, H.1 Storage tanks or reservoirs).
If the lamp breaks, toxic mercury may be released into
the environment, potentially causing a health risk for
the operator and harming the environment.

® Advantages

Operates simply and inexpensively

Requires no supply of chemicals

Does not change the taste and odour of the water
Less potential to form disinfection by-products
Disinfects microorganisms with high chlorine-
resistance, such as Cryptosporidium parvum
oocysts

> Disadvantages

Requires reliable power supply

Requires spare parts (mercury lamp)

Lacks residual disinfectant (safe distribution
and storage must be assured)

Requires pretreatment for turbid and low
transmittance waters to increase UV trans-
mittance

Capital cost of equipment higher than other
disinfection systems (e.g. chlorination)

References and further reading materials can be
found on pages 214 and 215.
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T.2.4

Removal/inactivation of microorganisms

Slow sand filtration

Applicable to systems
2,3,6,7

Management level
Community, centralized

Local availability of technology
or components
Yes

Technology maturity level
Established technology

Raw water ﬂﬁ

Supernatant

water drain =E}:
Filtered water :E}:

Inspection lid

Ventilation

Air vent

— J \,_:E]: Filtered water

for backfilling

Drain bricks

Slow sand filters (SSFs) remove suspended and
colloidal solids from turbid water. This process
is characterized by a biologically active upper
layer (Schmutzdecke) that forms during fil-
tration and that supports the removal of patho-
genic microorganisms (bacteria, protozoa, and
viruses). To support this biological activity, a
slow water flow rate of about 0.1-0.3 m/h is
required. Slow sand filters also require a low
inflow turbidity (< 10 NTU) to prevent clogging.

Slow sand filters are downflow filters in which the
water passes through a sand layer where it undergoes
physical treatment (similar to rapid sand filtration (see
T.1.2 Rapid sand filtration) and biological treatment.
The Schmutzdecke contains a diverse microbial com-
munity that forms during the first weeks of filtration
and thatis responsible for the biological activity. Pred-
atory microorganisms originating from the source
water feed on pathogenic microorganisms and disin-
fect the water. Run optimally, SSFs can achieve up to
6log reduction value (LRV) for bacteria, 4LRV for viruses
and > 5LRV for protozoa, with performance depend-
ing on the presence of the Schmutzdecke, grain size,
flow rate, and operating conditions (mainly tempera-
ture, pH) (WHO, 2022a).

SSFs are typically used for higher quality surface
water sources (turbidity < TONTU) where they can be
applied as a single treatment step. For moderately
or highly turbid surface water, pretreatment (e.g.
T.1.1 Roughing filtration or T.1.4 Coagulation/floc-
culation/sedimentation) is required to avoid rapid

clogging of the filter. Additional disinfection methods
(see T.2.1 Chlorination) may be required as a post-treat-
ment step where there is a risk of microbial recontam-
ination and to provide free chlorine residual protec-
tion during storage/distribution. Chlorination must
not be applied as a pretreatment as it will impede
the effectiveness of the chlorine-sensitive biological
Schmutzdecke.

Applicability and adequacy

The design of most SSFs is similar to rapid sand filters
(see T.1.2 Rapid sand filtration), but the filter bed requires
a uniform medium-grain-sized sand (0.2-0.5mm) that
should be clean and free of clay, earth, and organics. It
can be produced by washing and sieving local natural
sand. The sand layer height should initially be about 1m
so that the supernatant water (water height above the
filter bed) will be 0.6-1.2m.

SSFs do not necessarily require a power supply and
can be operated by gravity, though they can be oper-
ated by pumping as well. Each filter requires a ripening
period that lasts until the removal of bacteria, viruses,
and protozoa stabilizes. Filter ripening establishes the
biological activity, which takes some days to several
weeks. Therefore, it is usually advisable to install multi-
ple filter units in parallel (see operation and mainte-
nance section). In general, low temperatures decrease
biological activity and thus decrease treatment effi-
ciency.

Applications typically range from small communities
(e.g. two units of 1 m?filtration area) to municipal water
treatment plants.
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Operation and maintenance

After running for several months, the slow sand
filters will gradually become clogged due to the accu-
mulation of organic and inorganic matter as well as
the biological growth of microorganisms within the
upper layers of the filter. If the filter flow reduces, the
Schmutzdecke (1-3cm) of the filter bed has to be
scraped off manually, washed, dried in the sun, and
stored. This needs to be repeated several times until
the bed layer decreases to 0.3-0.5m in height, where-
in the scrapped material can be returned back to the
filter, ideally towards the bottom of the filter bed.
Where a number of filter units are installed in parallel,
only one unit should be scraped and ripened at the
same time to assure good water quality at all times.
The filter run time (time between two scrapings) de-
creases with a higher solid concentration in raw water,
algal growth in supernatant water, smaller filter bed
sand, and a higher water temperature.

All valves must be routinely inspected and serviced
to prevent blocking, and any leakage in the system
must be repaired immediately.

Health and environmental aspects/Acceptance

Given the filter bed surface is green and slimy, it can
be challenging for consumers to accept that the treat-
ed water is safe for consumption. Effective communi-
cation and consumer engagement is needed to
manage such concerns to assure consumers regarding
the health benefits of drinking slow sand filter-treated
water.

® Advantages

« Does not require the use of chemicals

« Can be constructed with local resources

« Does not require pump/power supply if
constructed with gravity flow only

« Has low life-cycle costs (especially low
operational costs)

« Simple to operate and maintain

« Can have a long lifespan (> 10 years)

« Improves biological stability of water

> Disadvantages

« Requires large area

« Requires good quality raw water; can be clogged
easily if not operated optimally, or where there is
excessive turbidity/solids, or algae in the inflow

« Treatment efficiency decreases at low temperatures
or if there are rapid changes in raw water quality
(including shock chemical loads)

» Does not provide residual protection; requires safe
distribution and storage and/or the addition of
chlorine post treatment

T.2.4

May require community engagement/
awareness raising on the health benefits of
drinking SSF-treated water

Does not remove inorganic chemical pollutants
without specialized design

Requires time for ripening and the development
of the Schmutzdecke to establish the biological
activity for optimal treatment efficiency

References and further reading materials can be
found on page 215.
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T.2.5

Removal/inactivation of microorganisms

Ultrafiltration

Applicable to systems
2,3,6,7

Management level
Community, centralized

Local availability of technology
or components

Technology maturity level
Established technology

Setting specific, membrane modules
may only be regionally available

Membrane
modules
T —_
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Clean water

Raw water T tank
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Raw water
tank

Pre-filter

Feed pump

Ultrafiltration (UF) can retain bacteria, protozoa,
and most viruses as well as particles and some
organic matter. The pressure difference be-
tween the inflow (feed) and filtrate (permeate)
drives the water through a membrane with small
pores and thus removes particles larger than the
pore size of the membrane.

The typical UF systemincludes a feed pump that creates
the pressure to filter water through a series of mem-
brane modules placed in racks and connected in parallel.
Water is pumped in a dead-end mode wherein all inlet
water passes through the membrane. Cross-flow sys-
tems also exist that are characterized by a lower recov-
ery and higher energy demand values, and as such, are
less common. Typically, UF systems are designed in a
modular way, and the capacity of the system can be
easily adapted as needed.

The membranes of UF systems are classified by their
pore size, with all particles larger in diameter than the
pore size retained by the membrane. These pore sizes
generally range from 0.01-0.1 um and can remove tur-
bidity, larger particles, bacteria, protozoa, and most
viruses. Often UF membranes are classified by mem-
brane cut-off values in kilodaltons (kDa), which repre-
sent the ability of the membrane to retain certain or-
ganic polymers of a defined size (e.g. dextran).

The retained particles and microbes accumulate on
the membrane surface or in the membrane pores,
forming a cake layer. Smaller particles and dissolved
organic matter can penetrate into the membrane
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pores and adsorb there. Both processes reduce the flow
of water through the membrane in systems operated
under constant pressure or increase the transmem-
brane pressure in systems operated using constant
flow. The formation of the cake layer and deposition of
organic matter within the pores of the membrane is
called membrane fouling. Therefore, UF systems need
a frequent cleaning by backflushing and/or chemical
treatment (see operation and maintenance).

Most commercial UF membranes are polymeric, but
ceramic UF membranes are also available. Three major
types of membrane modules are used: hollow fiber,
spiral wound, and flat sheet. In drinking-water produc-
tion, mostly hollow fiber modules are used, since they
are the most compact, low cost, and consume less
energy than other module configurations.

Tight UF membranes run optimally show a high
retention of microorganisms, achieving up to 6 log
reduction value (LRV) for bacteria, viruses and proto-
zoa (including cysts), with performance varying de-
pending on the integrity of filter medium and filter
seals, resistance to chemical and biological (“grow-
through”) degradation, and general operation and
maintenance conditions (WHO, 2017a). Compared to
MF membranes, UF membranes remove the same
amount of turbidity and suspended solids, while also
removing more organic matter. However, the flowrate
of UF systems is lower than MF systems at the same
operational pressure, which is usually about 0.5-5bar.
The permeability of standard UF membranes varies
between 400-1000 L/h/m?/bar.
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Applicability and adequacy

Ultrafiltration is an advanced and reliable process
for removing microbial contamination. Due to small
space requirements, modular designs, and the low
need for chemicals, it is suitable for applications at
different scales. However, it requires a high degree of
automation and process control for the pumps, back-
flushing, and system performance. Additionally, in-
vestment costs are usually higher than alternative
systems, and some level of expertise provided by the
operator or supplier is required to maintain the sys-
tems. Gravity-driven UF systems exist for small-scale
applications in community water supplies.

When selecting a membrane system for disinfec-
tion, one should pay special attention to virus removal.
MS2 (~0.02 um) or phi X174 (~0.03 um) are common
viruses used for membrane testing (due to their small
size), and in effective membranes, they should achieve
at least 3 LRV. Otherwise, an additional disinfection
step like T.2.1 Chlorination or T.2.3 Ultraviolet (UV)
light disinfection is required.

Operation and maintenance

Depending on the quality of the raw water, the
membranes need to be backwashed every 0.5-10 min-
utes using a backwash pump. Chlorine may be added
to reduce the risk of biofouling. Chemical cleaning is
required when the fouling occurs to the extent that it
cannot be removed by backwashing alone, which is in-
dicated by the system operating at pressure or flow
values outside of its optimal design range. Usually, UF
is used a single step process, but in-line coagulation
can be used as a pretreatment step when high turbidity
peaks occur in raw water.

Health and environmental aspects/Acceptance

The waste stream produced during backwashing
(retentate) must be disposed of appropriately, given
that it contains the concentrated contaminants found
in the feed water. Depending on the constituents and
the prevailing local health and environmental regula-
tions, disposal options for the retentate may include
disposal in the municipal sewer or returning to the
head of the water treatment plant. Cleaning chemicals
can be corrosive and require trained operators and
personal protective equipment.

® Advantages

« Removes turbidity effectively

« Provides a barrier to bacteria, viruses
(has to be verified), and protozoan cysts

« Reduces organics and colour

« Operates constantly and reliably through
automation

« Treats water of variable quality
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Uses a smaller land area for a treatment
plant due to transportable and mobile
membrane units, in comparison with
conventional filtration systems

> Disadvantages

Requires relatively high investment costs,
considerable operational and maintenance
costs

Requires skilled personnel

Requires reliable energy supply for the
continuous operation required to guarantee
optimal membrane performance

Does not provide residual protection; requires
safe distribution and storage and/or the addition
of chlorine post treatment

References and further reading materials can be
found on page 215.
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T.2.6

Removal/inactivation of microorganisms

Pasteurization

Applicable to systems
2,3,6,7

Management level
Neighborhood, community

Local availability of technology
or components

Technology maturity level
Established technology

Setting specific, some key parts
may only be regionally available
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Water pasteurization uses heat to inactivate
pathogenic microorganisms. Most bacteria,
viruses, and protozoa are inactivated at tem-
peratures between 60-70 °C at an exposure time
of at least 1 minute. Some bacterial spores and
protozoan cysts require longer exposure times,
though, so it is recommended to hold 70°C for
15 minutes in practice.

Pasteurization can use any source of heat, including
fuel and an open fire, waste heat, and solar power. A
heat exchanger is required to use the heat, the design
of which depends on the type of heat source.

For neighborhood and community-scale applica-
tions, pasteurization can be carried out using solar
flow-through systems (for household applications,
see H.6 Pasteurization). For a solar flow-through or
semi-continuous pasteurization system (see figure
above), water stored in a tank flows through a solar
collector. At the end of the system, a thermostatic
valve is installed. It opens only when the correct water
temperature is reached, allowing pasteurized water
to flow into the clean water storage container. Once
empty, the system is refilled from the raw water tank.
This causes the water temperature to drop, and the
thermostatic valve closes again. The raw water tank is
sometimes filled with gravel or sand for the pre-clarifi-
cation of the water. For flame- or waste-heat-based
systems, a metal tube and a heat exchanger are
needed, and the thermostatic valve again regulates
the release of water once it has reached the required
temperature.

120

Pathogenic microorganisms are sensitive to heat. For
vegetative cells of pathogenic bacteria, viruses, and
protozoa, high log reduction values (LRVs) can be
achieved at 60-70°C during exposure times of less
than 1 minute. However, bacterial spores and proto-
zoan cysts, representing early stages in the life-cycle
of some microorganisms, can be more resistant to
thermal inactivation. To significantly reduce spores,
a sufficient temperature and time must be ensured.
Usually, a temperature of 70°C for at least 15 minutes
is recommended.

Applicability and adequacy

Semi-continuous (flow-through) units can provide
more than 1000 litres per day for a throughput that
can supply small communities. These systems require
only aslight hydrostatic pressure for operation, which
can be reached by elevating a raw water tank that is
filled either by pumping or gravity flow when the
necessary slope is available. Small-scale systems are
relatively easy to operate and only require basic train-
ing and some basic plumbing skills. Treated water
does not have residual protection from microbial re-
growth and recontamination, and should therefore
be distributed and stored safely.

Operation and maintenance

The small-scale systems that supply communities
need relatively little operation and maintenance.
Cleaning the reflecting surfaces regularly is needed
for solar pasteurization devices and often should be
done on a daily basis. Scratching the surface using
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abrasive cleaning materials should be avoided. For
installing and maintaining the piping, basic plumbing
skills are required. Maintenance and regular control of
the thermostatic valve is required to avoid blockage
and damage of the system due to the overheating/
overcooking of water.

For solar systems, due to the comparably low output
and high vulnerability to cloudy weather, operators
are advised to supply sufficient redundancy, including
excess treatment capacity, alternative treatments,
excess storage capacity, and good planning.

Health and environmental aspects/Acceptance

The hot surfaces pose a risk to users through burn
injuries. Additionally, concerns may arise from the lack
of residual disinfectant. Hence, treated water should
be distributed (constant overpressure in the distribu-
tion networks and maintenance of a free chlorine re-
sidual) and stored safely (see D.4 Small public and
community distribution system, D.6 Storage tanks or
reservoirs, H.1 Storage tanks or reservoirs). Users might
not like the taste of warm water, so cooling the water
naturally might increase acceptance (avoid adding
ice). Cooling should be done in safe water storage
containers to reduce the recontamination risk (see H.1
Storage tanks or reservoirs).

® Advantages

« Has low treatment costs

« Works with different energy sources

« Does not form disinfection by-products

> Disadvantages

« Has a limited treatment capacity and
is best suited to small-scale systems

« Provides unpleasant, warm water after
treatment until cooled

« Isvulnerable to unstable weather
(if solar powered); clouds, rain, and
polar regions limit efficiency

« Requires safe distribution and storage
due to lack of residual disinfection

« Does not remove turbidity, chemical
pollutants, taste, and colour

« Requires pre-clarification for poorer
quality water

-> References and further reading materials can be
found on page 215.
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T.3.1

Treatments for geogenic contaminants

Fluoride removal methods

Applicable to systems Management level
6 Community, centralized

Local availability of technology
or components

Technology maturity level
Established technology

Yes, in most settings

NALGONDA TECHNOLOGY APPLIED ON COMMUNITY SCALE

Raw
water

Flash

mixing Flocculation

Sedimentation

Filtration (Up-flow) Purified water

Fluoride is a groundwater contaminant from
geogenic sources, such as minerals in rocks and
soils.’? Fluoride can be removed by adsorption
onto calcium phosphate or aluminum-oxide-
based filter materials or by precipitation and
coagulation treatment processes.

Because fluoride is an essential building block for the
formation of tooth enamel and bones, municipal
drinking-water supplies in some regions are artificially
fluoridated. However, fluorideis also found asa ground-
water contaminant from mineral and rocks, and the
fluoride levels resulting from this can be significantly
higher than the guideline value. The WHO guideline
value for fluoride in drinking-water is 1.5mg/L (WHO,
2022a). The consumption of drinking-water with fluo-
ride levels above this value over a long period of time
may lead to the degradation of teeth and bones (i.e.
dental and skeletal fluorosis). To counter this, the re-
moval of fluoride from groundwater is possible at
household level (see H.10 Fluoride removal filters), at
small-scale community sources, and at large drink-
ing-water supplies.

A variety of advanced removal technologies exist,
such as T.5.2 Reverse osmosis, or T.5.1 Membrane distil-
lation. The choice of technology depends on the local
situation, particularly the available funds, the fluoride
concentration in the input water, operation and main-
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tenance requirements, the availability of raw materials,
and the acceptance of the technology by the population.
In low-income countries, low-cost methods rely on pre-
cipitation and coagulation or adsorption/ion-exchange
processes.

Precipitation/coagulation: The addition of chemicals
such as calcium and aluminum salts can form precipitates
that bind fluoride and that can be removed by conven-
tional sedimentation and filtration steps. The Nalgonda
technique (see figure above) is a well-established
method used on a community scale. The coagulants
added are aluminum sulphate (alum) and calcium hydrox-
ide (lime). Other techniques include electrocoagulation
and the Nakuru technique, the latter being a mixture
of precipitation and adsorption processes.

Adsorption and ion-exchange: Fluoride-contami-
nated water is passed through a layer of porous material
(contact bed) that removes fluoride by ion exchange
or adsorption to the contact bed material. Appropriate
contact bed materials include activated alumina or
calcium—phosphate-based materials such as synthetic
hydroxyapatite and bone char. An important advan-
tage of adsorption is that many filter materials can be
regenerated. When the uptake capacity of the filter is
reached, fluoride is removed by passing a basic solu-
tion over the filter bed, followed by an acidic solution
for reactivation. The filter media can then be reused for
further fluoride removal.
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Applicability and adequacy

Precipitation/coagulation methods require the
daily addition of chemicals to the treatment process
and produce sludge every day, which then has to be
disposed of appropriately. The main advantages are
the moderate treatment costs and the local avail-
ability of chemicals. The dosing of chemicals varies
according to the groundwater fluoride concentration
and needs to be calculated to avoid under/over-
dosing.

Activated alumina can also be very effective in re-
moving fluoride and arsenic (see T.3.2 Arsenic removal
methods and H.10 Fluoride removal filters) but is not
always locally available or may be too expensive. The use
of bone char requires frequent monitoring of the fluoride
removal, since bone char quality can vary consider-
ably. Synthetic hydroxyapatite (HAP), chemically the
same material as bone char, generally has a higher
uptake capacity and less fluctuation in quality. For all
adsorption processes, the contact bed will become
saturated with time and needs to be regenerated or
exchanged. The fluoride removal capacity of the filter
media generally decreases after each regeneration
cycle.

Operation and maintenance

Depending on the type of treatment system, differ-
ent operation and maintenance activities have to be
performed, which are outlined in the Geogenic con-
tamination handbook (EAWAG, 2015). In most tech-
nologies, the operation and maintenance require-
ments are significant, including the daily dosing of
chemicals as well as sludge removal for coagulation/
precipitation processes, and the plant often needs a
power supply. For adsorption/ion exchange, the oper-
ation and maintenance is less frequent, but when re-
quired, it involves regenerating the contact bed using
alkalis and acids. These chemicals need to be stored
and handled carefully, so this tends to be more suited
to the centralized level.

Health and environmental aspects/Acceptance

Bone char may not be acceptable in some areas for
religious or cultural reasons. The sludge produced
during precipitation/coagulation may be an environ-
mental hazard and needs to be disposed of safely and
in line with local health and environmental require-
ments, as does saturated filter material and regener-
ant solutions, if used. When ion exchange resins are
used, the raw water quality needs to be carefully con-
sidered. Other ions with a stronger affinity for the
resin can displace fluoride, leading to the uncontrolled
release of large quantities of fluoride into treated
water.

Nalgonda technology:

® Advantages
« Uses readily available chemicals
« Moderate operational costs

> Disadvantages

« Requires significant labor

« Has only moderate fluoride adsorption
capacity

« Produces large amounts of waste

Activated alumina:

® Advantages
« Has high fluoride uptake capacity
« Uses regeneratable filter material

> Disadvantages

« Requires skilled operator for plant operation
and regeneration of activated alumina

« Requires expensive filter material

Bone char:

® Advantages
« Uses locally available and low-cost materials
« Requires only short contact time

> Disadvantages

« Requires experience and investments for
production infrastructure (e.g. kiln)

o Can be of variable quality

« Requires frequent contact bed material
replacement due to low to moderate
fluoride uptake capacity

Membranes:

® Advantages
« Removes other chemical contaminants
and pathogens

> Disadvantages
« Is complex and maintenance-intensive
« Requires expensive technology

-> References and further reading materials can be
found on page 215.

12 See risk maps showing regions with a high likelihood of elevated fluoride
concentration in groundwater: https.//www.gapmaps.info
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T.3.2

Treatments for geogenic contaminants

Arsenic removal methods

Applicable to systems Management level
6 Community, centralized

Local availability of technology
or components

Technology maturity level
Established technology

Yes, in most settings

ARSENIC REMOVAL USING A CONVENTIONAL COAGULATION BASE TREATMENT UNIT

Floating bowl chlorinator

Flocculation

Sedimentation

Purified
water

Filtration (Up-flow)

Arsenic is a groundwater contaminant that orig-
inates from geogenic sources, such as natural
minerals. Arsenic is conventionally removed from
groundwater by precipitation, adsorption, and ion
exchange processes.

Several regions of the world are severely affected by
arsenic in groundwater,'® which can be derived from
natural sources, such as rocks and soil, as well as from
industrial activities like mining. The consumption of
arsenic-contaminated water over a long period can re-
sult in chronic arsenic poisoning. Long-term exposure
to arsenic changes the skin pigmentation and increases
the risks of various lung and heart diseases. The WHO
guideline value for arsenicin drinking-wateris 10 ug/L,
which is provisional on the basis of the difficulties
with removing arsenic to lower levels using conven-
tional water treatment (WHO, 2022a). When resources
are available, every effort should be made to keep con-
centrations as low as reasonably possible and below
the guideline value. In settings where arsenic occurs
above this value, the public health priority should be
to reduce exposure. Governments may set higher
limits or interim values as part of an overall strategy
to progressively reduce risks, while considering local
circumstances, available resources, and risks from low
arsenic sources that are microbiologically contami-
nated. Where appropriate, mitigation strategies, such
as the use of alternative water sources or blending
(mixing different sources), should be considered.
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In the environment, arsenic occurs in the form of
trivalent arsenic, (arsenite, [As(ll1)]) and pentavalent
arsenic (arsenate [As(V)]), where the prevailing form
depends mainly on the redox conditions. In ground-
water, trivalent arsenic is common, which is more diffi-
cult to remove than pentavalent arsenic. Pentavalent
arsenic strongly sorbs to various solids, such as triva-
lent iron oxides and hydroxides. Therefore, a pre-oxi-
dation step of trivalent arsenic by ozone or various
chemicals is recommended to form pentavalent arse-
nic prior to water treatment.

Arsenic removal is possible at the household level
(see H.11 Arsenic removal filters) as well as at community
scale. Similar to fluoride removal, methods for arsenic
removal include precipitation/coagulation, adsorption
(see T.4.1 Activated carbon), ion exchange (see T.3.1 Flu-
oride removal methods), and reverse osmosis processes
(see T.5.2 Reverse osmosis). In centralized water treat-
ment systems, conventional precipitation/coagulation
and adsorption (adsorption co-precipitation) methods
are usually applied. Iron [Fe(lll)] or aluminum [AI(II)]
salts are added as a coagulant, followed by sedimenta-
tion of the formed flocs and rapid sand filtration.

Applicability and adequacy
Precipitation/coagulation methods require the daily
addition of chemicals to the treatment process, and
produce sludge every day, which has to be disposed
of appropriately. The main advantages lie in the mod-
erate treatment costs and the local availability of
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chemicals. The chemical dosing varies according to
the arsenic concentration and needs to be calculated
to avoid over/under dosing. The conventional coagu-
lation processes cannot always efficiently remove
arsenic to very low levels (below 10 pg/L), but to re-
duce the risk, it should at least be removed to below
50ug/L. Iron-based methods are effective for pentava-
lent arsenic, but are less effective for trivalent arsenic
unless it is pre-oxidized. Activated alumina and re-
verse osmosis are very effective in removing arsenic,
but the technologies are expensive and not always
locally available.

Operation and maintenance

Depending on the type of treatment system, differ-
ent operation and maintenance activities have to be
performed, which are outlined in the Geogenic con-
tamination handbook (EAWAG, 2015). For coagulation/
precipitation processes, the operation and mainte-
nance includes the daily dosing of chemicals as well as
sludge removal, and the plant often needs a power
supply. Forion exchange resins, operation and mainte-
nance is less frequent, and when required (e.g. after
several hundred to thousand filtered bed volumes), it
is a fairly easy process typically involving regenerating
the contact bed using a concentrated salt (NaCl) solu-
tion. For activated alumina, regenerating the contact
bed is done using a strong alkali followed by a strong
acid. These chemicals need to be stored and handled
carefully, so this tends to be more suited to the central-
ized level.

Health and environmental aspects/Acceptance

Highly toxic arsenic-rich waste is produced by most
of the arsenic removal processes and has to be dis-
posed of safely and in line with local health and envi-
ronmental requirements. When ion exchange resins
are used, the raw water quality needs to be carefully
considered. Other ions with a stronger affinity for the
resin (sulfates, phosphates) can displace pentavalent
arsenic, leading to the uncontrolled release of large
quantities of arsenic into the treated water.

Conventional precipitation and coagulation:

® Advantages
« Moderate operational costs
« Uses chemicals that are often locally available

© Disadvantages

« Requires pre-oxidation

« Generates toxic sludge

« Requires time consuming operation and
maintenance

Iron-based solids:

® Advantages

« Effectively removes pentavalent arsenic [As(V)];
acceptable removal of trivalent arsenic [As(l11)]

« Is available commercially

> Disadvantages
« Is moderately expensive
« Produces arsenic-rich waste

Activated alumina:

® Advantages
« Has high arsenic removal efficiency
« Is commercially available

= Disadvantages
« Is moderately expensive
« Requires difficult regeneration

Ion exchange resins:

® Advantages
« Has high arsenic adsorption
o Is commercially available

© Disadvantages
« Is moderately expensive
« Experiences interference from sulfate
and total dissolved solids (competing ions)

Membrane systems (i.e. reverse osmosis):

® Advantages
« Removes other chemical contaminants
and pathogens

© Disadvantages
« Iscomplex and maintenance-intensive
« Requires expensive technology

> References and further reading materials can be
found on pages 215 and 216.

13 See risk maps showing regions with a high likelihood of elevated arsenic
concentration in groundwater: https://www.gapmaps.info
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T.4.1

Treatments for organic and inorganic contaminants

Activated carbon

Applicable to systems Management level
7 Household, community,

Local availability of technology
or components
centralized Yes

Technology maturity level
Established technology

Raw water

Activated carbon -

a carbon matrix with
pores that allow the
adsorption of organic
molecules of differing
sizes

Purified water

Activated carbon (AC) is the most commonly
used adsorption method in drinking-water to
remove taste-, odour-, and colour-causing com-
pounds; natural organic matter; disinfection
by-products; and synthetic organic chemicals
present in the source water. In small-scale
installations, it is often used for chlorine and
chloramine removal, as well. Activated carbon
can also be used for biological water treatment,
such as post-treatment after ozonation, as it
provides a high surface for microbial growth.

Made from organic materials that have a high carbon
content (e.g. coal, wood, coconut shells, peat, or lignite),
AC is characterized by a highly porous structure that
provides a large surface area of 500-2000 m2/g for ef-
fective adsorption of target contaminants. Adsorption
consists of molecules and to some degree particles at-
taching at the interface between a liquid (e.g. water)
and a solid phase (e.g. activated carbon).

For drinking-water treatment, ACis applied in differ-
ent forms, such as powdered, extruded, and granular
carbon, depending on the size of the plant, treatment
objective, and convenience for the specific circum-
stances. The main difference between the different
forms of carbon is the particle size, which ranges be-
tween 0.3-2.5mm (8-50 mesh) for granular activated
carbon (GACQ). GAC is the most common type used in
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small-scale systems and is normally applied in a fixed-
bed adsorber (GAC filter) that filters the feed water
and retains the target compounds by adsorption. The
main design parameters involve the flow rate, usually
ranging between 5-15m/h, and the empty bed con-
tact time (EBCT), which is calculated by dividing the
filter bed volume by the flow rate. EBCT typically rang-
es between 5-30 minutes in drinking-water treat-
ment, while the actual duration of contact between
the water and the filtration medium is approximately
one third of the EBCT, i.e. 2-10 minutes.

Applicability and adequacy

Activated carbon filters can only treat feed water
that is relatively low in turbidity. Particle-rich, highly
turbid water requires pretreatment to avoid a pressure
loss due to rapidly clogging the activated carbon. Feed
water with a high concentration of background organic
matter, e.g. humic substances, will rapidly exhaust the
adsorption capacity.

Activated carbons vary significantly in their capacity
to retain specific organic compounds, which can lead to
the early breakthrough of poorly adsorbable pollut-
ants while the readily adsorbable organics are still effi-
ciently adsorbed. The carbon type and material are thus
selected according to the water quality objectives.

When the GAC is not replaced and the removal
capacity has been reached, the GAC can still influence
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the water quality. The large surface area of GAC pro-
vides favorable conditions for biofilm development,
which provides some removal of certain biodegrad-
able organic compounds in drinking-water. Thus, the
biological stability of the treated water (the resis-
tance to microorganism regrowth) increases, reducing
the risk of biological regrowth in distribution net-
works.

Operation and maintenance

During filtration, the activated carbon filter becomes
continuously loaded with contaminants, such as
organic compounds, until the capacity of the filter is
exhausted. At this breakthrough point, the activated
carbon has to be replaced by fresh carbon or a new
filter element. In most drinking-water applications,
the service life of carbon filters is in the range of
months (typically 6-12 months) but can be significantly
reduced if overloaded. Exhausted AC can be reactivated
by the carbon supplier by burning off the organics at a
high temperature.

The tendency for GAC filters running for several
months to grow a biofilm can lead to pressure loss due
to microbial growth. GAC filters should therefore be
regularly backwashed. If the GAC filters are not re-
placed as required, the GAC does not adsorb sufficient
organic pollutants.

Health and environmental aspects/Acceptance

AC is a widely applied and accepted technology.
To ensure safe water quality, AC treatment should be
followed by a final disinfection stage.

Loaded carbon requires appropriate treatment.
GAC should be regenerated when required. Filter
breakthrough must be avoided, as this can release
contaminants from the filter media in concentrations
higher than the source water due to contaminant
accumulation in the AC filter media.

® Advantages

« Removes taste and odour, chlorine, and
organic contaminants

« Islow maintenance

« Adapts to many designs and target
compounds

« Filter elements and carbon blocks have
simple replacement

© Disadvantages

+ Loses performance rapidly if treating source
waters with high turbidity or background
organics

« Removes microbial contaminants poorly

« Requires regular replacement of GAC,
often at high cost
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Treatments for organic and inorganic contaminants

Ozonation

Applicable to systems Management level

Local availability of technology

Technology maturity level

7 Centralized or components Established technology
Setting specific, some key parts may
only be regionally available
Oxygen — Undissolved
concentrator ozone
( \ ( \ Ozone
generator
" Contact Tank

Filter

Ambient
air

A

Air compressor

Ozone gas effectively degrades a wide range of
water contaminants, including organic and in-
organic compounds, and inactivates bacteria,
viruses, and some protozoa. Ozone has to be pro-
duced at the treatment facility with on-site gen-
erators, which require a reliable power supply.

The ozone gas molecule consists of three oxygen
atoms (Os). It is highly unstable and reactive toward a
wide variety of water contaminants, such as inorganic
(e.g.iron, manganese) and organic compounds (includ-
ing micropollutants such as organic pesticides) as well
as microorganisms and their metabolites (e.g. cyano-
bacterial toxins and taste- and odour-causing com-
pounds). Ozone attacks contaminants either directly
orindirectly through its decomposition in water to form
hydroxyl radicals (OH-). The OH- radical reacts rapidly
with a large number of drinking-water contaminants.

The most common generators produce ozone (Os)
by subjecting oxygen (O,) or air to a high electric volt-
age (Corona discharge-type generators) or to UV radi-
ation (UV-type generators). Corona discharge-type
generators are applied for large-scale applications
producing ozone concentrations of 1-4.5% by weight.
UV-type generators achieve ozone concentrations of
0.1-0.001% by weight and are used for treating smaller
quantities of water. Ozone gas is transferred to the
raw water via fine bubble diffusion or side-stream in-
jection. In the contact tank, ozone reacts with water
contaminants, requiring only a short contact time
(approximately 10-30 minutes). An off-gas system
destroys any undissolved ozone.
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Ozone rapidly decomposes in water, which makes its
lifespan very short (less than one hour). Thus, it is not
suitable as a residual disinfectant that protects the
drinking-water distribution system from regrowth/
recontamination. Ozonation and chlorination (T.2.1
Chlorination) can therefore be used in tandem to inac-
tivate a wide range of microorganisms at the treat-
ment plant and to protect the water during distribu-
tion/storage.

Applicability and adequacy

Ozone can be added at several points in the drink-
ing-water treatment system: at the beginning of the
treatment (pre-ozonation), after sedimentation and
before filtration (intermediate ozonation), or as final
disinfection step.

As a pretreatment oxidant, it is added early in the
treatment process to react with contaminants, in-
cluding iron, manganese, and sulfur; micropollut-
ants; and colour-, taste- and odour-causing compounds.
After ozonation, the removal of degraded com-
pounds is improved in subsequent treatment steps,
such as sedimentation or filtration (see T.1.4 Coagu-
lation/flocculation/sedimentation and T.1.5 Coagu-
lation/flocculation/filtration), including sand (see
T.2.4 Slow sand filtration) and GAC filters (see T.4.1
Activated carbon). In low turbidity water, ozone
treatment forms colloids (micellization process).
Adding a small quantity of coagulant transforms the
colloids into micro-flocs, which are easily retained by
sand filters (see T.2.4 Slow sand filtration). For organic
compounds, the required amount of ozone and sub-
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sequent ozone decomposition is highly dependent
on the quantity and types of contaminants targeted.
As arule of thumb, the initial ozone demand is 2.5 mg
ozone/mg of chemical oxygen demand (COD).

Ozone can also inactivate microbial pathogens in
water and is effective against bacteria, viruses, and
some protozoa. Unlike chlorine, ozone is effective
across a wide pH range. Information on ozone con-
centrations and contact times (Ct values) for the inacti-
vation of microorganisms can be found in LeChevallier
& Au (2004).

Operation and maintenance

The design, construction, operation, and mainte-
nance of ozonation systems need skilled staff. The
high-tech equipment is costly and has a comparably
high power demand.

Ozone systems occasionally develop ozone leaks,
requiring an ambient ozone monitor as well as regular
checks of the generator and contact tank. Further
operations and maintenance works include: i) main-
taining the required flow of generator coolant to
mitigate system overheating, ii) regularly inspecting
and cleaning the ozone generator, feed gas supply,
and electrical assemblies, iii) monitoring the ozone
gas-feed and distribution system to ensure that the
necessary volume of ozone comes into sufficient
contact with the raw water.

Health and environmental aspects/Acceptance

The ozonation of bromide-containing waters can
form bromate, a known carcinogen, with a WHO pro-
visional guideline value of 10ug/L in drinking-water
(WHO, 2022a). Techniques to control bromate forma-
tion involve ozonation at slightly acidic pH values,
multi-stage ozonation, and the use of ammonia or
chlorine. Once bromate is formed, GAC filters (see
T.4.1 Activated carbon) and UV light disinfection (see
T.2.3 Ultraviolet (UV) light disinfection) can remove it
to a limited degree. Ozone gas is possibly toxic and ex-
tremely irritating to the human body, so leaks must be
controlled to prevent worker exposure.

® Advantages

« Eliminates a wide variety of inorganic (iron,
manganese, sulfur) and organic contaminants
(micropollutants) as well as colour-, taste- and
odour-causing compounds

« Effectively inactivates bacteria, viruses, and
some protozoa over a wide pH range

« Ozonation by-products are generally removable
by subsequent filtration step

= Disadvantages
Requires skilled staff for operation and maintenance
Has high equipment, operation, and energy costs

Does not provide residual disinfection

Requires careful monitoring of ambient ozone levels

Forms the carcinogenic by-product bromate

if bromide-containing water is treated. Formalde-

hyde may also be formed as a by-product

References and further reading materials can be

found on page 216.
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T.4.3

Treatments for organic and inorganic contaminants

Nanofiltration

Applicable to systems

Management level

Local availability of technology

Technology maturity level

7,8 Community, centralized or components Established technology
Setting specific, membrane modules
may only be regionally available
Nanofiltration unit
Salt Clean water
a
Raw water T tank tank
H — —> Purified
water
LT — —

Sand
filter

AC
filter

Softener

t

Pre-filter
High
pressure
Raw water Booster pump
tank pump

Nanofiltration (NF) membranes have pore sizes
ranging between 0.001-0.01 pm, which allow
water molecules to pass through while retaining
the majority of the chemical and microbial con-
taminants. The membranes may allow small
uncharged organic compounds and monovalent
ions to pass through to a lesser degree.

Nanofiltration uses tight (dense) polymeric membranes
that provide a physical barrier to almost all contami-
nants of concern. Traditionally employed in desalina-
tion (see T.5.2 Reverse osmosis), the membranes have
gained increasing interest for the removal of organic
chemicals often present in traces in source water due
to anthropogenic pollution.

Depending on the type of membrane, the produced
permeate consists mainly of water with a very low re-
sidual salinity. These permeates are also softened due
to the removal of bivalent ions and other potential
scales. The water that does not pass the membrane is
called concentrate, and it contains all the retained pol-
lutants such as heavy metals, microbial contaminants,
trace organic chemicals, bulk natural organic matter,
and to some extent inorganic salts.

Because NF requires an inlet water low in natural
organic matter and turbidity, multi-media filtration or
ultrafiltration/microfiltration is often applied as a pre-
treatment to retain particulate and colloidal matter.
Typical NF membranes are spiral wound elements, in-
stalled in high pressure stainless steel housing and
used with high pressure pumps. The NF systems are
operated in crossflow mode, where part of the water
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is recirculated in the system and is subsequently re-
leased as concentrate. The systems run mostly at water
recoveries of 80-90% with 10-20% concentrate. The
feed water that is “lost” as concentrate increases the
specific treatment costs due to disposal and lower
purified water volumes. For cost optimization, the
concentrate volume and amount of other reject
streams should be minimized.

Applicability and adequacy

Nanofiltration can be used to treat waters affected
by anthropogenic contamination. The membrane prop-
erties, operating pressure, and pretreatment process-
es in place might impact the rejection rates for inor-
ganicand organic contaminants. Removal for bacteria,
viruses, and protozoa usually exceed 6 log reduction
value (LRV) in well operated and maintained systems,
but varies for different membrane materials, configu-
rations, and study set-ups. The integrity of the mem-
brane modules and the applied manufacturing quality
control measures impact the performance considerably.

Nanofiltration is usually applied at a large scale,
although there are packaged systems available on the
market that integrate the system components and
pretreatment in one rack. Nanofiltration requires a
pressure of typically around 5-10 bar for operation.
Membrane fouling (by inorganic and organic com-
pounds as well as biofouling due to the proliferation
of microorganisms on the membrane surface) impacts
the membrane permeability, removal performance,
and lifetime. Certain membranes are more susceptible
to fouling than others, so the impact of water quality

Compendium of drinking-water systems and technologies from source to consumer



on the performance of different membrane materials
and types should be assessed before selecting the
appropriate NF membrane. Contrary to ultrafiltration
(see T.2.5 Ultrafiltration), NF membranes cannot be
backwashed, and chlorine as well as chemical cleaning
agents damage the membrane materials. Thus, reliable
pretreatment and operational parameters are crucial
for good performance, and the lifetime may be limited
to 2-5 years.

Due to the high cost, it is not recommended to use
NF purely for disinfection purposes. Ideally, water sourc-
es that are not polluted by anthropogenic contamina-
tion should be considered first whenever possible.

Operation and maintenance

Operation and maintenance are relatively complex
and usually involve advanced process/plant automa-
tion to control the performance and ensure the unit is
operating in the optimum range. These procedures for
fully automated systems require experience with the
respective system design as well as process automa-
tion and online monitoring. Thus, adequate ongoing
technical support from the manufacturer (including
the possibility of on-site assistance) should be available
locally.

To minimize the deposition of calcium and magne-
sium salts on the membrane surface, anti-scalants
(substances binding calcium and magnesium to reduce
their precipitation) can be used, which adds to the
costs of treated water and contributes to the need for
treating the concentrate as wastewater.

Health and environmental aspects/Acceptance

Nanofiltration membrane processes are widely
accepted due to their effectiveness over a very broad
range of contaminants, but applications are limited
due to the high costs. Proper environmentally friendly
handling of the reject streams is needed. Used NF
membranes are not readily recycled and are typically
treated as waste.

® Advantages

« Can effectively remove microorganisms,
suspended particles, colloids, inorganic
chemicals, heavy metals, colour, odour

« Removes organic pollutants effectively

« Removes microbial pathogens effectively

« Removes hardness

« Operates fully automatically

© Disadvantages

« Is a highly complex process

« Produces a concentrate that needs to be
discharged or treated separately

« Has high operational and maintenance costs

« Needs ongoing technical support from the manu-

facturer (including on-site assistance)

« Removal of viruses dependent on membrane pore

size, layer and material

-> References and further reading materials can be

found on page 216.
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T.5.1

Desalination

Membrane distillation

Applicable to systems
8,9

Management level
Community, centralized
No

Local availability of technology
or components

Technology maturity level
Full-scale demonstration

Solar power

Hot feed water

Photovoltaic Solar collector

module

Membrane
distillation
module

Concentrate
outflow

Membrane distillation (MD) is a thermal separa-
tion process that combines thermal desalina-
tion with membrane technology. The feed water
is heated (to around 50-80 °C) and then passes
as vapor through a hydrophobic (water repellent)
membrane that allows only vapor to cross the
pores before it condenses on the permeate
(distillate) side.

In MD, the two liquid streams (i.e. the feed water and
permeate) remain separated by surface tension while
higher vapor pressure on the warmer feed side drives
water molecules across the membrane. Relatively low
temperature differences of the order of 5-10°C are suf-
ficient to drive this process. The vapor pressure differ-
ence over the membrane is the driving force, which is
applied using differing module types and a variety of
configurations, such as direct-contact MD or vacuum-
enhanced MD.

In seawater desalination, incoming seawater can be
used for cooling on the condensate side of the module,
and it is preheated before conveying it to the main
heat source. This could be done using low grade heat,
such as from a diesel generator or solar thermal col-
lectors. In industrial settings, waste heat is also often
available that can be used for MD. The heated seawater
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is then pumped to the hot side of the membrane distil-
lation module as the feed water.

Applicability and adequacy

Membrane distillation is particularly suitable in
locations where low grade heat (< 85°C) is available
to heat the feed water that drives the desalination
process. This requires a rather low energy demand of
around 1-1.5kWh/m? of electric power in addition to
the thermal energy required to drive the process.

Desalination coupled with power supplied by a
diesel generator can provide an integrated, efficient
solution to generate energy as well as water for re-
mote locations with saline or brackish water sources.

The process is relatively complex and requires a
sound assessment of the water composition, tempera-
ture differences and their variations, and the optimum
integration of the system components.

Operation and maintenance

The operation and maintenance are relatively com-
plex and involve advanced process/plant automation
to control the performance and operate the unitin the
optimum range.

Ongoing technical support from the manufacturer
(including on-site assistance) should be available locally
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since operating and maintaining the fully fledged
automated systems requires experience with the re-
spective system design as well as process automation
and online monitoring.

To minimize membrane fouling (deposition of organ-
ics and scaling), a good pretreatment, the addition of
anti-scalants, and in some cases, biocides are required.

Health and environmental aspects/Acceptance

Membrane distillation might require post-treat-
ment remineralisation to increase the mineral content
(including calcium and magnesium) or to adjust the pH
to reduce the risk of corrosion.

Used MD modules are not readily recycled and may
need to be disposed of as waste. The MD concentrate
streams (brine) contain elevated concentrations of con-
taminants and must be disposed of in line with local
health and environmental requirements so as not to
impact human and ecological health.

® Advantages

« Produces drinking-water reliably and stably
from salt-impacted sources and seawater,
particularly suitable for high salinities

« Requires low electric energy inputs

© Disadvantages

« Requires heat source

« Generates reject stream that requires separate
handling or diligent discharge

« Has limited commercial availability and
corresponding technical support

« Needs ongoing technical support from the
manufacturer (including on-site assistance)

-> References and further reading materials can be
found on page 216.
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T.5.2

Desalination

Reverse osmosis

Applicable to systems Management level Local availability of technology Technology maturity level
7,8,9 Community, centralized or components Established technology
Setting specific, membrane modules
may only be regionally available
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Reverse osmosis (RO) is a pressure-driven mem-
brane process to desalinate (remove salt from)
brackish water and seawater as well as to remove
various organic and inorganic compounds and
microorganisms from drinking-water. The salt
rejection reaches up to 99.0-99.5% for brackish
water applications and up to 99.8% for seawater.

Reverse osmosis is a state-of-the-art technology for
desalinating water resources. In the last decades, sig-
nificant technological improvements were made in
several cost relevant areas, such as energy efficiency
and fouling control. However, the energy consumption
of RO systems is significantly higher than water treat-
ment from conventional sources, ranging between
2.5-4kWh/m? for seawater and 0.4-2.0 kWh/m? for
brackish water.

Reverse osmosis membrane modules are typically
designed as spiral wound modules made from flat
sheet asymmetric polymeric membranes available in
standardized sizes from various manufacturers. The
achievable maximum recovery or conversion rate is
the percentage of product (permeate) to feed water.
This recovery is limited by the membrane properties,
feed water composition, salt content, and concentra-
tions of poorly soluble salts. Considering all of these
factors helps to safeguard stable operation and pre-
vent scaling (salt deposits), fouling (organics), and
biofouling (proliferation of biofilms on membrane
surface). Typical recovery rates vary between 70-97%
for brackish water desalination and 40-60% for sea-
water desalination.

Reverse osmosis unit

Clean water
tank

= —> Purified
water

Clean Clean
i in place in place
Drain pump tank

Reverse osmosis requires proper system integration
in terms of pre- and post-treatment, which often com-
prises a number of elements. Pretreatment by ultra-
filtration or multi-media filtration, for example, con-
trols the organic and particle load entering the RO
step. Clea in place (CIP) processes enable significant
recovery of membrane performance, which tends to
deteriorate over time due to ageing, scaling, and foul-
ing. The addition of anti-scalants might be needed to
reduce scaling. Many RO plants run with a constant
dosing of chloramines to reduce biofouling, though
the addition of stronger oxidants (ozone, chlorine, etc.)
destroys the membrane material. A number of pumps,
including high pressure pumps to drive the RO pro-
cess, are required.

RO membranes provide a safe barrier to most con-
taminants by also removing other critical ionic com-
pounds such as arsenic, fluoride, and nitrate as well as
microorganisms. Reverse osmosis can achieve up to
6 log reduction value (LRV) for bacteria, viruses and
protozoa. However, performance will depend on the
integrity of the filter medium and filter seals, resistance
to chemical and biological (“grow-through”) degrada-
tion, and general operation and maintenance condi-
tions (WHO, 2017a).

Demineralised water has a low pH and alkalinity,
and therefore is corrosive in distribution systems and
storage tanks. It might also pose health risks due to
dietary mineral deficiency when used as a main source
of drinking-water. Therefore, the remineralisation of
desalinated water or blending with other water sources
is required post treatment.
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Applicability and adequacy

System designs must consider the site-specific
salinity and ion composition of the raw water, partic-
ularly to define the achievable recovery rates and op-
timum energy usage as well as to avoid the formation
of salt deposits (scaling) in the desalination plant.

Desalination powered by solar (photovoltaic or
solar thermal) or wind can be reliably operated in re-
mote locations. Though small-scale, fully automated
systems and packaged plants exist on the inter-
national market, many RO systems are established at
alarge scale.

Generally, due to high costs and complex mainte-
nance, reliable ongoing technical support from the
manufacturer as well as on-site expertise are needed
for maintaining RO systems. If other water sources
are available that are not affected by anthropogenic
contamination or salinity, they should be considered
first.

Operation and maintenance

Operation and maintenance are relatively complex
and involve advanced process/plant automation to
control the performance and operate the unit in the
optimum range. The membrane systems are designed
by considering the raw water quality and should be
operated at a determined flow and recovery rate.
When it becomes impossible to maintain the pre-
defined parameters, support from a qualified manufac-
turer's technical support team or an on-site expert is
required. In addition, the operation and maintenance
procedures of fully automated systems require experi-
ence with the respective system design as well as pro-
cess automation, electronics, and online monitoring.

To minimize membrane fouling (deposition of
organics and microbes on the membrane surface),
anti-scaling agents (e.g. polyphosphates or polyacrylic
acids), biocides (e.g. chloramines), and other chemicals
are frequently used. The lifetime of the membranes
may reach up to five years before they need replace-
ment.

Health and environmental aspects/Acceptance

Handling of the concentrate is one particular concern
in desalination by thermal or membrane processes.
During seawater desalination, the concentrate is often
discharged to the ocean, which can negatively affect
sea life. Brackish water desalination often requires
other solutions due the land-locked plant location.
For these plants, the concentrate can be discharged as
wastewater, evaporated in ponds, further treated
towards (costly) zero-liquid discharge, or used for
aquaculture or irrigation of halophilic plants.

RO might require post-treatment to increase the
mineral content (including calcium and magnesium)
or to adjust the pH to reduce the risk of corrosion.
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Remineralisation can also be considered, in consultation
with public health authorities, where there is a need to
increase the overall mineral nutrition of the local popu-
lation, particularly where drinking-water was previ-
ously supplied by groundwater or surface water sources.
Essential elements are commonly found in these water
sources, although drinking-water typically contributes
only asmall proportion to the recommended daily intake
of essential elements, with food as the main source
(WHO, 2009; 2011). Used RO modules are not readily
recycled and may need to be disposed of as waste.

® Advantages

« Produces drinking-water reliably and stably
from salt-impacted sources

« Iswell established and widely applied, with
a broad range of suppliers of membranes

> Disadvantages

« Has a relatively high cost and high energy
consumption

« Generates a reject stream that requires separate
handling and appropriate discharge

« Needs ongoing technical support from the
manufacturer (including on-site expertise)

> References and further reading materials can be
found on pages 217.
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D | Distribution and transport

This section describes the technologies or solutions
used to deliver water from the source, pumping station,
or water-treatment plant to the home of the consumer.
They are either privately adopted solutions (D.1 Jerry
cans—D.3 Water kiosk) or distribution systems with
different levels and types of connections (D.4 Small
public and community distribution system — D.6 Stor-
age tanks or reservoirs).

D.1 Jerry cans
D.2 Water vendors (carts and trucks)
D.3 Water kiosk

D.4 Small public and community
distribution systems

D.5 Centralized distribution systems
D.6 Storage tanks or reservoirs

The choice of the distribution system in any given
context depends on the:
« Availability of financial resources
« Quantity of water
« Population density in the supplied area and
the distance to the source or treatment plant
« Management considerations
« Availability of service providers
« Topography
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DAE Jerry cans

Applicable to systems
4,5,6,7

Management level
Household

Local availability of technology
or components
Yes

Technology maturity level
Established technology

Jerry cans are light plastic containers that can
be carried by one person. They can be sealed
with a lid to prevent water contamination and
are frequently used to carry water home from
the source.

Jerry cans are produced in different sizes, usually rang-
ing from 3 to 30L, with 20L the typical size used by
adults to carry drinking-water. Jerry cans can be carried
by consumers directly or transported using donkeys
or bicycles. They can also be transported and sold
pre-filled by water vendors on carts or with cars.
Water kiosks or drinking-water companies sometimes
sell water in sealed jerry cans or large polyethylene
terephthalate (PET) bottles and organize transport to
the home.

Applicability and adequacy

Transporting water in jerry cans is a reality for many
rural and urban families. Depending on the water
source situation, this often requires a lot of time that
could be used for other activities. As defined in Human
Right to Water (UN General Assembly, 2010), the time
spent carrying water should not exceed 30 minutes per
day. In areas where water sources are located at longer
distances, other water distribution options should be
considered. The transport of jerry cans filled with safe
water to the home by water kiosk providers can be cost-
ly but is a generally adequate option when the water
and jerry cans are disinfected and safely sealed.

Operation and maintenance

The frequent cleaning and disinfection of jerry cans
is often done using chlorine (e.g. 0.5% hypochlorite
solution) to avoid water recontamination with patho-
genic microorganisms or the formation of biofilms or
precipitates. Abrasive materials can effectively clean
jerry cans, though may also damage the internal sur-
face. This provides a greater surface area and niche for
microbial growth, which can be more challenging to
remove during subsequent rounds of cleaning. When
abrasive materials are used, the jerry cans should sub-
sequently be disinfected with a 0.5% hypochlorite solu-
tion. Because of the potential for cross contamination,
dedicated jerry cans should be reserved especially for
drinking-water. Water for other needs or from unsafe
sources should not be transported in the same jerry
cans. Additionally, jerry cans made from plastics of low
quality can become brittle when exposed to sun and
heat over longer periods of time. Therefore, jerry cans
should not be stored outside in direct sunlight for ex-
tended periods.

Health and environmental aspects/Acceptance

Jerry cans can easily become contaminated during
water abstraction or storage at home or when used
for other unsafe water sources. Recontamination can
be reduced by using sealed containers with tightly
fitting lids cans and/or by chlorinating the water in the
jerry cans. When empty, users should avoid touching
the surfaces of the jerry cans and reserve dedicated
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jerry cans for each water source. They should not be
accessible to animals and should be frequently cleaned
and disinfected.

If jerry cans are used to transport water from polluted
sources for household water treatment, filled jerry
cans should be stored in the dark to reduce algae
growth. Biofilms and precipitate due to the settling of
bacteria and particles can still form in the dark, how-
ever, so jerry cans that transport contaminated water
still need to be regularly cleaned and disinfected to re-
duce the load on household water treatment systems.

Water transported by one person (with the typical
size jerry can) is likely to be sufficient to cover daily
drinking, cooking, food hygiene, hand-washing and
face-washing needs. However, adequate quantities for
bathing and laundry are likely not sufficient, nor for
hand-washing where enhanced hygiene behaviour is
required, such as during infectious disease outbreaks
(WHO, 2020).

® Advantages

« Available almost everywhere and robust

o Very low-cost

« Easytoclean

« Broadly accepted way of carrying water
when distribution systems are lacking

« Available in different volumes

> Disadvantages

« High risk of water recontamination when
not cleaned regularly and properly, when
there is no lid, or when the general condition
of the jerry canis poor

« Time spent carrying water is lost for other
activities, such as work and school

« Heavy for children to carry

« May not provide sufficient water quantity for
all hygiene needs.

> References and further reading materials can be
found on page 217.
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m Water vendors (carts and trucks)

Applicable to systems
3,4,5,6,7

Management level
Household, community,

Local availability of technology
or components
neighborhood, decentralized | Yes

Technology maturity level
Established technology

Water vendors are individuals who obtain water
from the source, private or municipal taps, wells,
water kiosks, or public water-vending points
and sell it to users directly.

Water vendors range from individuals who carry water
in containers, push charts, or bicycles or deliver it in
jerry cans with carts driven by animals or vehicles (e.g.
motorcycles, tuk tuks, tanker trucks). Reselling this
water can be either formal (water trucks managed by
utilities or communities) or informal, such as individuals
who buy or fetch water at the source and carry it to
individual homes or other convenient locations for re-
selling at a higher price.

Applicability and adequacy

Water vendors are usually found in areas discon-
nected from the public water supply network, where
distances to open water sources or community taps
are large or the queue time is high.

Water vendors often operate as an extension of
the public supply in urban areas, and they fill the gap
between supply and demand. In rural areas, a long
distance to water sources is often the driving force for
water vendors. In areas where free or low-cost water
sources are available, people who have income-
generating activities might not have time or desire to
fetch water on their own, meaning they may also rely
on water-vendor services. Water vending should be
considered an interim solution before the installation
of adequate distribution systems.

Operation and maintenance

Carrying water is a physically demanding activity.
Additionally, distributing vendors may collect water
from the same sources as people would normally use
fortheir households, meaning they cannot easily charge
a high price for their labor. Competition is also often
quite high, which keeps the prices close to those at the
water source, and the subsequent earnings of water
vendors are low. Road conditions, distance, and eleva-
tion all affect the effort that is needed to collect and
deliver water. Vendors often rely on their own or rent-
ed vehicles, which require regular maintenance. Vehi-
cle damage occurs often due to frequent overloading
and lack of maintenance.

The water vending containers or tanks (and associ-
ated hoses and fittings) should be cleaned and disin-
fected regularly, and maintained in a sanitary and
working condition at all times.

Health and environmental aspects/Acceptance

Since most of the services provided by individuals are
informal, limited to no quality control is typically per-
formed. Therefore, the quality of water supplied by
water vendors is generally considered as low. This may
or may not be true, depending on the water source,
sanitary state, and condition of water-transporting
vessels (jerry cans or tankers), free chlorine residual con-
centration in the supplying water, storage time, and
water handling practices. Water transported formally by
tankersis often collected in official water vending points,
usually from the network, and is often of better quality.
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Water can become easily recontaminated during
transport. Old leaking containers should not be used for
storing treated water. Containers should be dedicated
to transporting drinking-water and not used for other
purposes. Recontamination can be reduced when jerry
cans or other containers are tightly and properly sealed
after filling. Water ageing and stagnation in containers
and tankers can cause taste and odour problems, free
chlorine residual depletion, recontamination, and micro-
bial regrowth.

® Advantages

« Water is delivered to the door, which saves
time for other activities

« Households can purchase small quantities
at flexible prices

« Water vending can extend the service range
of public utilities and provide an alternative
solution when public utilities fail

> Disadvantages

« Higher costs compared to water obtained
through household connections and water
sold at standpipes, boreholes, or water kiosks.

« No quality control and often poor quality
water is supplied

> References and further reading materials can be
found on page 217.

Part 2 — Technology information sheets — Distribution and transport

141




m Water kiosk

Applicable to systems
3,4,5,6

Management level
Community, neighborhood,
school/health center,
decentralized

Local availability of technology
or components
Yes/sometimes

Technology maturity level
Not longin use

Water kiosks are small shops that sell ground-
water, tap water, or surface water. Water can be
stored at these kiosks, or treated and stored
(e.g. by a small decentralized on-site treatment
system). Water kiosks can be operated by utility
employees, self-employed operators, contractors,
or water committees consisting of employed
staff or volunteers.

Water kiosks are usually structures or buildings that
have multiple taps outside and major taps inside the
kiosk. They can be operated with or without a kiosk
attendant, instead using an automatic mobile phone
payment or card payment system (water ATMs). Water
storage tanks close to the kiosks cover water sales in
case of intermittent supply or water shortage periods.
Water treatment systems are installed when raw water
quality is poor or not reliable. Usually, a population of
200-3000 people can be served with one water
kiosk. The capacity of a kiosk depends on the avail-
ability of raw water, water storage capacity, treat-
ment capacity, and demand.

Applicability and adequacy

Water kiosks selling tap water to consumers can be
installed in densely populated low-income settle-
ments where access to tap water is not available (such
as in informal settlements). Water kiosks are also used
when the tap water supply is intermittent, and the

kiosk has the water storage capacity to cover inter-
ruptions. In densely populated urban middle- or high-
income areas, these kiosks can sell water that has been
post-treated to a high quality, often filled in bottles or
clean jerry cans. Water delivery services may be offered
by kiosks as well. In peri-urban areas lacking distribu-
tion networks, water kiosks sometimes replace public
standpipes to more easily collect fees and reduce the
risk of damage to the standpipes and community water
points. In rural areas, kiosks are typically less common,
though may be used when other water sources are not
available or when awareness of the risks associated
with unprotected water sources is high, providing a
demand for treated water from a kiosk. The sale price
can either be a flat rate per month, which can be collect-
ed atonce or in small payments, or a price per jerry can
or bottle. Making a water kiosk commercially viable is
one of the largest problems to be addressed, which
can be done by careful business planning, proper man-
agement, and sometimes by selling other household
commodities or services alongside the water.

Operation and maintenance

The operation of water kiosks depends on the tech-
nology involved. If water kiosks sell only treated water
from the main distribution network, the operation
involves maintaining a clean area, collecting and
recording charges, and operating the main tap. For
water kiosks that involve storage, treatment, or water
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bottling and distribution services, a higher level of
maintenance and operation skills are required for
equipment functionality, performing maintenance
procedures (such as pump maintenance or filter clean-
ing), and keeping the cleanliness to a high standard.

Health and environmental aspects/Acceptance

The acceptance of water kiosks is low when other
water sources are available and when the population
is unaware of the health risks related to water quality.
When water storage and treatment is done at the
kiosk, proper management, operation, infrastructure
maintenance, and quality control are essential. With-
out these points, the deterioration of the water quality
or a failure in the treatment equipment will increase
the health risks. To be successful, water kiosks need to
deliver good services that satisfy the customers and
reach their expectations regarding price, manage-
ment, and operation. Enforcing regulations for water
quality monitoring at a kiosk is quite difficult, especially
for decentralized privately or community-run kiosks
that do not belong to water utilities. Often, water
costs more at a water kiosk than at privately-owned
household connections. However, in unsupplied areas
or for a population that cannot afford to pay the in-
stallment costs for a connection, a water kiosk is often
the next cheapest option for safe water compared to
mobile water vendors or bottled water. Water kiosks
can also be used as a focal point for community
engagement and awareness, with the trained kiosk
operator providing best-practice advice on safe trans-
portation/handling practices (including the use of
safe collection vessels or the post-chlorination of
jerry cans).

® Advantages

o Water quality improvement if treatment is
performed

« Treatment facility and water abstraction point
are usually well managed

« Lower costs than bottled water or water vendors,
flexible payment system

« Can beinstalled and implemented quickly,
innovative technologies or concepts can be
adapted to local conditions

> Disadvantages
« Water quality deterioration after jerry cans
are filled or during storage
« No or limited quality or service guarantees
« Choice of operator may influence kiosk success
« Higher costs compared to household connection

- References and further reading materials can be
found on page 217.
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m Small public and community distribution system

Applicable to systems Management level Local availability of technology Technology maturity level
3,5,6,7,8 Community, neighborhood, or components Established technology
decentralized Yes
LOOPED NETWORK Sub-main line
DISTRIBUTION SYSTEM
BRANCHED

DISTRIBUTION SYSTEM

Sub-main line

Water distribution systems transport water from
the water source or water treatment plant to
the point where it is delivered or used, such as
a community standpipe, yard connection, or
household connection.

Water demand in small public and community distri-
bution systems varies during the day. The highest con-
sumption is during the hours common for personal
hygiene, washing, and cooking, and the lowest con-
sumption is at night. These variations need to be
addressed by water storage or pump control mecha-
nisms. In small public and small community water
supplies, a storage reservoir is the preferred option. It
should also be the preferred option when electric
power or diesel supply is unreliable. Storage reservoirs
accumulate water at night or when energy is available
and supply it during peak water demand hours. A
pressure of at least 5-10m of the water column is
needed to prevent the ingress of polluted seepage
water, to protect the integrity of the water supply net-
work, and to ensure sufficient pressure in the taps.
There are two types of small public and community
distribution networks. The branched network consists
of one or a few mains that separate into several dead-
end connections. Looped or grid configurations consist

es 4

2\

Sub-main line

Main line

of one or a few main loops (rings) from which water is
conveyed to secondary loops or branches. Branched
networks are simple to design and easier to install
than looped networks. They are often used in small
community distribution systems. Looped networks re-
quire many interconnecting pipes, valves, and special
parts, and are more complex and expensive than
branched ones, though these networks improve the
hydraulics of the system and are generally more reli-
able. Pressure variations are usually reduced with
looped networks. Additionally, water can be supplied
from different directions, which can be important
when one of the loops needs to be maintained. Water
stagnation is less likely, reducing the risk of sediment
accumulation and microbial recontamination.

In these distribution systems, water is delivered to
the house, yard, or community standpipe. A house-
hold connection taps into the distribution main by a
T-part or a special insert piece and delivers water
inside the house to one or multiple taps. A yard con-
nection is similar, though is placed outside and may
supply more than one household. Public standpipes
have one or more taps and occasionally a platform for
containers of different sizes. Public standpipes should
be located within 500m or a 30 minute walking time
from the households they supply.
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Applicability and adequacy

Community and small public water distribution net-
works are designed to supply water for personal and
household needs as well as occasionally for animals and
the irrigation of gardens. They are more common in
urban and peri-urban areas. In rural areas, larger villag-
es and their surrounding houses may have a simple
network with household or yard connections or public
standpipes. Because the construction is complex and
requires substantial investment, proper design and
planning are essential. Water consumption also increases
greatly when it enters the house; water consumption at
standpipes usually varies between 20-30L per person
per day, while directly connected households may con-
sume 100L or more per person per day depending on
the type of washing facilities and equipment and the
availability of a flush toilet. Although household con-
nections are often the most desirable option for users,
a public standpipe might be the simplest and most
cost-effective way to provide water to a large number
of users. Often communities do not even allow a house-
hold connection to be installed, and the cost to ade-
quately disposal of the wastewater generated through
household connections also needs to be considered in
the overall cost assessment. It is possible to develop the
distribution network in stages, but this should be ad-
dressed carefully during the planning stage.

Operation and maintenance

Leakage is usually the most important problem and
also the reason for unaccounted and/or non-revenue
water. Various reasons for leakage include soil move-
ment (e.g. drought, erosion, traffic loading), defects
and poor construction work, inferior pipes and joints,
damage due to excavation for other reasons, ageing,
corrosion, high pressure or temperature changes, ille-
gal connections, and mains tapping. Leakage can be
managed through regular checks by water commit-
tees, caretakers, or small public water supply utilities
as well as alert systems and an estimation of the water
balance by water flow or pressure measurements.
Leak detection equipment, such as an acoustic detec-
tor or leak noise correlator, can be used to detect leaks
not visible on the surface.

Poor design of the pipes and structures may cause
severe corrosion even when appropriate materials are
used. In addition to optimized network design and
material selection, corrosion should be managed by
optimizing the water chemistry (e.g. hardness removal,
pH optimization). Corrosion deposits and sediments
due to improper treatment or recontamination need
to be removed by flushing, swabbing (or pigging), or
air scouring. Pipe disinfection can be done using
chlorine at high doses, and the proper disposal of
flushed water should be considered.
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Health and environmental aspects/Acceptance

Small public and community piped water systems
provide good quality water when managed properly.
Water wastage from standpipes and non-metered
household/yard connections caused by broken taps or
misuse is a serious problem. Water wastage can be re-
duced through the improvement of management
structures, which can be financially supported through
fees at standpipes or water metering. Problems with
spilled water drainage can lead to the formation of
small ponds of stagnant water, which present a serious
health risk. Intermittent water supply may cause water
stagnation in the network pipes. This usually leads to
the depletion of free chlorine residual concentration. A
pressure reduction or negative pressure during inter-
mittent operation increases the risk of groundwater
infiltration and ingress or contamination via waste-
water in the distribution network. An intermittent
water supply leads to people storing water in house-
holds in unsafe storage containers. With public com-
munity standpipes, water is transported to households
by jerry cans or buckets (D.1 Jerry cans), and recontam-
ination is a common problem here, as well.

® Advantages

« Distribution network with household connection
is the most convenient and desired way of
distributing water for users

« Lower level of contamination compared to
water carried in jerry cans and tracks

« During continuous supply, no need for safe
water storage or household water treatment

> Disadvantages

« Consumption and wastage increase when
household connections are used, proper
disposal of grey or black water is needed

« Contamination during intermittent operation

« Supply breakdowns and interruptions due to
maintenance works or the deterioration of
poorly managed infrastructure

- References and further reading materials can be
found on pages 218.
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m Centralized distribution systems

Applicable to systems Management level Local availability of technology Technology maturity level
2,8,9 Centralized or components Established technology
Yes
(> O
—
K

Centralized water distribution systems trans-
port water from the water source or water treat-
ment plant to the point where it is delivered or
used, usually consisting of household connec-
tions with multiple taps through a complex
interconnected underground network of pipes.

Centralized distribution networks must be designed
and constructed in a way that dead-ends are elimi-
nated, flushing is possible, and cross-connection and
unauthorized access are prevented. The design must
allow adequate disinfection and ensure that the
capacity of the water system is sufficient to meet the
domestic demands of the users connected to the net-
work. Most centralized urban distribution networks
have a looped configuration, which is more reliable
than branched configurations. The design consider-
ations involve the topographic features of the terrain,
economic parameters, and fluid properties. The essen-
tial parameters of the network size are the projection
of residential, commercial, and industrial water
demand, pipe material, and reliability considerations.
The design period, which is the time period the
system is designed to function for, is limited by the
lifespan of the pipes and equipment.

Applicability and adequacy

Centralized distribution networks are designed to
supply water for domestic needs as well as the water
needs of organizations, enterprises, firewater reservoirs,
emergency water supply reservoirs, etc. In many coun-
tries, the required capacity for firefighting will have a
major impact on the capacity of the entire water supply
system. Centralized distribution systems are common in
urban and peri-urban areas. In rural areas, a centralized
water distribution network is prohibitively expensive,
and community-scale water supplies are often used.
The planning, design, and construction of centralized
distribution systems are complex, require a high level of
expertise, especially when multisource systems are
needed, and require huge investments. Nearly 80-85%
of the costs of the water supply of a city are required for
the distribution network. Average water consumption
at households connected to a centralized water system
with multiple taps and a flush toilet varies between
100-400L per person per day, including losses due to
leakage. This consumption level is considerably higher
than for households collecting water at public taps,
wells, or other decentralized sources without a house-
hold connection, as well as households with one tap on
premises (WHO, 2020). The distribution network can be
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developed in stages, but such expansions should be ad-
dressed carefully upfront during the planning stage.

Operation and maintenance

Leakage is usually the most important problem and
also the reason for unaccounted and/or non-revenue
water. Various reasons for leakage include soil move-
ment (e.g. drought, erosion, traffic loading), defects
and poor construction work, inferior pipes and joints,
damage due to excavation for other reasons, ageing,
corrosion, high pressure or temperature changes,
illegal connections, and mains tapping. Leakage can
be managed by regular checks by water utility staff or
water committees, alert systems, and an estimation of
the water balance by water flow or pressure measure-
ments. Leak detection equipment, such as an acoustic
detector or leak noise correlator, can be used to detect
leaks not visible on the surface. Efficient cross-
connection management practices are crucial. Poor
design of the pipes and structures may cause severe
corrosion, even when appropriate materials are used.
In addition to optimized network design and material
selection, corrosion should be managed by optimizing
the water chemistry (e.g. hardness removal, pH opti-
mization). Corrosion deposits and sediments due to
improper treatment or recontamination need to be
removed by flushing, swabbing, or air scouring. Pipe
disinfection can be done using high doses of chlorine,
and the proper disposal of flushed water should be
considered.

Health and environmental aspects/Acceptance

Centralized distribution systems provide good
quality water when managed properly. Water wast-
age from non-metered household connections caused
by broken taps or misuse is a serious problem. Better
management structures are often needed to reduce
water wastage.

An intermittent water supply may cause water
stagnation in the network pipes and/or the depletion
of the free chlorine residual concentration. Reducing
the pressure or a negative pressure during interruptions
can lead to groundwater or wastewater infiltration
and ingress in the distribution network, often result-
ing in contamination. An intermittent water supply
leads to people storing water in households in non-safe
storage containers, which also leads to contamination.

® Advantages

« Distribution network with household connection
is the most convenient and desired way of
distributing water for users

« Usually good quality and lower level of conta-
mination compared to water carried in jerry
cans and tracks

Part 2 — Technology information sheets — Distribution and transport

« During continuous supply, no need for safe
water storage or household water treatment
« Water can be used for multiple purposes

© Disadvantages

« Consumption and water wastage are con-
siderably higher than with other types of water
transport and distribution; proper sanitation
systems are needed

« Contamination during intermittent operation due
to inadequate free chlorine residual concentrations

o Supply breakdowns and interruptions due to
maintenance works or the deterioration of
poorly managed infrastructure

« High investment and management costs

« Needs proactive maintenance and long-term
planning to manage ageing infrastructure

> References and further reading materials can be
found on page 218.
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m Storage tanks or reservoirs

Applicable to systems
1,2,3,5,6,7,8,9

Management level
Community, neighborhood,

decentralized, centralized

Local availability of technology
or components
school/health center, Yes

Technology maturity level
Established technology
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Water storage tanks or reservoirs are an inte-
grated part of water supply and distribution
systems. They are used to store raw water after
abstraction or treated water close to the point
of use. Elevated water tanks — also called water
towers — are used as a reserve to overcome power
supply shortages or during peak usage times as
well as to provide stable hydrostatic pressure in
the network.

The storage tanks or reservoirs can be classified by
their capacity, purpose/type of stored water, elevation,
design, type of material, and construction method. For
storing raw water, concrete-lined earthen reservoirs
can be used. They can be built in natural depressions
and have sloped inner and outer walls. When concrete
is used, it can be either poured on-site in large slabs,
which are then sealed, or a single-lining slab can be
constructed on-site using ferrocement technology.
The infiltration of water is prevented by lining the con-
crete using high density polyethylene (HDPE) plastic,
butyl rubber, or clay.

Good quality water (safe groundwater or treated
water), can be stored at ground level, underground or
in elevated reservoirs. Concrete reservoirs reinforced
with steel mesh or bars are typically used, which require

a solid foundation to stabilize the reservoir. Those res-
ervoirs should be covered to prevent contamination
and cyanobacteria/algae growth, as well as to prevent
unauthorized access. A water inflow pipe is placed
above the water level to reduce the risk of back-flow.
An aeration pipe should be protected by a screen to
reduce the risk of recontamination and access by ani-
mals. Water can be chlorinated at the inlet of the tank
to provide residual protection. Tanks made of ferroce-
ment are produced by covering the steel mesh or wire
with a thin layer of cement and sand mortar and are
lighter and more flexible. They are round to increase
their stability.

Elevated reservoirs are usually constructed at the
height required to pressurize a water distribution sys-
tem. An elevated support structure that is massive
enough to carry the weight of the tank and water is
used. The water towers can be built out of reinforced
concrete, steel, or a combination of materials (e.g. of
steel structures and plastic tanks). The towers can be
cylindrical, rectangular, or any other shape convenient
for construction. When made of steel, the typical con-
struction consists of factory-made galvanized steel
elements welded together. Arobust and reliable foun-
dation is crucial. The flow level of the tank is usually
regulated by a flow switch or a sensor connected to
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the pump that fills the reservoir. In addition to the inlet
and outlet pipes, the tanks require washout and over-
flow pipes. In community and large-scale systems, the
water towers are often constructed in conjunction
with underground or surface reservoir systems. Tank
filling can occur on-demand or only at specified times,
e.g. during the day when solar-powered pumps are
used for refilling or during the night to profit from re-
duced power prices. The systems are sized to cover the
peak needs and at least a one-day demand. Water
towers can also be designed to cover the needs of fire
protection services (required by regulations in some
countries), and in this case, the capacity will consider-
ably exceed the drinking-water demand.

Applicability and adequacy

Water storage tanks can be made out of various
materials and in various capacities, from a few cubic
metres to many thousands. For community supplies,
earthen or surface concrete tanks are usually not more
than 1.5-3m deep. The lifespan of most concrete and
ferrocement tanks is at least 30 years when main-
tained properly. Due to corrosion, galvanized steel
tanks can have a shorter life expectancy. Plastic PVC
tanks exposed to sunlight might need to be replaced
after only 10-15 years.

Operation and maintenance

The operation of most reservoirs and tanks includes
opening and closing the valves according to the water
needs. The valves should also be closed and opened at
least once every two months to avoid sticking and
blocking. Storage tanks and reservoirs need to be rou-
tinely drained, cleaned (including sediment removal)
and disinfected. The lining also must be regularly
inspected for cracks and leaks. A surface or elevated
reservoir storing safe drinking-water needs to be con-
trolled regularly for possible sources of contamination.
This includes checking whether screens and manholes
are closed and intact and the surrounding area is pro-
tected from access by animals or children, as well as for
the appearance of cracks and leaks. When galvanized
steel is used, the tanks should regularly be controlled
for signs of corrosion. The elevated steel tanks would
require protection from lightning. The water level in
the towers typically falls during peak use time, and the
tank is filled again by the pump during low consump-
tion times. In cold climates, this process is crucial for
protecting the water from freezing. The foundations
of the concrete tanks, when poorly constructed, can
be damaged due to soil settling. Continuous chlorina-
tion should be practiced whenever possible for tanks
storing treated water. Where this is not possible, regular
batch disinfection of the tanks is the minimum require-
ment. The area around water tanks should also be
well-drained and unlikely to flood.
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Health and environmental aspects/Acceptance

The risk that a collapsing water tank can cause to
the local population should be always considered.
Poorly closed or open water tanks can serve as a
breeding ground and watering place for mosquitos
and other vectors. Additionally, rodents, birds, and
other animals can easily become trapped inside the
tanks. Poorly designed inlet/outlet structures can
result in short-circuiting flow, which can lead to low-
flow zones and issues associated with excessive water
age and stagnation (taste/odour, chlorine decay, and
microbial regrowth/recontamination) and inadequate
contact time (e.g. where disinfection is practised).
Where underground storage tanks are in use, appro-
priate design, maintenance and drainage is required
to prevent surface water contamination.

® Advantages

« Different designs for the entire range of
capacities and needs are available

« Water storage tanks compensate for peak
demands and power supply breakdowns

« Elevated water tanks provide stable hydro-
static pressure in the distribution network

© Disadvantages

« Risk of contamination during inadequate
storage

« Risk of leakage and water loss

« Open or poorly covered tanks can serve as
vector breeding grounds

 Usually high cost

> References and further reading materials can be
found on page 218.

14 When the flow of water follows a more direct route from the inlet of a
storage tank/basin to the outlet, which may result in poor mixing and
shorter actual detention/contact times than was designed for.
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This section describes household water treatment and
safe storage technologies that can be used as single-
stage water treatment alternatives when centralized
or community-scale treatment are not available or the
quality of the water supply is inadequate. When water
contamination occurs during transport between the
public tap or water source and home, household
water treatment can improve the situation. Drinking-
water should be stored safely in all cases.

The following methods and technologies are sum-
marized in this chapter:

H.1 Storage tanks or reservoirs
H.2 Ceramic filtration

H.3 Ultrafiltration

H.4 Chemical disinfection

H.5 Boiling

H.6 Pasteurization

H.7 Biosand filtration

H.8 Ultraviolet (UV) light disinfection
H.9 Solar water disinfection
H.10 Fluoride removal filters
H.11 Arsenic removal filters

The choice of household water treatment method
and its successful implementation depends on several
factors, including:

« Quality of water and type of contamination

« Level of protection required

« Local availability of, or access to, products, consum-
ables, or spares

« Price of hardware and consumables

« Quality of manufacturing

« Willingness to pay for hardware and consumables

« Cultural preferences for a certain treatment method

« Motivation and awareness of consumers regarding
water quality problems

« Quantity of water to be treated

« Available space

« Available energy sources

H | Household water treatment and safe storage

There is a wide variety of household water treat-
ment products available on the market that vary in
performance with respect to contaminant removal. In
light of this challenge, the World Health Organization
(WHO) established a scheme to independently evalu-
ate the contaminant removal performance of the
growing number of available household water treat-
ment products. The scheme, one part of WHQO's nor-
mative programme on drinking-water quality, informs
the procuring agencies of member states and the United
Nations (UN) of effective household water treatment
technologies to reduce the risk of diarrheal disease
from unsafe drinking-water. The performance of the
products is classified according to the three levels of
protection, as summarized in the table below.

In particular, the scheme helps to ensure that prod-
ucts providing limited to no pathogen removal are
kept off the market. The results of the evaluation
rounds show that the performance of the same tech-
nology in different products varies strongly, and a few
products have failed to meet the minimum perfor-
mance criteria. It is likely that their performance under
actual use conditions, especially where use instructions
are not followed or are unclear, is worse. It is therefore
essential that procurers make an informed selection
based on a detailed consideration of candidate prod-
uct performance data and that there is improved gov-
ernment regulation of household water treatment to
keep poor performing products off the market. For
more information on WHO's International Scheme to
Evaluate Household Water Treatment Technologies,
including the list of products tested and their perfor-
mance, visit https://www.who.int/tools/international-
scheme-to-evaluate-household-water-treatment-
technologies.

This chapter summarizes the major principles and
characteristics of the different technologies without
focusing on specific products. The performance of the
technology, however, ultimately depends on user
operation and quality control during production
and assembly. The design, implementation strategy,
education, promotion, and marketing strategies are
critical for user acceptance.

See Annex 2 for a summary of technological inter-
ventions at the user level.
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Table 2

WHO performance criteria for HWT technologies (after WHO, 2019a)

Performance
classification

Bacteria
(logs reduction required)

Viruses
(log,o reduction required)

Protozoa
(log1o reduction required)

Interpretation

(with correct and
consistent use)

V'S @ ¢ =4 =5 =4
Comprehensive
protection
* % =2 =3 =2
* Meets at least two-star (¥ %) criteria for two classes of pathogens icsed
P 9 protection
. . Little or no
= Fails to meet criteria for one-star (%) protection
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;W Storage tanks or reservoirs

Applicable to systems
1,2,3,4,56,7,8,9

Management level
Household, school, health
center, neighborhood

Local availability of technology
or components
Yes/sometimes

Technology maturity level
Established technology
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Safe water storage uses containers that protect
water from recontamination. The containers can
be of various sizes (from 5 L bottles or pots to
1000 L water storage tanks to 5000 L containers
on top of buildings) and are characterized by
two main features: 1) the presence of a good
cover and narrow opening for filling, and 2) the
availability of a tap/spigot or connection to the
in-house distribution network.

Containers can be placed inside the house or set up
outside, such as underground in the yard, on the roof
of the house, or on a specially designed tower. Small
containers are usually filled manually. Larger water
storage tanks are filled through a distribution network,
rainwater harvesting system, or water tanker, and they
are connected to the distribution network/tap in the
house. The design of such safe water storage vessels
should protect water from contamination during
transport and in households and to reduce the risk of
introducing pathogenic microorganisms and vectors,
especially through contact with hands, cups, orimple-
ments for dipping (e.g. ladles, cups, buckets).

Applicability and adequacy
Safe water storage containers and tanks should be
used in all cases where water is stored at households,

regardless of whether the water comes from a distri-
bution network, groundwater well, or has been treated
by a household water treatment device. Small containers
used to store water carried from the source/tap out-
side of the house can be placed at the point of use. Itis
recommended that the same container be used for
fetching water at the source and storing it to avoid
contamination during the transfer of water from one
vessel to another.

In houses with household or yard connections, stor-
age tanks can be used to cover for intermittent supply.
When sufficient tap pressure is available, tanks are
placed on the roof of the house from where water is
distributed by gravity to the taps within the house-
hold. In multistory buildings, the pressure in the distri-
bution network might be insufficient for the upper
floors, which will require a pressure boosting system.
In systems with an intermittent water supply, water
can be pumped from a ground level or basement tank
to a gravity roof tank. The size of the tank depends on
the water demand and the availability of adequate
pressure in the network.

When rooftop or yard tanks are used for different
purposes (i.e. irrigation, watering of animals), thereis a
risk of contamination through different connections.
Therefore, this should only be done with backflow pre-
vention valves and cross-connection control devices.
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Large tanks must be installed on bases or platforms
that can bear the weight of the tank when it is filled to
maximum capacity. No water storage container should
be placed in proximity to or under any sanitary plumb-
ing or systems with non-potable water to avoid cross-
contamination. The storage containers should be easily
accessible forinspection and maintenance. A metal tank
and its support structure should be separated by a
non-corrosive insulating material to prevent corrosion.

Operation and maintenance

Cleaning with soap and a chlorine disinfection after
cleaning are crucial to prevent water recontamination
with pathogenic microorganisms as well as the forma-
tion of biofilms or precipitates after filling the container.
While abrasive materials can effectively clean water
containers, they may also damage the internal surface,
providing a greater surface area and niche for micro-
bial growth that is more challenging to remove during
subsequent rounds of cleaning. Low-quality plastics
can become brittle when exposed to sun and heat over
a long period. Therefore, water storage containers
should not be placed in direct sunlight for extended
periods when possible. Exposure to sunlight can also
cause algal growth in transparent and opaque con-
tainers. Low-quality taps leak relatively often and need
to be replaced to avoid water wastage.

Large tanks placed on roofs or in yards also need to
be drained or flushed and disinfected routinely. They
can serve as breeding places for mosquitos or other
vectors and can trap rodents and birds if not properly
closed and sealed to the external environment. Thus,
the lids need to be checked regularly. When valves are
used, they should be closed and opened at least once
every two months to avoid sticking and blocking. All
tanks should be routinely inspected for cracks, defor-
mation, sediment accumulation, and leakages. The
safe storage containers should be protected from ani-
mal access.

Health and environmental aspects/Acceptance

The safe transport and storage of water at home is
essential for preventing water quality deterioration
after it leaves the source and before consumption.
Safe water containers are well accepted and conve-
nient to use, though the higher costs as compared to
open buckets and jerry cans can be a barrier for adop-
tion. Proper maintenance is essential for containers
and tanks at all scales. Missing lids, leaking taps, and
cracks compromise the safety and/or acceptability of
stored water. Hygiene promotion may be required to
sensitize the population towards the use and mainte-
nance of safe water storage containers and tanks. For
rooftop and yard tanks, the risk to local residents
caused by a collapsing water tank should be always
considered.

® Advantages
« Reduces risk of recontamination
« Reduces vectors that rely on open water

© Disadvantages

« Costs more than open buckets or jerry cans

« Has higher breakdown rate due to taps
compared to containers without taps

-> References and further reading materials can be
found on page 218.
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m Ceramic filtration

Applicable to systems
1,2,3,4,5,6,7

Management level
Household

Local availability of technology
or components
Yes

Technology maturity level
Established technology
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Ceramic filters are simple devices that use pots
or candles made out of clay to filter drinking-
water to remove turbidity and pathogenic micro-
organisms.

Two containers made out of plastic, metal, or clay are
stacked, and water is poured into the upper container,
which is either a ceramic pot or a plastic/metal con-
tainer containing ceramic candles. The water is gravity
filtered through the pot or candle and is collected in
the lower container, where it can be released with a
tap. This device treats water and safely stores it until
use. Ceramic pot filters can be constructed with locally

available material. Ceramic candles are usually imported
and placed into the local containers.

Ceramic filters have pore sizes on the order of
microns. The filtration of suspended particles and
pathogenic microorganisms occurs through mechanical
trapping and adsorption in the pores of the ceramic
filter elements. Although silver is sometimes used in
candles or pots to inactivate pathogens, or protect
from recontamination, it is not considered an effective
drinking-water disinfectant. Silver has generally been
only found to be effective against bacteria (particularly
E. coli) and only where there are long contact times.
The limited studies on protozoa and viruses indicate
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limited inactivation of protozoa and viruses, even after
long contact times (WHO, 2018a; WHO, 2021c).

The efficacy of ceramic filters for removing patho-
gens varies depending on the type, production condi-
tions, and quality of the ceramic element. In general,
between 2-6log reduction value (LRV) can be achieved
for bacteria and protozoa, with lower removal effi-
ciencies of between 1-4 LRV for viruses (noting that
performance will vary depending on pore size, flow
rate, and inclusion of augmentation with chemical
agents [WHO, 2022a]).' It is crucial to ensure that the
ceramic filter elements are correctly fixed in the raw
water storage tank to avoid leakage and recontamina-
tion.

Applicability and adequacy

Due to the limited flow rate (1-2L/h) and storage
capacity (about 10-15L), the filters are suitable for use
for small households. The filters are also suitable for
water that is clear or has low turbidity (i.e. less than
5NTU). For very turbid water (i.e. greater than 5NTU),
filter clogging may occur even with frequent cleaning.
Pre-settling water with a high turbidity can help to
extend the life of the ceramic filter elements. Ceramic
filters can remove some iron and taste components to
improve the smell and colour of the water. Some ceramic
candles also contain activated carbon to further im-
prove the taste and odour of water. The limited effica-
cy of virus removal should always be considered when
using or promoting ceramic filters, since pathogenic
viruses are an important cause of waterborne disease,
including rotaviruses, a leading contributor to diarrheal
diseases for infants and small children.

A robust supply chain and market availability for re-
placement ceramic candles and taps is required, as this
may be a major limiting factors in the scale-up of this
technology. Ceramic filters can be stacked for storage
but still require a relatively large storage area. The
fraqgility of the ceramic filter elements can lead to a
high damage rate during transport.

The local manufacture of ceramic pots or even
candles is possible. However, it requires good quality
control and quality control standards. Clay composition
varies with different geographical regions and can
cause quality problems along with other production
variables.

Operation and maintenance

Ceramic filters are very simple and daily operation is
limited to filling the containers with water. Mainte-
nance includes scrubbing the filters with a soft brush
or cloth, which should be done frequently if turbid
water is used. Chlorine or soap should not be used to
clean the ceramic elements but can be used to clean
lids, the clean water storage container, and the tap.
The candles or pots should not be placed on dirty sur-

faces during cleaning and should not be fixed with
dirty hands to avoid recontamination. Proper care
should be taken when transporting ceramic filters, as
the material is fragile and cracks that are barely visible
can reduce the efficacy of the filters.

Health and environmental aspects/Acceptance

Ceramic pot or candle filters are well accepted.
Removing turbidity makes water treatment visible,
and the benefits are apparent and easy to understand
for the users. Consumers often prefer filters to other
household water treatment products, although they
are less affordable and not the most efficient option
compared to other technologies. The treated water
storage container and tap may become recontaminated
and should be regularly cleaned and possibly disin-
fected with chlorine.

® Advantages

« Functions through simple, one-step filtration
« Requires no chemical additives

« Has high acceptance

« When maintained properly, filters are durable

© Disadvantages

« Limited to no protection from viruses

« Removes bacteria and protozoa to a varying
degree depending on the manufacturing quality

« Breaks easily if dropped; cracks are not always
visible

 Clogs during filtration of turbid water

« Has relatively short lifespan (filter candles)

« Provides no residual disinfection (safe storage/
handling must be practised post-treatment)

« Has limited affordability

- References and further reading materials can be
found on pages 218 and 219.

15 For product specific LRVs, refer to WHO's International Scheme to Evaluate
Household Water Treatment Technologies:
https.//www.who.int/tools/international-scheme-to-evaluate-household-
water-treatment-technologies/products-evaluated

Part 2 — Technology information sheets — Household water treatment and safe storage 155



https://www.who.int/tools/international-scheme-to-evaluate-household-water-treatment-technologies/products-evaluated
https://www.who.int/tools/international-scheme-to-evaluate-household-water-treatment-technologies/products-evaluated

m Ultrafiltration

Applicable to systems
1,2,3,4,5,6,7

Management level
Household, school, health
center, neighborhood

Local availability of technology
or components
Sometimes

Technology maturity level
Established technology
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Ultrafiltration membranes are polymer filter
sheets or hollow fibers that have pores of 0.01-
0.08 ym. The membrane is packed in cartridges
through which water is filtered by gravity or
pressure generated by manual pumping. Most
bacteria, viruses, protozoa, and larger organ-
isms are retained on the membrane surface
through a combination of processes such as
size exclusion and adsorption. The pore size,
membrane properties, and the manufacturing
quality determine the performance of the filters.

Microorganisms and particles are retained on the
membrane surface during filtration. This retained
material forms a layer on the membrane over time,
reducing the flow rate. Flow through the membrane
system depends on the membrane characteristics
(permeability), surface area of the membrane used in
the filter, the applied pressure, and the degree of foul-
ing caused by the raw water. Fouling is typically caused
by a high level of natural organic matter and turbidity
in raw water. For gravity driven systems, new mem-
brane modules can provide over 40L/h of treated
water per 1 m? of the membrane with 100 cm of hydro-
static pressure difference. Microfiltration membrane

Contaminated
water container

MEMBRANE FILTER BY PRESSURE
(HAND PUMP)

Filtered water
C container or glass

filters can sometimes be found on the market, and
these filters have a higher flow rate but also larger
pores (0.1-1 um). They therefore may provide more
limited virus removal if no other treatment is used.

Applicability and adequacy

The performance of the membrane filters in remov-
ing pathogenic microorganisms is defined by the pore
size distribution of the membrane, the quality of the
membrane material, as well as the manufacturing
quality of the produced modules. Although ultrafil-
tration membranes perform reliably, the quality of
products may vary considerably. When production
quality is assured and verified, ultrafiltration filters are
one of the most reliable technologies on the market
for the removal of protozoa and bacteria, achieving
3-6log reduction value (LRV) (noting that performance
may vary depending on the integrity of the filter medi-
um and filter seals, and resistance to chemical and bio-
logical (“grow-through”) degradation [WHO, 2022a]).
For virus removal, the performance of the membranes
depends on the pore size and the distribution of the
pores. In general, membranes with a small pore size
(20Nnm or less), narrow pore-size distribution, and high
manufacturing quality show very good virus removal
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(up to 6 LRV; WHO, 2022a).1® Membranes with larger
pores (> 40nm), might show limited performance, re-
moving only large viruses or those attached to particles.
The presence of pin-holes or small irregularities on the
membrane surface might affect virus removal, as well.
Some ultrafiltration systems are also applicable for
turbid water where other systems clog or fail.

The number of ultrafiltration systems and products
on the market is rapidly growing, but distribution is
still mostly conducted through NGOs and projects.
The filters are not yet freely available on the market in
the majority of low- and middle-income countries.

Operation and maintenance

The layer of particles and microorganisms formed
on the membrane surface during filtration is mostly
removed by backflushing (flow of a small amount of
clean water in the reverse direction) or cleaning (addi-
tion of chemicals, shaking, flushing the surface, etc.). If
cleaning is not performed regularly, certain systems
may clog. Training is needed to operate some of the
products available on the market. Membrane filters
need to be replaced when they areirreversibly clogged
(so conducting standard cleaning leads to only a slight
increase in flow), which is a good indicator of failure.
Usually a failure-free operation of 1-2 years is guaran-
teed by the producer for rather turbid waters, and the
filters can be operated longer with clear water. Most
polyethersulfonate or polysulfone membranes on the
market cannot be dried completely or they become
irreversibly clogged, such as during storage. Thus, they
should be kept wet or in moist environment during
long standstill periods.

Health and environmental aspects/Acceptance

Membrane filtration is a simple and fast way of pro-
ducing high-quality water. Since suspended particles
are fully removed without changes in water taste and
odour, treated water is usually perceived as safe and
clean. When explained, people easily understand
the principle of filtration. Some systems are not opera-
tionally self-explanatory, meaning proper training is
needed for good uptake and appropriate use of the
technology. Additionally, some systems produce
concentrated retentate during backflushing, which
has higher concentration of microorganisms than raw
water and needs to be discharged properly. Back-
flushed water used in households for other needs can
present a health risk.

The membrane field is developing quickly, and new
products and technologies based on ultrafiltration ap-
pear on the market every year. Good quality control
during manufacture is important to ensure reliable
performance in the field.

® Advantages

« Removes high level of bacteria and protozoa in
high-quality products. Virus removal depends
on the pore size of the membrane, with best
results from dense, high-quality ultrafiltration
membranes.

« Can handle turbid waters in many systems

o Usually light, small, and easy to transport;
no damage during transport is expected

« Easy to operate and maintain when operation
principle is understood

= Disadvantages

« Requires frequent cleaning (e.g. backflushing,
flushing)

« Mightinclude hand pumps with small parts
that are subjected to damage

« Is not always intuitive to operate filters,
and training is usually needed

 Clogs quickly when not operated properly

 Provides no residual disinfection (safe storage/
handling must be practised post-treatment)

> References and further reading materials can be
found on page 219.

16 For product specific LRVs, refer to WHO's International Scheme to Evaluate
Household Water Treatment Technologies:
https.//www.who.int/tools/international-scheme-to-evaluate-household-
water-treatment-technologies/products-evaluated
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m Chemical disinfection

Applicable to systems
1,2,3,4,5,6,7

Management level
Household, school, health

Local availability of technology
or components
center, neighborhood Yes

Technology maturity level
Established technology

Chemical disinfectants inactivate microorgan-
isms by oxidizing their biochemical building
blocks, thus disrupting vital cell functions.
Chlorine is the most commonly used chemical
disinfectant for drinking-water, although other
oxidants such as bromine, iodine, and peroxide
are available. The efficacy of chemical disinfec-
tants depends on how reactive they are against
specific microorganisms, their concentration
and contact time, and water quality characteris-
tics such as pH, oxidant demand, and tempera-
ture.’”

Chlorine application at the household level may
achieve a 3-6 log reduction value (LRV) for bacteria
and viruses (WHO, 2022a). However, it is ineffective
against microorganisms with strong cell walls, such as
Cryptosporidium oocysts and some bacterial spores at
concentrations and contact times practical for water
treatment. It reacts rapidly with (in)organic compounds
in water that exert a demand on the chlorine, thus in-
fluencing the concentration available for microbial dis-
infection. For treatment at the household level, chlorine
is generally available in liquid form as hypochlorous
acid (commercial household bleach or more dilute so-
dium hypochlorite solution), or in dry form as calcium
hypochlorite or sodium dichloroisocyanurate (NaDCC).

The product information sheets need to be followed
exactly to avoid under dosing (which may compromise

the microbiological safety of the water) or overdosing
(which may impact the acceptability of the water in
terms of taste and odour).

Turbidity can shield microorganisms from disinfec-
tion. Furthermore, high organic matter content in the
water leads to the formation of disinfection by-prod-
ucts. This should be minimized due to the potential
health concerns associated with long-term exposure
to these compounds. However, the long-term poten-
tial risks to health from these by-products are low in
comparison with the confirmed acute risks associated
with inadequate disinfection, so disinfection should
not be compromised in attempting to control disin-
fection by-products.

Applicability and adequacy

Disinfection using chlorine is relatively quick, simple,
and cheap. Chemical disinfectants are appropriate for
places where water is contaminated with bacteria.
Chlorination has proven to be very efficient in emer-
gency situations and as a response to cholera epi-
demics. In locations also affected by anthropogenic or
geogenic contaminants or very high natural organic
matter content, chlorination should be used along with
other technologies.

Operation and maintenance
In some cases, the water will need to be pre-treated
(e.g. by filtration or coagulation) to remove particulate
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matter. Chlorine-containing chemicals should be
stored in a cool, dry place, and care should be taken to
keep the chemicals away from the eyes or clothing.
Disinfection with chlorine is easy to learn and must be
done regularly. Apart from cleaning and the occasional
replacement of containers and utensils, no mainte-
nance is needed.

Chlorination requires a constant supply of consum-
able chemicals that users must be willing and able to
purchase regularly. Chlorine can be locally or regionally
produced and is distributed in bottles that treat hun-
dreds to thousands of litres before a repeat purchase is
necessary. Chlorine tablets can be purchased in individ-
ual units or in multiple units (bottles and blister packs)
that require regular or periodic repeat purchases.

Chlorine may degrade over time or if improperly
stored. Liquid and solid chlorine should always be
stored away from direct sunlight, excessive humidity,
and high or varying temperature. Chlorine should be
stored and used according to the manufacturer’s
guidelines and within the expiry date.

Health and environmental aspects/Acceptance

A constant supply of chlorine must be guaranteed
for consistent use. Some users are reluctant to chlori-
nate due to the associated water taste and odour. User
skepticism about chlorine effectiveness may arise from
the unchanged appearance of the water after treat-
ment (e.g. relative to other household technologies
such as filtration, where improvements in water quality
are visibly apparent). User education and awareness
raising should be practised to communicate the health
benefits of chlorine disinfection.

Chlorine products have to be handled carefully as
they can irritate the skin, eyes, and respiratory system.

® Advantages

o Iseasy to apply

« Is cheap and reliable

« Caninactivate most bacteria and viruses

 Provides residual disinfection which can provide
some protection against low-level microbial
recontamination and growth

« Is widely available in different countries

> Disadvantages
« Must be continuously purchased
« Users may object to taste and odour
« Has product-specific dose requirement
(depending on product concentration)
« Requires clear water (ideally turbidity <5 NTU)
to be most effective
« Has restricted availability in rural or remote areas
« Ineffective against several protozoa including
Cryptosporidium oocysts

« May deteriorate over time and when stored
inappropriately

- References and further reading materials can be
found on page 219.

17 For product specific LRVs, refer to WHO's International Scheme to Evaluate
Household Water Treatment Technologies:
https.//www.who.int/tools/international-scheme-to-evaluate-household-
water-treatment-technologies/products-evaluated
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JEEE] Boiling

Applicable to systems

Management level Local availability of technology

Technology maturity level

1,2,3,4,56,7 Household or components Established technology
Yes
Water
Pot
Cooking
stove

Boiling water with fuel is the oldest and most
commonly used method worldwide for treating
small quantities of water used at the household
level. Boiling water inactivates all microorgan-
isms including bacteria, protozoa, and viruses,
but does not remove turbidity or chemical con-
taminants from drinking-water.

Microorganism inactivation already occurs below the
standard boiling point of 100°C. Most bacteria, viruses,
and protozoa are inactivated in less than 1 minute once
temperatures exceed 70°C. Boiling can achieve > 9 log
reduction value (LRV) for vegetative cells, noting that
spores may be more resistant (WHO, 2022a). However,
the appearance of bubbles is a good visual indicator,
and thus it is recommended to heat water to a rolling
boil. To avoid recontamination, water should be stored
in a clean and covered container after boiling (see H.1
Storage tanks or reservoirs). Water should be handled
carefully and no utensils should be brought in contact
with the water when pouring into a clean container
for consumption.

Since boiling requires a heat source, rudimentary or
non-conventional methods of heat generation may be
needed in areas where electricity or fuels are not avail-
able. Despite its effectiveness and simplicity, boiling
requires affordable and sufficient fuel to produce
adequate quantities of boiled water for regular drink-
ing purposes and can be quite labor-intensive.

Fire

Applicability and adequacy

Boiling is suitable where sufficient fuel sources
(e.g. wood, kerosene, electricity, gas, charcoal, etc.) are
locally available when needed and at an affordable
cost. In general, the long-term cost of boiling is great-
er than other alternatives, and when the availability
and cost of fuel are limited, boiling might not be done
consistently. Boiled water tastes flat, which may impact
consumer acceptance. The taste might be improved by
cooling.

Water containing high amounts of iron and calcium
will deposit white scales at the bottom of the container
used for boiling. In such cases, the container should be
washed properly after each use.

Operation and maintenance

When fuel has to be collected or treated, this can
occupy much of a household’s time. At the kitchen level,
everyday maintenance includes checking the stove
and pots. The frequency with which the stove will
need to be repaired or replaced will depend on stove
design, the quality of materials and workmanship, and
the intensity of use. Pots are seldom repaired, and
earthen pots often need to be replaced. The necessary
skills for operation and maintenance activities are
usually available in all communities.

If turbid water needs to be clarified for aesthetic
reasons, this should be done before boiling to avoid
recontamination.
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Health and environmental aspects/Acceptance

In many places, it is an ingrained cultural practice to
boil water for drinking, and the acceptance of this
method is very high. The water is consumed in the
form of drinks using boiled water as a basis, such as tea
or coffee, to mask the changed taste. The method can
be used in combination with other technologies,
where water is boiled for hot drinks, but another treat-
ment method is used for direct consumption.

Since boiling does not provide residual protection
from microbial recontamination, water that is not
consumed within a short time after boiling should be
protected by using of safe water storage practices.

Despise the extensive use of this method, boiling
can cause health issues that may limit its scalability as
a means of routinely treating water. Boiled water may
cause burn injuries if not handled properly. Children
should not be responsible for boiling water on their
own, and boiling water should be placed out of their
reach to avoid the risks of burns. The person boiling
the water may suffer from the associated respiratory
diseases caused by long-term exposure to fire or stove
smoke. Therefore, indoor cooking spaces should be
well ventilated.

Depending on the fuel used, this method may be
environmentally unsustainable and contribute to
greenhouse gas emissions. Especially in densely popu-
lated areas, boiling with fuelwood contributes to the
overexploitation of wood resources and the subse-
guent environmental damage, such as desertification
and soil erosion.

® Advantages

« Effectively inactivates pathogenic
microorganisms of all classes

« Isan easy, simple, and widely culturally
accepted method of disinfection

« Biogas cooking stoves can be used for boiling

© Disadvantages

« Can be expensive due to high fuel consumption

« Contributes to indoor air pollution and
deforestation issues where traditional fuel
is used (e.g. firewood, gas)

« Does not remove turbidity, chemicals, taste,
smell, or colour

« Provides no residual disinfection (safe storage/
handling must be practised post-treatment)

 Istime consuming

« Requires cooling time before use, except for
hot drinks

« Has arisk of burns and injuries

> References and further reading materials can be

found on page 219 and 220.
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m Pasteurization

Applicable to systems
1,2,3,5,6,7

Management level
Household, neighborhood

Local availability of technology
or components

Technology maturity level
Established technology

Yes; some key parts may be only
regionally available (i.e. thermostatic
valve, indicators, etc.)

Tripod stand

Water pasteurization uses heat to inactivate
pathogenic microorganisms. In practice, it is re-
commended to hold water at 70 °C for 15 minutes.

Water pasteurization can be referred to as solar cook-
ing, which is one of its main applications at the house-
hold scale. Solar cooking uses a mirrored surface with
high regular reflectivity to concentrate the energy of
direct sunlight onto a cooking pan. The cooking pan is
produced out of materials that conduct well and
retain heat, which are often black or dark in colour. A
lid helps to avoid heat loss. A glass lid might further
increase the efficiency by creating a glasshouse effect,
though in general, any metal pot covered with lid or
even plastic bag can be used.

Besides solar cooking, other forms of heat can be
used for pasteurization at a household scale, such as
open fire and waste heat from cooking meals. With
open fire, water is passed through a metal tube in-
stalled around the cooking stove or flows through a
short tube placed in an open fire.

Pasteurization can achieve high log reduction values
(LRVs) at 60-70°C for exposure times of less than 1
minute. However, bacterial spores and protozoan cysts
representing early stages in the life-cycle of some mi-
croorganisms can be more resistant to thermal inactiva-
tion. To significantly reduce spores, a sufficient tem-
perature and time must be ensured, usually
corresponding to a temperature of 70°C for at least 15

%

=
=

Pot

Trivet

minutes.
Applicability and adequacy

Household devices are usually very low-cost and can
be manufactured locally. Solar cookers are also used
for cooking meals, making them more attractive.

For the proper use of household devices, only basic
initial training is recommended. Treated water should
be stored in safe water storage devices (see H.1 Storage
tanks or reservoirs) to prevent microbial recontamina-
tion and growth.

Operation and maintenance

Unlike boiling, where the recommendation is to
bring water to a rolling boil, there is no visual natural
indicator for water pasteurization. Therefore, some
products on the market were designed for this pur-
pose, such as thermostatic valves that only dispense
water when the pasteurization temperature has been
reached. There are also indicators made of a trans-
parent plastic tube partially filled with wax that melts
at 70°C, which indicates that the pasteurization con-
ditions were reached when the wax melts. Suitable
bottles/vessels/jerrycans are also required. Most of
them incorporate some type of window for solar ir-
radiation, which must be cleaned regularly, and need
to be exchanged when they lose their transparency.

For solar cooking, the solar collector surface must
be cleaned daily. Cleaning can be done using a broom,
brush or cloth, but scratching of the surface must be

162 Compendium of drinking-water systems and technologies from source to consumer



avoided.

Due to the comparably low output and high vulner-
ability to cloudy weather, good planning is important
and sufficient storage capacity is required.

Health and environmental aspects/Acceptance

Burn injuries from hot surfaces are the major threat
to human health while handling solar cookers or using
other pasteurization techniques. Children should not
use solar cookers or other pasteurization equipment
on their own, and the operating equipment should be
placed out of reach of children when possible to avoid
the risk of burns. If fire or fuel are used for pasteuriza-
tion, long term exposure to smoke may cause associat-
ed respiratory diseases. Therefore, indoor cooking
spaces should be well ventilated.

Since pasteurization does not provide residual pro-
tection from microbial recontamination, water should
be protected by using safe water storages.

® Advantages

« Has almost no treatment costs

« Can use multiple energy sources

e Only requires suitable containers and
any heat source (solar power)

© Disadvantages

« Has relatively small treatment capacity

« Creates unpleasant, warm water after treatment

« Isvulnerable to unstable weather if solar powered —
clouds, rain, and polar regions limit efficiency

 Provides no residual disinfection (safe storage/
handling must be practised post-treatment)

« Does not remove turbidity, chemical pollutants,
taste and colour

> References and further reading materials can be
found on page 220.
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;WA Biosand filtration

Applicable to systems
1,2,3,4,5,6,7

Management level
Household, school, health

community

Local availability of technology
or components
center, neighborhood, small Yes

Technology maturity level
Established technology

Diffuser plate —]

"Schmutzdecke" __|
biologically active layer
developing on sand surface

Sand

Coarse sand

Gravel

Outlet pipe

Safe water storage
container

Tap

A biosand filter (BSF) is a simple device based on
the slow sand filter concept that is designed for
intermittent use in households or small com-
munities. A biosand filter is a concrete or plastic
container filled with specially selected sand and
gravel. The removal of pathogenic microorgan-
isms occurs through a combination of physical
trapping and biological processesina “Schmutz-
decke” — the biofilm layer formed in the top layers
of the filter.

The filter container is made of water-proof, rust-proof
and non-toxic material, such as concrete, plastic, or
ceramic pot. The most common version is a concrete
container about 0.9m high with a surface of 0.3m?
The container is filled with layers of washed and sieved
sand and gravel. The filter media is arranged in the
container such that the material with the thinnest
granularity (sand) is on top and the coarser material is
at the bottom (gravel of different sizes to support
filtration sand and prevent it from moving down the
drainage). The untreated water is poured into the top
of the container and flows through all filtration layers
by gravity. The outlet pipe height maintains about

5cm of water above the sand level to ensure the ideal
conditions for biofilm development and prevent filter
drying. The biofilm on the sand surface is protected by
a diffusion layer that slows the water flow and keeps
the biofilm intact. This can be a plate with small holes
drilled in it. Clean water is collected at the outlet pipe
and can be consumed directly or stored afterwards in
an external safe water storage container.

Applicability and adequacy

A biosand filter is suitable for drinking-water treat-
ment for households, schools, or small communities
(flow rates over 30L/h can be achieved). Groundwater
and surface water can be used. These filters reduce
turbidity, organic matter content, microorganisms,
oxidized iron, and manganese. Up to 4 log reduction
value (LRV) can be achieved for protozoa. The removal
of bacteria and viruses depends on the operational
conditions (including flow rate, temperature and filter
contact time), filter maturity, grain size, and raw water
composition, with optimal conditions achieving up
to 2LRV for viruses and up to 3LRV for bacteria
(WHO, 2022a).'® Due to the limited pathogen removal,
post-disinfection is recommended (e.g. H.4 Chemical
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disinfection, H.6 Pasteurization, H.8 Ultraviolet (UV) light
disinfection, H.9 Solar water disinfection).

Due to the partial removal of total organic carbon,
the biological stability of the water increases, reducing
the risk of microbial regrowth. Biosand filters should
not be used for waters with turbidity exceeding 50 NTU,
as they will clog quickly.

Biosand filters can be constructed locally with appro-
priate training. Locally available containers such as plas-
tic barrels, tanks, and ceramic pots can be redesigned
as biosand filters, or the housing can be made out of
concrete. The selection and correct preparation of the
filtration sand and gravel is crucial for treatment.
Poorly chosen and prepared filtration materials lead
to low treatment performance. Crushed rock should
be used whenever possible. Otherwise, river or beach
sand can be used, but are not recommended. If used,
they should be washed to remove organic matter,
microbial contamination, and salts; disinfected; and
dried well before sieving.

Operation and maintenance

It takes between 20 and 30 days for the biological
layer of the filter to fully mature, which depends on
the inflow water quality and usage, among other
factors. Therefore, the initial removal efficiency of the
biosand filter is quite low until an acceptable level of
the microorganisms develops (usually 2—-3 weeks).

Over time, the flow rate through the filter will be
reduced as the pore openings between the sand grains
become clogged. When the flow rate reaches a criti-
cally low level (after several months, if the turbidity is
lower than 30NTU), the filter needs to be cleaned. A
swirl and dump process is performed by agitating the
surface sand and then removing the standing water
containing suspended material. This standing water
should not be disposed of in an open environment, as
it might pose a health risk. After cleaning, the biologi-
cal layer takes some time to recover its efficiency level,
though it is quicker than for the first use.

Health and environmental aspects/Acceptance

A biosand filter is generally well accepted, especially
with the visual improvement of water clarity and colour
when turbid surface water is used as the source. How-
ever, depending on operation and maintenance prac-
tices, filters might remove only a limited amount of
pathogenic microorganisms. Water at the outlet pipe
can be easily recontaminated, so treated water should
be collected by the user in a safe storage container
(H.1 Storage tanks or reservoirs) placed just under the
outlet, and should be further disinfected as required
(H.4 Chemical disinfection, H.6 Pasteurization, H.8 Ultra-
violet (UV) light disinfection, H.9 Solar water disinfec-
tion).

Part 2 — Technology information sheets — Household water treatment and safe storage

® Advantages

Has high user acceptability (easy to use,
improves look and taste of water)

Produced from local materials

Has one-time installation with low maintenance
requirements (no chemicals, no energy)

Has a long lifespan

> Disadvantages

Provides no residual disinfection (safe storage/
handling must be practised post-treatment)
Requires regular use and takes time to develop
the biological layer to maturity (20-30 days)
Loses efficiency in cold temperatures

Has risk of clogging with highly turbid waters
Is difficult to transport and initial cost might be
high.

References and further reading materials can be
found on page 220.

18 For product specific LRVs, refer to WHO's International Scheme to Evaluate

Household Water Treatment Technologies:
https://www.who.int/tools/international-scheme-to-evaluate-house-
hold-water-treatment-technologies/products-evaluated
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JEE] Uttraviolet (UV) light disinfection

Applicable to systems
4(1,2,3,5,6)

Management level
Household, school, health
center, neighborhood,
small community

Local availability of technology
or components
Sometimes

Technology maturity level
Established technology

Raw water

|

Power supply

Treated water

t

Quartz sleeve

UV light is a non-chemical approach for disin-
fecting water. It is effective against all classes of
pathogens and requires only seconds of contact
time. It has been successfully used for drink-
ing-water treatment at the household scale.

The UV irradiation used in water treatment is generated
from mercury lamps or from UV light emitting diodes
(LEDs). UV disinfection is a physical process where
emitted photons are absorbed by and damage critical
cellular components, such as nucleic acids (DNA and
RNA) and proteins, which inhibits normal cellular
function and is eventually lethal. As DNA and proteins
absorb light in the 200-300nm range, these are the
optimal disinfection wavelengths, with 250-270nm
being the ideal range. Some bacteria are able to repair
DNA damage, especially when exposed to the wave-
lengths present in sunlight, if the radiation received
was not sufficient.

For household drinking-water treatment with UV
irradiation, low pressure mercury vapor lamps are typ-
ically applied, which emit a single peak of UV radiation
at 254 nm. UV-emitting LEDs are rapidly gaining popu-
larity, specifically for point-of-entry and point-of-use
at low flow rates in households. UV LEDs can be de-
signed for different emission outputs and are typically
used at 255-285nm.

Typical point-of-entry or point-of-use UV disinfection
systems include a single UV lamp encased in a quartz
sleeve and either submerged in a closed conduit system

Reactor chamber

or placed above a free water surface. UV systems are
usually made of stainless steel, UV-reflecting Teflon, or
plastic sleeves. When UV LEDs are used, there is typi-
cally an array of LEDs encased in a reflective chamber
behind a quartz plate, and water is irradiated as it
flows through the chamber.

Water flows across the lamps from one end of a UV
system to the other in a matter of seconds and is dis-
infected. To provide the proper UV dose to inactivate
all pathogenic microorganisms, the hydraulic retention
time in the system must be carefully considered to
ensure sufficient UV radiation exposure time and lamp
output intensity. Water quality, specifically the UV
transmittance of the water, is a key design parameter.

A typical low-dose UV treatment (1-10mJ/cm?)
achieves at least a 3log reduction value (LRV) for veg-
etative bacteria and protozoan parasites, including
Cryptosporidium parvum and Giardia lamblia (depend-
ing on delivered fluence [dose], which varies with in-
tensity, exposure time, and UV wavelength as well as
turbidity and presence of certain dissolved solutes,
and general operation and maintenance conditions
[WHO, 2022a]).1° To inactivate enteric viruses and bac-
terial spores, higher doses (30-150mlJ/cm?) are re-
quired. The UV dose for water disinfection is usually
designed for 25-40mJ/cm? Only validated UV sys-
tems providing the designed dose under typical flow
rates and UV transmittance values should be used. UV
transmittance at 254nm of drinking-water sources is
typically greater than 80%.
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Other water quality parameters, such as turbidity or
suspended solids, can reduce the disinfection efficien-
cy by shielding the pathogen targets from the light.
Inorganic constituents, such as iron or manganese, can
foul the lamp and reduce light transmission. Ideally,
the turbidity is <5NTU and the transmittance >70% at
254 nm over a 1cm pathlength. Pretreatment, such as
filtration or activated carbon depending on the com-
position of the raw water, may be desired when
water-quality parameters do not meet the limiting
thresholds.

Applicability and adequacy

UV lamps require a continuous power supply either
from conventional electricity or solar or mechanical
means. Ideally, the intensity status and expected re-
maining lifetime should be monitored by a UV sensor
and a lamp-status on/off indicator. UV disinfection
does not protect from microbial recontamination and
regrowth after treatment. UV irradiation is not suitable
for eliminating physical or chemical pollutants.

Operation and maintenance

For household and small-scale systems, daily opera-
tion includes switching on the lamp when water needs
to be treated. An indication of the lamp status should
be noted. If an intensity sensor is present, the operat-
ing lamp intensity can be tracked to determine when
it falls below a set-point for validated performance
(approximately 70% or less from initial design value).
Regular maintenance of the system includes flushing
debris from the reactor and wiping the quartz sleeve
with a soft cloth (to avoid scratching) and slightly acidic
solution to remove any fouling material that may have
been deposited. Feed water quality should be checked
periodically for UV 254 nm transmittance and turbidity
and only used when within the validated range of the
UV system. If necessary, pretreatment should be used to
ensure UV disinfection effectiveness. UV mercury lamps
usually reach their end of life after 8,000 operating
hours and should be replaced at this time to ensure
proper disinfection. For LEDs, the lifespan varies de-
pending on the specifications and manufacturer. At
least yearly, the inner surface of the reactor should be
inspected and cleaned.

Health and environmental aspects/Acceptance

Direct exposure to UV radiation must be avoided, as
it can burn the skin and damage the eyes. Therefore,
users must protect their eyes and skin during mainte-
nance and operation. Because of the lack of residual
disinfectant, treated water should be stored safely.
If the mercury lamp breaks, toxic mercury may be
released, potentially harming the operator or the envi-
ronment.

® Advantages

o Operates simply and inexpensively

« Does not require supply of chemicals

« Does not change taste or odour of the water

« Less potential to form disinfection by-products

« Inactivates microorganisms with high chlorine-
resistance, such as C. parvum oocysts

> Disadvantages
« Requires reliable power supply
« Requires some spare parts (mercury lamp)
« Does not have residual disinfectant
(safe storage must be otherwise assured)
« Requires pretreatment for turbid and low
transmittance waters

> References and further reading materials can be
found on page 220.

19 For product specific LRVs, refer to WHO's International Scheme to Evaluate
Household Water Treatment Technologies:
https.//www.who.int/tools/international-scheme-to-evaluate-household-
water-treatment-technologies/products-evaluated
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m Solar water disinfection

Applicable to systems Management level Local availability of technology Technology maturity level
4(1,2,3,5,6) Household or components Established technology
Sunlight

Minimum 6 hours
under 50% cloudy sky

Solar disinfection inactivates microorganisms
through a combination of UV irradiation, visible
light radiation, and heat. This is a simple and
low-cost household water treatment method.

UV irradiation damages nucleic acids, thus impairing
their replication, and photosensitive molecules in the
water absorb visible light, resulting in oxidation that
damages cellular structures. The exposure to sunlight
also increases the temperature, which denatures pro-
teins within the microorganisms and/or causes oxida-
tive damage associated with dissolved oxygen prod-
ucts and heat. The effectiveness of solar disinfection
depends on the sun’s intensity, which is affected by
weather conditions and geographical location. Solar
disinfection is most effective in tropical or subtropical

regions of up to 35 degrees latitude.

A variety of solar disinfection technologies are
available, including dark/opaque containers that rely
on heat from sunlight to disinfect water; clear poly-
ethylene terephthalate (PET) containers that rely on
the combined action of UV radiation, oxidative activity
associated with dissolved oxygen, and heat (also
known as SODIS); or combinations of these effects in
other types of containers, such as UV-penetrable bags

and panels.
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Solar disinfection operated under optimal conditions
can provide >5 log reduction value (LRV) for bacteria,
and >4 LRV for viruses and protozoa. However, these
values may vary depending on oxygenation, sunlight
intensity, exposure time, temperature, turbidity, and the
size of water vessel (i.e. depth of water; WHO, 2022a).20

Solar disinfection does not reduce chemical con-
tamination in water (e.g. arsenic, fluoride, or industrial
and agricultural organic contaminants).

Applicability and adequacy

The penetration of UV radiation is reduced at in-
creasing water depths. Therefore, the containers used
for solar disinfection should not exceed a water depth
of around 10cm. Usually containers of a volume of up
to 3L are used. The containers should not be shaded
by trees, houses, or other objects. In general, high tur-
bidity can impact the efficacy of solar disinfection. In
the case of SODIS, turbidity >30NTU requires pretreat-
ment by clarification methods (H.2 Ceramic filtration,
H.3 Ultrafiltration, H.7 Biosand filtration).

Operation and maintenance

Operation primarily requires time, proper planning of
daily water needs (e.g. during prolonged exposure to
sunlight on cloudy days), and good weather conditions.
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No special technical knowledge is required. The user
must ensure that damaged or scratched containers are
replaced and that there is a sufficient supply with ap-
propriate containers. When commercially available
containers, such as PET bottles, are reused, the bottles
should be washed well and all plastics or paper labels
should be removed.

The exposure time varies depending on the sunlight
available. For example, PET bottles (SODIS method)
need to be exposed for at least 6 hours under 50%
cloudy sky. On days of continuous rainfall, solar disin-
fection should not be used. Some systems have indi-
cators showing exposure time or temperature. The
treated water should be stored in the disinfection
bottles until consumption to avoid recontamination.
It is recommended that treated water be consumed
within 24 hours.

Health and environmental aspects/Acceptance

The regular daily application of solar disinfection
requires time and effort. A comprehensive behaviour
change intervention, involving careful interpersonal
training and supervision, is required to establish a
regular and consistent practice of water treatment.
Overall, the sustainability of solar disinfection appears
to be variable and may depend on the quality of the
implemented behavioural change process.

After their useful lifetime, plastic bottles or bags
should be collected and send to a proper disposal
facility (e.g. recycling, incineration, or landfill).

® Advantages
Inactivates bacteria effectively; inactivation of
viruses and protozoa depends on several factors,
including temperature and exposure time
« Has very low treatment costs
« Does not require power supply
« Does not affect water taste
« Protects against recontamination if the water
if stored in the PET bottles until consumption

© Disadvantages
« Haslong treatment time and low treatment
capacity
« Isvulnerable to unstable weather
« Depends on access to sufficient amount of
PET bottles or other suitable containers

- References and further reading materials can be
found on pages 220 and 221.

20 For product specific LRVs, refer to WHO's International Scheme to Evaluate
Household Water Treatment Technologies:
https.//www.who.int/tools/international-scheme-to-evaluate-household-
water-treatment-technologies/products-evaluated
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H.10

Fluoride removal filters

Applicable to systems Management level
4,7 Household

Local availability of technology
or components

Technology maturity level
Established technology

Mostly (not always for the adsorption
media)

Plastic bucket

Ceramic candle filter

PVC pipe

Plastic bucket -]

Plastic bucket -

Purified water

Fluoride is a groundwater contaminant from
geogenic sources, such as the minerals present
in rocks and soils.?! Fluoride can be removed
from groundwater by adsorption on calcium-
phosphate- or aluminum-oxide-based filter
materials, or by precipitation and coagulation
treatment processes.

Fluoride is an essential building block for the forma-
tion of tooth enamel and bones, which is why municipal
drinking-water supplies in some regions are artificially
fluoridated. On the other hand, the consumption of
drinking-water with too much fluoride over a long
period can degrade teeth and bones. The WHO guide-
line value for fluoride in drinking water is 1.5mg/L
(WHO, 2022a).

Community-scale fluoride removal techniques (see
T.3.1 Fluoride removal methods) can also be applied
on a household scale. Generally speaking, centralized
treatment is preferred, as fluoride removal efficiency,
water quality, and maintenance activities can be
more easily monitored there than in individual house-
holds. Nevertheless, household treatment may be the
only option in some cases. In low-income countries,
low-cost fluoride removal techniques rely on precipi-
tation and coagulation or adsorption/ion-exchange
processes.
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/’ Spill over of treated water

|- Bone char

| Storage of treated water

Holes at the bottom
of the PVC pipe

Precipitation/coagulation: By adding chemicals such
as calcium and aluminum salts, precipitates form that
bind fluoride and can be removed by conventional
sedimentation and filtration steps. The Nalgonda
technique, for example, uses aluminum sulphate and
calcium hydroxide (lime) as coagulants. Other tech-
niques include electrocoagulation and the Nakuru
technique, the latter being a mixture of precipitation
and adsorption processes.

Adsorption and ion exchange: Fluoride-contami-
nated water is passed through a layer of porous mate-
rial (contact bed), which removes fluoride by ion
exchange or adsorption to the contact bed material.
Appropriate contact bed materials include activated
alumina or calcium-phosphate-based materials, such
as synthetic hydroxyapatite and bone char. An import-
ant advantage of adsorption techniques is that many
filter materials can be regenerated. When the uptake
capacity is reached, fluoride is removed from the filter
by passing a basic solution over the filter bed, followed
by an acidic solution for reactivation. The filter media
can then be reused for further fluoride removal.

Applicability and adequacy

Techniques requiring the daily addition of chemicals
for fluoride coagulation and precipitation (e.g. Nal-
gonda technique) are not very practical on a house-
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hold level, as the daily operation (chemical dosing,
stirring, settling, sludge removal) is time consuming
and error-prone. Filtration methods are therefore
preferred for household systems. The amount of
water filtered by such systems is usually in the range of
20-40L/day.

For filtration on a household level, itisimportant to
calculate the predicted time of filter saturation based
on the uptake capacity of the material, the fluoride
concentration of raw water, and the amount of water
filtered per day. In this way, fluoride in the treated
water can be analysed by the filter distributor when
approaching the point of saturation, and the material
can be replaced or regenerated when necessary.
Regeneration will need to be organized off-site and
performed by trained staff (handling of acids and
bases). The fluoride removal capacity is reduced after
each regeneration cycle.

Operation and maintenance

The operation of household fluoride removal filter
systems is generally simple for water users. The neces-
sary contact time between the water and filter bed,
which differs depending on the filter material, should
be respected to ensure efficient fluoride removal.
Regular water quality monitoring, replacement, and/
or material regeneration should be organized by the
distributor/vendor of the filters and relies on user
cooperation.

Health and environmental aspects/Acceptance
Bone char may not be acceptable in some areas for
religious or cultural reasons. The sludge generated daily
using the Nalgonda technique needs to be carefully
disposed of. This technology does not remove microbi-
ological contamination. There is also a risk of water
contamination due to poor hygiene practices, so post-
filtration (H.2 Ceramic filtration, H.3 Ultrafiltration) or
post-disinfection (H.4 Chemical disinfection, H.5 Boil-
ing, H.6 Pasteurization, H.8 Ultraviolet (UV) light disin-
fection, H.9 Solar water disinfection) might be required.
Treated water must always be stored in safe water
storage containers (H.1 Storage tanks or reservoirs).

Nalgonda technology:

® Advantages
o Uses readily available chemicals
o Islow-cost

© Disadvantages

« Is complicated and time consuming for
household use

« Has moderate fluoride removal capacity

« Requires disposal of fluoride precipitate

Activated alumina:

® Advantages

« Has high fluoride uptake capacity
» |seasytouse

« Can be regenerated

> Disadvantages
« Requires off-site regeneration
« Requires relatively expensive materials

Bone char:

® Advantages

» Iseasytouse

« Islow-cost

« Can be regenerated

> Disadvantages

« Requires off-site regeneration

« Has low to moderate fluoride uptake capacity;
frequent water quality monitoring necessary

-> References and further reading materials can be
found on page 221.

21 See risk maps showing regions with a high likelihood of elevated fluoride
concentration in groundwater: https://www.gapmaps.info
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H.11

Arsenic removal filters

Applicable to systems Management level

Local availability of technology

Technology maturity level

4,7 Household or components Established technology
Mostly (not always for the adsorption
media)
! 1
1st bucket
Coarse sand
Composite iron matrix (CIM)
Brick chips Coarse sand
Tap
Plastic pipe 2nd bucket
Coarse sand
Wood charcoal
Brick chips

Tap (¢

Purified
water

Arsenic is a groundwater contaminant originat-
ing from geogenic sources, such as the natural
minerals present in rocks and soils.22 Arsenic can
be removed from groundwater by precipitation,
adsorption, ion exchange processes, or reverse
osmosis.

Arsenic in groundwater can derive from natural sources,
such as rocks and soil, as well as from industrial activ-
ities like mining. Several regions of the world are
severely affected by arsenic in groundwater. The con-
sumption of water that is contaminated with arsenic
over a period of time can result in chronic arsenic
poisoning. Long-term exposure to arsenic can change
the pigmentation of the skin and increases the risks of
various cancers and other diseases, including those
related to the lung and heart. The WHO guideline value
for arsenicis 10 ug/L, which is provisional on the basis
of the difficulties with removing arsenic to lower levels
using conventional water treatment (WHO, 2022a).

In the environment, arsenic occurs in pentavalent
(As V) and trivalent (As Ill) forms; the prevailing form
depends mainly on the surrounding redox conditions.
In groundwater, trivalent arsenic is often found, which
is not as easily removed as pentavalent arsenic. Pen-
tavalent arsenic (As V) is strongly sorbed to various
solids, such as trivalent iron oxides. Therefore, a
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Fine sand

pre-oxidation step of trivalent arsenic (As Ill) by ozone
or chemicals is recommended to form pentavalent
arsenic (As V) prior to water treatment.

Several household filter designs with different re-
moval processes are commercially available. Most sys-
tems are composed of two buckets/compartments,
where trivalent arsenic (As Ill) is oxidized to pentava-
lent arsenic (As V) in the first bucket, and pentavalent
arsenic is removed by precipitation or by adsorption
on a pre-fabricated commercial adsorbent in the second
bucket. One type of arsenic removal filter, widespread
in Bangladesh, is called SONO. SONO filters combine
the oxidation of trivalent As(lll) and sorption of pen-
tavalent As(V) in a composite iron matrix consisting
of iron scraps that produce a new adsorbent by the
continuing corrosion of iron. In a second bucket, the
remaining precipitated iron(lll) arsenic is removed by
filtration through sand and activated carbon layers.

Applicability and adequacy

The amount of water filtered by household systems
ranges between 20-60L/day. Removal efficiencies of
arsenic depend on the design and components of the
filter, but are in the range of 85-99%. Household arse-
nic removal filters are low-cost technologies that are
simple to operate and use locally available materials and
chemicals.
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Operation and maintenance

The operation of arsenic filters is simple and in-
cludes daily filling of the water. The necessary contact
time between the water and filter bed, which differs
depending on the filter design and material used,
should be respected to ensure efficient arsenic removal.
Maintenance activities include periodic cleaning/flush-
ing, disinfection, and the exchange of sand, activated
carbon, or iron elements in the filters. Regular water
quality monitoring and maintenance should be sup-
ported by the filter distributor/vendor and relies on
user cooperation.

Health and environmental aspects/Acceptance

Arsenic-rich waste is produced by the filter systems,
which has to be disposed of properly due to the high
toxicity. The arsenic filters do not remove microbial
contamination. There is a risk of water contamination
due to poor hygiene practices, so post-filtration (H.2
Ceramic filtration, H.3 Ultrafiltration) or post-disinfection
(H.4 Chemical disinfection, H.5 Boiling, H.6 Pasteuri-
zation, H.8 Ultraviolet (UV) light disinfection, H.9 Solar
water disinfection) might be required. Treated water
must always be stored within the filter orin a safe water
storage container (H.1 Storage tanks or reservoirs).
When ion-exchange resins are used, the raw water
quality needs to be carefully considered. Other ions
with a stronger affinity for the resin can displace
pentavalent arsenic, leading to the uncontrolled re-
lease of large quantities of arsenic into the treated
water.

® Advantages
« Is relatively inexpensive and easy to use
« Uses locally available materials

© Disadvantages

« Has varying arsenic removal efficiencies

« Isnotideal for anion-rich water (e.g. sulphate
and phosphate are competing ions)

« Not used regularly by all users

- References and further reading materials can be
found on page 221.

22 See risk maps showing regions with a high likelihood of elevated arsenic
concentration in groundwater: https://www.gapmaps.info

Part 2 — Technology information sheets — Household water treatment and safe storage 173



https://www.gapmaps.info




Part 3 | Cross-cutting issues

Implementing an effective and sustainable water sup-
ply system depends on not only technology selection,
but also on factors such as planning, management,
monitoring, maintenance, and the availability of ex-
ternal support. Specific local considerations, such as
gendered divisions of labor or users’ willingness to pay
for safe water, play an importantrole in determining if
water supply systems continue to function over the
long-term. A strong policy and regulatory enabling en-
vironment is important to support sustainable water
supply system management. The financial stability of a
water system may be threatened by the availability of
alternative freshwater sources, especially during the
rainy months when use of the system is usually lowest.
The functionality of water systems in remote rural ar-
eas is a particular challenge due to dispersed popula-
tions, limited technical expertise, and a lack of materi-
al supply chains. Resilience to future emergencies and
disasters, including those arising from climate variabil-
ity and change, must also be considered when plan-
ning water supply systems. Part 3: Cross-cutting issues
introduces topics relevant to the planning, operation,
and management of water supply systems to support
their long-term effectiveness.

Project planning and implementation
X.1 Management typologies
X.2 Gender and inclusion
X.3 Life-cycle and environmental
impact assessment
Assessing and managing risks
X.4 Risk assessment and risk management
X.5 Water safety planning
X.6 Sanitary inspections

X.7 Quantitative microbial risk assessment

Monitoring and service sustainability
X.8 Drinking-water quality regulation
X.9 Water quality monitoring

X.10 Data flow and information and
communication technology (ICT)

X.11 External support programmes

X.12 Strengthening resilience to climate
change
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Project planning and implementation

» &8 Management typologies

Drinking-water supply systems must be managed
to ensure an adequate and safe supply. Manage-
ment approaches can be broadly categorized as
household, community-led, or professionalized.
The approach best suited to a water supply system
depends on its design, intended use, and the local
availability of resources.

Water supply systems can be categorized as centralized
(such as large urban piped networks), decentralized
(such as boreholes equipped with hand pumps), or a
combination of both. This fact sheet describes the
management typologies applicable to these system
designs, along with relevant enabling factors (Fig. 1).

Household managed

Household management refers to households being
responsible for managing their own water supplies.
This approach is most common in single or small groups
of households living in remote rural or highly dis-
persed areas, where the costs of extending piped
networks is prohibitively high. In these instances, de-
centralized, non-networked solutions are necessary,
e.g. protected dug well (1.5 Protected dug well), roof
water collection system (.1 Roof water collection sys-
tem), and protected borehole (1.6 Protected borehole).
Households are responsible for most or all of the costs
of construction, operation, and repairs, though a por-
tion of these costs may be covered through govern-
ment subsidies or local NGOs (called “supported” or
“accelerated” self-supply).

In Bangladesh, household management has become
the mainstream approach, where most of the rural
population relies on protected dug wells financed in
full by one or more families (Danert, 2015). In Ethiopia,
household management was formally endorsed by
the national government in 2012 as “a service delivery
mechanism for rural water ... to reach more than 30%
of citizens without safe water access” (Sutton et al.,
2012). In the USA over 20% of the rural population
relies on household management with private wells,
and this percentage is as high as 60% for countries in
Eastern Europe (Sutton, 2009).

Community managed

Community management is another demand-respon-
sive approach that requires community members (e.g. a
water user association or other community organization)
to operate, maintain, and manage their own water
supply system on a day-to-day basis. This management
model typically involves a cost-sharing arrangement
whereby an external government agency covers most
construction costs and the community organization
then adopts responsibility for the ongoing operation,

maintenance, and management costs. Community-
based management models represent a broad spec-
trum, ranging from limited to advanced. Community
organizations operating and managing the water
supply may be untrained or undertrained and unpaid
(i.e. volunteers). Since community managed water
supply systems are often larger and more complexthan
self-supply systems, this management model relies
on participatory planning, establishing water user com-
mittees, and capacity building through training and
education (Schouten & Moriarty, 2003).

Community managed supplies may lack legal recog-
nition, operate in the absence of accountability struc-
tures and the associated technical and financial sup-
ports (WHO, 2024b).

Community managed water supplies became the
norm in many rural communities and small towns by
the end of the 20th century, especially in sub-Saharan
Africa where this management model remains wide-
spread outside of urban centers.

Professionally managed

Professionally managed water systems are typically
constructed, operated, maintained, and managed by
trained staff who are paid to perform these duties. In
the professionally managed approach the role of
water users in planning and implementing the water
projectis emphasized less than in the previous manage-
ment approaches. The costs of ongoing system oper-
ation and repairs are typically covered or offset by user
fees (tariffs) or local taxes. Professionally managed
supplies generally operate with legal recognition, with
the associated accountability mechanisms in place.
Professional management also often represents a broad
spectrum in terms of the levels of sophistication and
performance. This management type is most commonly
applied to centralized piped schemes in urban areas
or small towns (System 2 Centralized surface water
treatment, D.5 Centralized distribution systems), where
economies of scale enable financing of the infrastruc-
ture.

Complementary or hybrid approaches

The management typologies described here are
not mutually exclusive; in practice a mixed service
delivery model that combines elements from various
management typologies may be better suited to the
local context. Furthermore, each of the three typo-
logies can be disaggregated into sub-models (World
Bank, 2017). For example, it is estimated that the costs
to governments in Zambia and Zimbabwe could be
reduced by up to 40% if community water supply
services in rural areas were complemented with a
supported form of self-supply, i.e. self-financed family
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wells (Sutton & Harvey, 2017). A comparative study of
rural water supply projects globally examined the
conditions leading to sustained functionality of water
systems. For all management models, good financial
practices and user participation in system planning
were important for achieving sustained services.
Typically, professionalized water systems required
strong external support in the post-construction
period. Self-supply systems operated well under con-
ditions of abundant freshwater availability, whereas
community managed systems operated best in areas
where alternative freshwater sources were less avail-
able (Marks et al., 2018).

Due to the inherent challenges with traditional
community management models (e.g. operating based
on voluntary principles, often in the absence of sup-

Community managed

Household managed

porting legal recognition, training and accountability
structures), there is increasing recognition of the need
to couple community management with robust
external support programmes (X.11 External support
programmes), and eventually shift towards greater
professionalization of community management. In this
context, professionalization refers to water supplies
that function within defined legal and accountability
frameworks, and are operated, maintained, and/
or managed by trained individuals (Lockwood, 2021).
This approach involves providing the necessary policy,
legal and regulatory frameworks, and support ser-
vices, to ensure the supply can operate to agreed stan-
dards with greater transparency, accountability and effi-
ciency (IRC, 2015).

Professionally managed

Fig. 1

Examples of infrastructure arrangements for three manage-
ment models: a household managed family well, a community
manaded borehold equipped with a handpump, and a profes-
sionally managed piped network.
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Project planning and implementation

m Gender and inclusion

Gender refers to the roles men and women are
expected to play in society and the relationships
of power between them. Inclusion refers to
making specific efforts to ensure meaningful
participation of all groups in a society, includ-
ing disadvantaged groups.

Around the world, women and girls bear the primary
responsibility for water collection and management
at the household level. When water sources are
distant or difficult to access, this burden limits their
social, educational, political, and economic participa-
tion. In addition, women are poorly represented in
water decision-making, and water collection may
expose them to physical injury and violence. How-
ever, these disadvantages vary considerably based on
socioeconomic class and the cultural and geographic
context. Not all women are disadvantaged in the
water sector, and other social groups may also face
participation barriers.

A historical perspective

In the 1980s, international water programmes and
governments began to stress the importance of in-
cluding women in water supply planning and manage-
ment. These initiatives were based on the idea that
water programmes could unlock opportunities for
women by reducing the time spent collecting water
and providing new skills and roles in the community.
Research indicates that water projects that address
gender at each phase of planning and implementa-
tion are more equitable as well as more sustainable
and effective (Gross et al., 2000; Cairncross, 1992).
When men and women (both rich and poor) are active
participants and decision-makers, water services are
more likely to be used.

However, all too often, gender and inclusion is not
meaningfully addressed in the context of water supply
planning, and water services are therefore unlikely
to meet all needs. Disadvantaged groups, including
women, continue to face considerable obstacles
participating in and benefitting from water projects.
The Sustainable Development Goals (SDGs) prioritize
reducing inequalities through a “leave no one behind”
approach, and the SDG related to water and sanitation
specifically focuses on meeting the needs of women,
girls and vulnerable groups (UNDP, 2018). These im-
peratives underpin practical guidance on equitable
water supply planning and implementation (WSP,
2010; WHO, 2019b).

Inclusion: Moving beyond women
Inclusion means more than simply including women.
Other social groups that have historically been excluded

from participating in water programmes include chil-
dren; people with living with disabilities or chronicill-
nesses including HIV/AIDS; the elderly; members of
specific castes, religions, and ethnic groups; indigenous
groups; and those living in remote or peripheral areas.
Without an inclusive planning approach, water proj-
ects can reinforce existing inequalities. An inclusive
approach should ensure that women and other disad-
vantaged groups have the opportunity to participate
and benefit from water projects. Care must be taken
to understand the different social groups within a
community and to identify which groups are disadvan-
taged or have specific needs in relation to water access
and decision-making.

Although women typically have less power and
access to services, resources, and opportunities than
men, gender roles and relationships change over time
and are culturally determined. Gender roles and rela-
tions are also partly shaped by water access such that
they can be renegotiated as water services improve.
For example, with the installation of new water points
closer to their homes, women might have more time
for new income-generating activities that could increase
their decision-making power in the household. How-
ever, these connections should not be taken for granted:
women may enjoy the social time spent collecting water
or be unable to control the money they earn (Van
Houweling, 2016). While women'’s empowerment is
an oft-claimed goal of water projects, there may be
other constraints that prevent women from realizing
the benefits of improved water access, such as socio-
cultural norms or the lack of economic opportunities.
Gender also intersects with and reinforces power dif-
ferences based on class, caste, ethnicity, race, educa-
tion, age, and religion to shape water rights, access,
and use. Therefore, not all women have the same
rights and interests and should not be approached as
a homogenous group.

Gender and social analysis

A gender and social analysis is used to help design
more effective and equitable water services. This
analysis should be used to understand the relative
disparities or disadvantages within families and
communities and the barriers different groups face in
fully participating and benefiting from improved
water services. A gender and social analysis is im-
portant because each social group often has different
motivations, perceptions, priorities, and capacities
related to water. For example, women living with
disabilities may differ from other community mem-
bers in their preferences for the water point’s loca-
tion, the type of technology, and the level of service
provided.
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At its most basic level, a gender and social analysis
seeks to understand who has rights, control, and access
to water resources and services. This analysis often
starts with an understanding of the differences among
and between men and women (who does what work,
who makes which decisions, who uses water for what
purpose, who controls which resources, who is respon-
sible for different family obligations, etc.), butit should
also analyse the implications of water projects for all
relevant social groups.

There are many participatory techniques for sys-
tematically collecting this information, which can be
explored in the references provided.

Toward equity mainstreaming

Equity mainstreaming is the process of assessing
and addressing the implications of a water service pro-
gramme for different social groups during the planning,
implementation, monitoring, and evaluation phases.

Planning

Implementation

Some of the key activities for equity mainstreaming
(including gender and social considerations) are out-
lined in Table 3. The implementation of these activities
demands certain attitudes and principles, such as
listening, being flexible, respecting local knowledge,
taking time, and adopting inclusive communication
styles and formats.

A gender transformative approach should seek to
address underlying power dynamics that give rise to
social inequalities and should work towards women'’s
economic advancement through water, especially
through their involvement in small-scale enterprises.
Such an approach would also look beyond the com-
munity level and might include institutional gender
training, advocacy for high-level commitments to
gender equality, gender-responsive budgeting, and
the explicit recognition of women and other disad-
vantaged groups as users and managers in water laws
and policies.

Monitoring and

Management

Evaluation

Conduct a gender and
social analysis to under-
stand gender roles
related to water and the
relative disadvantages
different social groups
face in terms of access,
control and use of water
resources, taking a ‘do
no harm’ approach

Offer additional trainings
in areas such as micro-
credit, small enterprise
development, and
leadership to help
women capitalize on
the benefits of improved
water access

Support the inclusion
of under-represented
groups in leadership
positions on water
management commit-
tees

Collect data disaggre-
gated by gender and
socioeconomic class
about water access,
rights, use, and impacts

Examine and address
the barriers women and
other disadvantaged
groups might face in
participating in planning
and management

Partner with existing
women'’s groups

and NGOs that have
expertise on gender
issues, empowerment
and social inclusion

Offer women and other
marginalized groups
trainings and roles in
areas providing new
skills and opportunities

Monitor potential social
exclusions and address
any barriers social groups
face in benefitting from
the improved services
and having specific
differentiated needs
met

Design water services
inclusively and ensure
that women and other
disadvantaged groups
are meaningfully
included in decision-
making

Work with power holders
to change cultural norms
that inhibit the partici-
pation of women and
other disadvantaged
groups

Ensure that new oppor-
tunities to participate in
the management of
the water supply do not
contribute to an over-
burden of unpaid and
often informal labor (i.e.,
‘do not harm’ approach)

Include women and
other under-represented
groups in deciding what
goals and outcomes will
be evaluated and how
they will be evaluated

Activities for gender and social mainstreaming
Table 3
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Project planning and implementation

m Life-cycle and environmental impact assessment

Life-cycle assessment (LCA), also called life-cycle
or cradle-to-grave analysis, is a tool that inte-
grates global environmental impacts into the
choice and planning of drinking-water system
designs.

LCA is an International Organization for Standardization
(ISO) 14040 normalized method to evaluate the environ-
mental performance of a product or service through all
the life-cycle phases. It includes resource consump-
tion, production, utilization, and disposal aspects.
Four steps are necessary to conduct a LCA:

» Goal and scope definition

« Life-cycle inventory (LCI)

o Life-cycle impact assessment (LCIA)

« Life-cycle interpretation

Even though the steps are successive, an iterative
process is required (Fig. 2).

Goal and scope definition

A first step of the LCA is to identify the purpose and
the target audience. This also determines the type of
LCA performed (i.e. comparative or non-comparative).
Setting this scope defines what will be analysed and
how, and it defines the system boundaries (Fig. 3).
When considering LCA for water supplies, three main
system boundaries could be highlighted:
o Water supply system (intake to user)
« Water production (from source to treatment)
« Technology (e.g. treatment)
To fairly compare between different systems, the
functional unit needs to be clearly defined. In drinking-
water LCAs, it is usually the volume of water delivered
with a specified quality (e.g. 1 m3 of drinking-water
quality water delivered as specified by the country
guidelines).

Goal & Scope
Definition

Inventor
4 Interpretation

Analysis

Impact
Assessment

Life-cycle inventory
LCl lists all the inputs required and all the outputs
generated by the construction and operation of the
system components:
« Construction materials (e.g. concrete, steel)
« Energy consumption (e.g. heat, electricity)
o Chemical consumption (e.g. coagulants,
activated carbon, chlorine)
o Output water/waste streams (e.g. backwash
water, treatment sludge)
« Emissions to air (e.g. chlorine gas, dust)
All inputs and outputs are expressed based on the
functional unit.

Life-cycle impact assessment
The purpose of the LCIA is to better understand the
environmental significance of the LCl results. LCIA trans-
forms inflows and outflows into defined environmental
impact categories:
« Climate change: global warming potential
o Human health: ionizing radiation, respiratory
effects
« Natural environment: ozone layer depletion,
terrestrial acidification/nitrification
« Natural resources: mineral extraction,
non-renewable energy consumption
For each impact category, the impact value is expressed
by its equivalent weight of a reference substance: e.g.
global warming potential is expressed in terms of grams
of CO, equivalent per functional unit (e.g. m3 of water).
To help convert inputs and outputs to quantified
environmental impacts, inventory databases such as
Ecolnvent, U.S. Life Cycle Inventory Database, European
Reference Life Cycle Data system are available. Such
databases can be used with LCA software, such as
OpenLCA, SimaPro, or GaBi.

Fig. 2

General LCA method-
ological framework
(1ISO 14040:2006;

© 150, 2006)

Direct
Application:
—Product development
and improvement
- Strategic planning
— Public policy-making
- Marketing
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Since the inventory databases were developed pri-
marily in Europe and are location specific, they usually
have to be adapted when applied in other locations,
especially when considering low- and middle-income
settings. Data adaptation is a critical stage that can
influence the robustness of drinking-water LCAs.

Fig. 4 shows an example of LCIA results from a study
on alternative drinking-water supplies comparing the
environmental impact of local groundwater extraction
(System 6 High-quality groundwater), distant surface
water treatment and transfer (System 2 Centralized
surface water treatment), local seawater reverse osmo-
sis desalination (SWRO) (System 9 Desalination of brack-
ish and salt water, T.5.2 Reverse osmosis), and local
seawater multi-effect distillation (MED) (System 9 De-
salination of brackish and salt water, T.5.1 Membrane
distillation) (Vince et al., 2008). The y-axis shows the
results of the various alternatives in percent as com-
pared to the highest value. In this particular case, local
MED desalination had the highest values for the eight
environmental impacts that were considered and is

e —————————

Fig. 3
Drinking-water LCA system boundaries

therefore the worst alternative. In contrast, local
groundwater treatment is the best option, scoring
less for all the environmental impacts that were con-
sidered.

Life-cycle interpretation

Interpretation is the phase where the findings from
the LCl and the LCIA are analysed together. The results
should be consistent and in line with the defined goal
and scope. If this is not the case, the goal and scope
have to be re-defined and the analysis re-run. At the
end, the results should reach a conclusion, explain
limitations, and provide recommendations in support
of more informed decisions.

Limitations

LCA focuses on environmental issues, and as such,
does not address economic or social aspects. For
ensuring a general LCA, other tools such as risk assess-
ment, life-cycle costing, and social analysis should also
be considered.

Household water
treatment and
safe storage
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& Transport
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B Local groundwater treatment
Distant surface water treatment and water transfer

Fig. 4

I Local seawater reverse osmosis desalination
B local seawater multi-effect distillation desalination

Example of LCIA results on drinking-water alternatives (adapted from Desalination, 220(1-3),
Vince et al., LCA tool for the environmental evaluation of potable water production, p. 37-56,

Copyright (2008), with permission from Elsevier)
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».¢ 8 Risk assessment and risk management

Risk assessment and risk management is a pre-
ventive approach for identifying, prioritizing,
and mitigating risks within the water supply
system. Such approaches should cover the entire
water supply from catchment/source to con-
sumer. In the WHO Guidelines for drinking-water
quality they are referred to as water safety plans
(WSPs; WHO, 2022a).

Pathogens in drinking-water are a main cause of acute
gastrointestinal illnesses, especially among children
under age five (WHO, 2019c¢). Long-term exposure to
elevated levels of chemical contaminants in drinking-
water can cause adverse chronic health effects. Water
for drinking should not exceed accepted standards for
these contaminants, and water used for food prepara-
tion, personal hygiene, recreational use, livestock, and
irrigation should not pose significant risks to public
health. This chapter summarizes the main elements of
risk assessment and risk management approaches for
water supplies.

A key tenet of any risk assessment and management
approach is a shift away from focusing solely on end-of-
pipe water quality testing, which is inadequate for plan-
ning timely and effective responses. Instead, risk-based
approaches focus on preventive measures through
applying and routinely monitoring appropriate barriers
(or control measures) to prevent hazardous events
from happening in the first place. Several risk-based
frameworks have been developed for use in the water
sector. Water safety planning is considered the most
effective approach for consistently ensuring the safety
of a drinking-water supply (WHO, 2022a). Water safety
planning integrates risk assessment and prioritization
(typically using risk assessment matrices), alongside mon-
itoring, management, and communication, to achieve
stepwise continuous improvement (see X.5 Water
safety planning). Sanitary inspection is a simple risk as-
sessment approach to provide a rapid on-site assess-
ment to determine if priority risk factors are present
that can lead to contamination of the water supply.
Sanitary inspections can support water safety plan-
ning, and in some contexts, may be a simplified alter-
native to water safety plans (WHO, 2024a), typically
performed using basic sanitary inspection forms (see
X.6 Sanitary inspection). Among the most intensive
methods for assessing microbial health risks of drinking-
water supplies is quantitative microbial risk assessment
(QMRA), which integrates data on pathogen exposure,
infectivity rates, and intervention effectiveness (see
X.7 Quantitative microbial risk assessment). Both san-
itary inspection and QMRA are tools that can support
water safety planning and serve the risk management
process.

Assessing contaminants of concern

Risk assessment involves understanding the potential
threats (or hazards) to the water supply system at each
step, i.e. source/catchment, treatment (if any), distri-
bution/storage, and household level, and prioritizing
the risks that are deemed to be most significant. Risk
assessment requires training and experience, with inputs
from water suppliers and public health, catchment, and
consumer representatives, among others.

Classes of hazards typically relate to microbial, chemi-
cal, radiological, acceptability, and quantity-related haz-
ards. Hazards can be of human (anthropogenic) or
natural origins and pose various risk levels, which
should be assessed and prioritized to determine
specific and appropriate management actions.

Pathogens are disease-causing microorganisms,
such as viruses, bacteria, protozoa (parasites), and
helminths. Faecal contamination is considered to be
the most significant risk to public health associated
with drinking-water quality (WHO, 2022a). Even a few
pathogens in a glass of water can cause an infection,
and an infected person or animal can release millions
of pathogens into the environment through feces.
Surface water is more likely to contain pathogens,
especially near human activities such as wastewater
discharge, open defecation, or manure application
(see System 8 Freshwater sources subjected to anthropo-
genic contamination. Contamination during storage
and distribution can occur in centralized supplies (open
reservoirs, intermittent piped supply, e.g. System 2
Centralized surface water treatment) or on household
premises (open vessels, hands, animals, dirty cups; see
H. Household water treatment and safe storage). An
insufficient or improperly functioning treatment step
may not fully remove or even introduce contamina-
tion, while inadequate maintenance and repair activ-
ities or backflow in the distribution system may intro-
duce contamination into the system. Protected
surface waters will contain less pathogens, although
wild animals may still contaminate the water. Ground-
water sources from aquifers that are unprotected,
shallow or under the direct influence of surface water
are vulnerable to contamination. Protected ground-
water from deeper aquifers is likely to be pathogen
free, although contamination could be introduced via
extraction infrastructure. Protective measures include
inter alia, safe local management of faecal waste, a
protective (clay) layer above the aquifer, or a properly
constructed protected well.

Chemical and radiological contaminants in water
sources generally do not cause acute (i.e. short-term)
health effects, but long-term exposure may detrimen-
tally impact health (e.g. developmental effects, cancer,
and a range of chronic diseases). Naturally occurring
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chemical contaminants of concern include arsenic and
fluoride, which can be present in groundwater aquifers.
High-risk areas are often known and can be identified
in online databases. However, changes in groundwater
abstraction or climate can mobilize these contaminants.

Anthropogenic contaminants can affect both sur-
face water and groundwater, and they originate from
various activities like agriculture (nitrate, pesticides),
industry and mining (heavy metals, chemicals), and
households (faecal pollution). Itisimpossible and costly
to analyse water for all possible contaminants. As
such, a risk-based approach should be undertaken,
whereby the risk posed by anthropogenic contami-
nants may be estimated from the various activities in
the catchment, distance to the water source, trans-
portation, attenuation, and other factors.

Risk management approaches

Following risk assessment is risk management, which
includes identifying, implementing, and monitoring
appropriate barriers to provide a safe and reliable water
supply. This includes treatment designed to address
known risks, as well as a multi-barrier approach that
considers the source, treatment (if present), distribu-
tion, and user levels. QMRA can be used to assess if
barriers against specific pathogens of concern are
sufficient, though the required information, knowl-
edge, and expertise for this level of risk assessment
may not be available, e.g. for small decentralized or
household treatment systems. In such cases, known
hazards can form the basis for technology selection. In
regions known to have high arsenic or fluoride con-
centrations, risk management generally includes avoid-
ing contaminated wells or implementing specialized
treatment at the household or community level.

Supporting activities can enable the consumer or
small-scale operator to manage drinking-water risks.

Part 3 — Cross-cutting issues — Assessing and managing risks

These programmes can be implemented by local or

national governments, private companies, or non-

profit organizations. Supporting programmes

should include several activities:

» Awareness raising

« Knowledge building (education)

« Stakeholder engagement

« Resource and training availability

« Research to identify adequate measures for
addressing risks

« Programmes to protect water from contamination

Examples of awareness raising include flyers, health-

care visits, community walks, songs or theatre, com-

munity meetings, radio-, TV- or social media messages,

and internet games. Hygiene may be taught at school

and transferred to parents. Specific training pro-

grammes may be implemented, especially for small-

scale treatment operators.

Reliance on water treatment alone as an end-of-
pipe solution is inefficient and often ineffective due to
technical and implementation challenges. A thorough
risk assessment and risk management approach will
better safeguard the long-term safety of drinking-
water supplies, especially by enabling timely and
effective responsiveness to potential hazards. An
effective risk framework evolves over time, recognizes
risks may arise from a range of hazards (not only
contamination-related), and is a continuous cycle of
improvement that responds to changes within the
system, including landuse, climatic, and population
changes. It should be reviewed routinely and revised
as needed to ensure it is up-to-date, including follow-
ing incidents. Monitoring the achieved progress will
provide verification of the effectiveness of the risk
management approach and incentives for further
improvement of the water system.
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m Water safety planning

A water safety plan (WSP) is a comprehensive,
proactive risk assessment and risk management
approach to most effectively ensure drinking-
water safety. It is an ongoing and dynamic pro-
cess that enables the preventive management
and monitoring of risks throughout the entire
water supply, from catchment to consumer.

The Guidelines for drinking-water quality recommend
that all water suppliers apply the principles of water
safety planning as the most effective means of ensur-
ing the safety of drinking-water supplies (WHO,
2022a). Water safety planning is a preventative ap-
proach. It moves away from relying only on “end of
pipe” testing to confirm drinking-water safety, which
is a reactive approach where users may have already
been exposed to unsafe water by the time it is detect-
ed through monitoring. WSPs help to enable source
protection, effective treatment, sanitary distribution
and storage, and safe practices at the user level.
Water safety planning has been successfully applied at
different scales and socioeconomic settings globally
(WHO, 2017d). Key terms used in WSPs are defined in
Fig. 5.

WSP stages
Water safety planning is a continuous and iterative

process for making progressive improvements in safe

drinking-water management (i.e. starting simple, with
stepwise improvement as capacity and resources allow).

The approach is typically led by the water supplier,

where each step of the water supply chain is assessed

to identify and manage priority risks to the supply of
safe drinking-water. The stages of WSP include the fol-
lowing activities.

« Preparation: engaging key stakeholders (including
decision-makers) and securing their commitment; es-
tablishing a WSP team with the relevant experience
to drive the development and implementation of the
WSP.

« System assessment: describing the entire water
supply system from catchment to consumer to iden-
tify threats (hazards/hazardous events); assessing
and prioritizing the risks associated with the threats;
developing and implementing a progressive improve-
ment plan to address priority risks.

« Monitoring: routinely monitoring barriers (control
measures) through operational monitoring to ensure
that they are operating as intended, and applying
timely corrective actions where needed; ongoing
verification of the effectiveness of the WSP as a
whole, through water quality monitoring (compli-
ance monitoring; see X.9 Water quality monitoring),
WSP auditing, and monitoring consumer satisfaction.

« Management and communication: developing stan-
dard operating procedures for day-to-day activities, as
well as during emergency situations (emergency re-
sponse plans), and developing programmes that sup-
port and improve safe drinking-water management.

« Feedback and improvement: conducting regular
and as-needed reviews, revising the WSP as required
to ensure the WSP is up to date and reflects opera-
tional experiences.

WHO provides detailed guidance on water safety
planning for larger systems (e.g. System 2: Centralized
surface water treatment; WHO, 2023) as well as for
small water supplies (e.g. System 3: Decentralized sur-
face water treatment; WHO, 2012b; 2022b). The WSP
steps are summarized in Fig. 6.

WSP principles can strengthen the resilience of
water supplies for emergency and unforeseen events,
including those arising from conflict, pandemics, and
the affects from climate variability and change (see
X.12 Strengthening resilience to climate change).

Water safety planning can be harmonized with other
existing risk management approaches (e.g. Hazard Anal-
ysis & Critical Control Point) and the International Orga-
nization for Standardization (ISO) risk management
guidelines.

Benefits of water safety planning
Sustained and effective implementation of a WSP

may bring considerable benefits, including:

« Improved water quality and a reduced prevalence
of waterborne diseases

« Better system understanding, including of
the risks relating to public health

« Improved operation and management practices,
and associated cost efficiencies

« More targeted resource allocation on the basis
of risk

« Increased leveraging of financial support

« Improved stakeholder collaboration and
knowledge-sharing

« Greater user confidence in the safety of
the water supply

Sustaining effective WSP implementation
Practical application of WSPs globally has identified
several practices that underpin successful water safety
planning. This includes integration with ongoing oper-
ations, management, and monitoring activities, cou-
pled with regular review and updating as needed in
response to change and operational experiences For
more information, see Fig. 1.1 in WHO (2023).
National top-down WSP directives (e.g. policy, regu-
lations) play an important role in enabling WSP uptake.
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Hazard

A contaminant or condition that
may adversely affect the supply of
safe drinking-water.

Control measure

An activity or process to prevent,
eliminate or reduce the risk of a
hazardous event to an acceptable
level.

Risk
The product of the likelihood of
occurrence of a hazardous event
and its severity (or consequences).

Operational monitoring

A plan to monitor control measures
to ensure that they work as intended,
and that proper and timely corrective
action is taken when predefined limits
are not met.

Compliance monitoring

The process of determining compli-
ance with drinking-water quality
regulations and standards.

Hazardous event

An event that results in a hazard being
introduced to, or inadequately remo-
ved from, the water supply.

Control measure validation

Obtaining evidence that the control
measure can effectively control the
corresponding hazardous event.

Improvement plan

An action plan for improving the level
of control for a hazardous event, the-
reby reducing the level of risk.

Verification

The process of obtaining evidence
that the WSP, as a whole, is working
effectively to deliver safe drinking-
water.

WSP audit

An independent and systematic check
to confirm that the WSP is complete,
adequately implemented and effec-
tive.

Fig.5
Glossary of select water safety planning terms (WHO, 2023)
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Guidance on regulatory aspects of water safety plan-
ning in small supplies can be found in Guidelines for
drinking-water quality: small water supplies (WHO,
2024a). However, WSP directives alone are insufficient
unless complemented by genuine water supplier sup-
port. To achieve this, targeted advocacy plays an im-
portant role, communicating the benefits and impacts
of WSP uptake to key stake-holders, from operational
level to management level.

Surveillance programmes (including WSP audit-
ing) underscore WSP sustainability by enabling the
enforcement of regulatory requirements and provid-
ing incentive and ongoing support to suppliers.
Where relevant, a pragmatic approach to auditing is
encouraged, which demonstrates the practical value
of WSPs.

Effective water safety planning requires sustainable
financing. For national WSP programmes, financing is
needed to support WSP capacity development and to
oversee the ongoing implementation by water suppliers.
At the water supply level, WSP implementation requires
ongoing funding, particularly where the WSP identifies
issues to be addressed. Where shortfalls exist for water
suppliers, funding mechanisms should be established
e.g. using improvement plans to inform annual budget
allocations (WHO, 2024a).

In rural settings, WSPs can integrate other WASH
initiatives that may already be in place, including
household water treatment and safe storage, hygiene
promotion, and community-led total sanitation. There
is a need to ensure that WSP activities are streamlined
and harmonized with related programmes from gov-
ernments and development partners to avoid mixed
messaging or resource duplication.

Importance of customization and training

The WSP approach is flexible and should be adapted
to the local circumstances, commensurate with the
complexity of the water supply and the available re-
sources and capacity. Basic WSP templates can be a
useful tool to support early-stage WSP development
(see WHO, 2022b), and can be customized to suit the
local context. In resource-constraint settings, sanitary
inspection may also be considered as a simplified alter-
native to water safety plans (e.g. household managed
supplies; WHO, 2024a).

Water suppliers require training and ongoing tech-
nical assistance to effectively implement WSPs. This
includes training on the process and supporting tools,
and also guidance on addressing the priority risks
identified through the WSP process. Water suppliers
can also play a supporting role for each other, e.g.
through peer-to-peer support mechanisms and knowl-
edge exchange visits. Where possible, water supplier

training on WSPs should be integrated into broader
operator training and certification programmes (WHO,
2024a).

Enablers and barriers: the case of Uganda

The following factors were shown to enable or im-
pede WSP development and implementation in Uganda
(Kanyesigye et al., 2019), which have relevance globally.

® Enablers

« Strong managerial commitment

« Sense of responsibility toward public health
« Good customer relation practices

« Availability of financial resources

Reliable laboratories

(= Barriers

« Water suppliers viewing a WSP as creating
additional and unnecessary work

« Inadequate training

« High staff turnover

o Lack of resources (e.g. financial, laboratory
capacity)

« Inability to design and carry out WSP
auditing programmes
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WSP Stages

Preparation

System
assessment

Monitoring

Management and
communication

WSP review and
improvement

Fig. 6

Module 2

Module 3

Module 4

Module 5

Module 6

Module 7

Module 8

Module 9

Module 10

WSP modules for
larger supplies
(WHO, 2023)

Assemble the WSP team

Describing the system

Identifying hazards and
hazardous events

Validating existing
control measures and
assessing risks

Planning for impro-
vement

Monitoring control
measures

Verifying the effectiveness
of water safety planning

Strengthening manage-
ment procedures

Strengthening WSP sup-
porting programmes

Reviewing and updating
the WSP

Overview of WSP steps as described in WHO guidance manuals
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WSP tasks for
small communities
(WHO, 2022b)

Engage the community
and assemble a WSP team

Describe the water supply

Identify and assess
hazards, hazardous
events, existing control
measures and risks

Develop and implement
an incremental improve-
ment plan

Monitor control
measures and verify
the effectiveness of
the WSP

Carry out operations
and maintenance and
plan for emergencies

Review and improve
all aspects of WSP
implementation
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m Sanitary inspection

Sanitary inspection (SI) is a simple and powerful
risk assessment approach to help identify and
manage priority risk factors that may lead to
contamination of a water supply.

Slis an on-site assessment that typically makes use of
standardized forms (S| forms) that consist of a checklist
of equally weighted yes/no questions that indicate the
presence or absence of observable risk factors (Fig. 7).
The number of “yes” responses (i.e. risk factors present)
is totalled to provide a sanitary risk score that can be
used to prioritize action.

WHO (2024b) provides 13 SI packages for different
water supply technologies and scenarios. Each package
consists of the following elements.

Slform: provides a checklist of yes/no questions, sup-
ported by illustrations depicting the water supply tech-
nology or scenario in an insanitary condition, to help
identify common risk factors and prompt corrective ac-
tion.

Technical fact sheet: gives basic technical informa-
tion (with supporting illustrations of the technology or
scenario in a sanitary condition) to aid completion of
the Sl form.

Management advice sheet: provides general guid-
ance on developing an operations and maintenance
schedule to support the safe management of the water
supply, alongside basic corrective actions to consider
for each risk factor included in the SI form.

In line with water safety planning principles (X.5 Wa-
ter safety planning), completion of the SI form should
be complemented by planning and action for improve-
ment, ongoing maintenance, and monitoring in accor-
dance with the guidance in the corresponding manage-
ment advice sheet.

SI should be completed by trained individuals with
an understanding of public health aspects of drink-
ing-water supply. It is conducted through an on-site vis-
it to identify common risk factors that may lead to con-
tamination of the water supply, related to the physical
infrastructure supply, its operation, and external envi-
ronmental factors.

Sls provide a low-cost, easy-to-use tool that is partic-
ularly suited to resource limited settings, including
small water supplies. Sl can be applied to point sources
(such as Systems 1, 4, 5, 6, 7) as well as piped water sup-
ply (such as Systems 2, 3, 8, 9).

Applications of sanitary inspection
Sl can be applied to support the following activities

(WHO, 2024a).

« Routine risk management by water suppliers: where
a WSP is in place, Sl can support the identification
of risk factors and corrective actions, as well as on-

going maintenance and monitoring (see X.5 Water
safety planning). Where there is no WSP in place, Sl
can be used as an interim risk assessment and man-
agement tool while WSP capacity is developed in
parallel. Simplified Sl can also be applied as an alter-
native to WSPs in the case of household managed
supplies, with appropriate supports in place.

« Assessment of risk management practice by sur-
veillance authorities: SI can support surveillance
activities to help determine that priority risks are
being effectively managed and to inform correc-
tive action by water suppliers. The aggregated out-
comes from Sls can also inform broader policy and
programme development.

Sanitary inspections and water quality testing

Results from SI and water quality testing (see X.9
Water quality monitoring) can be jointly analysed to
identify the most important causes of water supply
contamination and associated preventive and remedi-
al actions. Ideally, the sanitary risk score should be
combined with data from water quality testing (e.g.
see Figure 5.2 in WHO [2024a]) as part of an overall
risk assessment of the water supply. However, due to
the dynamic nature of both observable risk factors
and water quality (particularly microbial water quality
as measured by faecal indicator bacteria), Sl scores and
water quality testing results often do not exhibit a
consistent positive linear relationship i.e. one metric
cannot be used to reliably predict or infer the other.

Where there is insufficient capacity or resources to
carry out water quality testing, Sl can still provide valu-
able information to support safe drinking-water man-
agement.

Importance of customization and training

The SI packages can be used directly in the format
provided by WHO (2024b). However, certain aspects of
the packages may not be relevant in all contexts given
that water supplies vary widely, or additional risk fac-
tors may be important in some settings. If needed, au-
thorities can adapt the material to the local context as
capacity and resources permit. Context appropriate
and relevant Sl forms may support acceptance and up-
take of Sl as a risk assessment tool. For further guid-
ance on adapting SI packages, see Annex 4 of Guide-
lines for drinking-water quality: small water supplies
(WHO, 2024a).23

Inspector ability may also affect Sl outcomes, in par-
ticular where perception of risk is required. Effective
training is therefore critical to improve the accuracy
and consistency in assessments between individuals
conducting a S.
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Sanitary inspection

® Advantages

« Quick and easy to use

« Supports risk management, including
where a full WSP is not feasible

« Supports engagement with water supply
owners/operators (i.e. via communicating
the outcomes of the SI)

« Caninform evidenced-based programming
via aggregated results from water supplies

« Complements water quality monitoring,
encouraging necessary corrective actions

« Applicable in a broad range of settings

(® Disadvantages

« Less comprehensive than WSPs

« Does not capture all risk factors within
a water supply (e.g. chemical risks)

« Assumes each risk factor carries equal weighting
(i.e. equal potential to cause contamination)

o A "one-off” Sl does not capture the variability
in conditions and practices that occur over time

o Accurate interpretation of risks can be hampered
by untrained inspectors

SANITARY INSPECTION FORM DRINKING-WATER

Cutaway
boundary

Fig.7

Sanitary inspection questions NA | No | Yes | If Yes, what corrective action is needed?

Are there any visible contaminants on the

roof or in the guttering channels? Clean. out Hhe 5ufters
Contaminants on the roof or in the guttering .
n channels [e.g. from animal faces, corroded ala ﬂ and communicate
or damaged roof or gutter materials, leaves, .
moss) could contaminate the water. This m WWVW Df
regualy cleaning.

could also cause blockages and an overflow,
which could result in water loss.

Do the roof or guttering channels have an
inadequate slope for drainage?

Stagnant water could contaminate the water
supply if the roof or guttering channels do
n not have a downward slope for water to fully | [} ﬂ
drain into the storage tank. Note - ponding
of water on the roof or in the guttering
channels may indicate an inadequate
drainage slope.

Is there any vegetation or structures above

the roof?

Contaminants (e.g. from animal faeces) Cut the tree branches
could enter the water supply if there is D D {

a that hang over Hhe

overhanging vegetation, balconies or wires
above the roof. Fallen leaves could also . Voaf.
block gutters and cause an overflow, which
could result in water loss.

Is the filter box absent, damaged or
blocked?

Contaminants could enter the water supply
if the filter box is absent. This could also
happen if it is damaged (e.g. holes or gaps ] ‘“
in the filter screen) or blocked (e.g. from
sediment, leaves). A clogged filter box could
also cause an overflow, which could result in
water loss.

Is the first flush system absent, damaged or
blocked?©

Contaminants from the first flush of
rainwater could enter the water supply if the
B | firstflush system is absent. This could also | (] {
happen if it is damaged (e.g. not flushing
completely) or blocked. A blocked first flush
system could also cause an overflow, which
could result in water loss.

Extract of a completed Sl form and supporting illustrations for rainwater collection and storage (adapted from WHO, 2024b)
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23 Tosupport adaptation, editable versions of the 13 WHO sanitary inspection
packages are available from https://www.who.int/teams/environment-
climate-change-and-health/water-sanitation-and-health/water-safety-
and-quality/water-safety-planning/sanitary-inspection-packages
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) ¢74 Quantitative microbial risk assessment

Quantitative microbial risk assessment (QMRA)
isamethod for assessing human health risks from
microbial pathogens in water supply systems by
incorporating data on the concentration, fate,
and transport of pathogens in the environment;
human-environment interactions; pathogen in-
fectivity; and intervention efficacy.

Similar to other risk assessment approaches (e.g. sanitary
inspection and risk matrices as applied in water safety
planning), QMRA is used to estimate health risks and
facilitate the prioritization of control measures to im-
prove the safety of water supply systems.

Overview

QMRA provides a quantitative, evidence-based, and
reproducible framework to relate water safety man-
agement to population-level risks of infection, illness,
and sequelae (i.e. conditions caused by a previous
disease or injury). The framework provides insight into
the links between microbial contamination of water
supplies and adverse health outcomes. QMRA consists
of four interrelated steps, as detailed by the WHO
harmonized framework (Fig. 8; WHO, 2016b):
« Problem formulation
o Exposure assessment
« Health effects assessment
« Risk characterization
The QMRA framework is intended to be iterative, with
information gained during the final step (risk character-
ization) informing efforts to better refine data gained
in the previous steps.

Application

Outputs from QMRA can be used to support local
or national regulations and guidelines. Examplesinclude:
1) quantifying risks from pathogen exposures through
water supplies, 2) identifying appropriate, effective
interventions and their impacts on risks, and 3) devel-
oping guidelines for the minimum required efficacy of
interventions.

No intervention can eliminate all risks of enteric
pathogens from water supplies; rather, the goal of
interventions is to reduce risks to a tolerable level.
Tolerable is defined as a level of health risk that is
acceptable by society for a specific exposure or disease
(WHO, 2016b). QMRA aids in identifying risks and re-
ducing them below the threshold.

Quantitative estimates used within QMRA come
from multiple sources, including original (primary)
data, literature reviews, and expert opinions. The esti-
mates can be described as single, point values (de-
terministic) or as distributions describing a range of
potential values (stochastic). The distributions are useful

because they provide insight into variability and/or
uncertainty, which can be translated into recommen-
dations for risk-based outcomes. Variability refers to
natural fluctuations in values over time and space, and
uncertainty refers to the confidence in estimated values.
Increasingly, the scientific community is recognizing
the need for stochastic QMRA models that account for
uncertainty and variability (Schoen et al., 2017; WHO,
2016b).

QMRA can provide valuable quantitative inputs in
to the water safety planning process, including for the
system assessment (e.g. identifying which microbial
hazards are driving consumer risks, or which sources
of hazards are the most important), monitoring (e.g.
identifying which parameters will provide a direct
indication of microbial safety, setting appropriate op-
erational targets and critical limits to ensure safety),
and management and communication stages (e.g.
identifying what minimum response time is adequate
for different incidents, or which corrective actions are
the most effective).

For more information, see Quantitative microbial risk
assessment: application for water safety management
(WHO, 2016b).
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Problem Formulation

What are the scope and
purpose of the assessment?

— Hazard identification

_‘....‘..------"'"""""} — Relevant exposure pathways
(including hazardous events)

— Health outcomes of interest

‘0

- Level of certainty needed for
risk management

Exposure Assessment

What is the estimated dose
of pathogens for the defined
exposure pathway(s)?

— Source concentration

- Pathogen reduction achieved
by barriers/control measures
and recontamination risks

- Magnitude and frequency of
exposure
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Risk Characterization
"'.,' "’.,' What are the expected health
"m., AL TPP AP effects of the estimated dose?

— Quantification of risk
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- Variability and uncertainty
analyses

- Sensitivity analysis

Fig. 8

The fourinterrelated steps of QMRA, adapted from WHO (2016b).
Problem formulation informs the exposure assessment and health
effects assessments, which in turn inform risk characterization.
Risk characterization can be used to inform and update prior steps
to improve or refine the assessment.
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What are the expected health
effects of the defined hazard(s)?

— Dose-response

Health Effects Assessment

— lliness and sequelae

— Secondary transmission and

immunity

Impact on disease burden
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m Drinking-water quality regulation

Regulations are a powerful tool to progressively
improve and ensure the quality, safety and sus-
tainability of drinking-water services to protect
public health, as part of moving towards profes-
sionalized service delivery.

Regulations are rules or directives usually set by
government agencies “to ensure that stakeholders fulfil
their mandates, and that standards, obligations and
performance are maintained (Jimenez et al., 2020)".24
The primary aim of drinking-water quality regulations
is to safeguard public health through the supply of
safe drinking-water.2> Regulations help to ensure that
water service providers are adequately supported, and
held to account where necessary, towards improved
public health outcomes relating to drinking-water
safety. Regulations should provide clear direction on
how the delivery of safe drinking-water can be
achieved, and by what means it will be measured. In
the absence of regulation, accountability and liability
may be compromised, leading to increased risks to
public health.

Regulations should adopt a “risk-based” approach
to safe drinking-water management. This should in-
clude the requirement or promotion of context-appro-
priate risk management by water suppliers (e.g. X.5
Water safety planning or in certain contexts, X.6 Sani-
tary inspection), set appropriate limits for the identi-
fied priority parameters, and provide direction on
targeted monitoring programmes that reflect the
highest-priority risks (X.9 Water quality monitoring).

The development or revision of regulations involves
the concerted effort of stakeholders concerned with
drinking-water quality and public health (e.g. national
public health authority, water supply authority,
sub-national government agencies). External support
and broad stakeholder engagement is important to
ensure that regulations are robust, technically sound,
and achievable in the given context (e.g. environment,
agriculture, and resource management authorities;
water suppliers, sector professional and industry
groups; analytical laboratories; user representatives
including disadvantaged and vulnerable groups). It is
also important to ensure political and legislative sup-
port for regulations.

Content of regulations
Drinking-water quality regulations should include

the following (after WHO 2018b and 2024a).

« Risk management requirements by water suppliers:
proactive risk management by the water supplier
is essential and thus, regulations should require
or promote water safety plans to most effectively
manage risks from catchment to consumer. Regu-

lations should focus on the core elements of water
safety planning.

Priority water quality parameters: Water quality
parameters should be prioritized to ensure that
public health outcomes are maximized while en-
suring the efficient use of resources (e.g. human,
financial, technical). The microbial safety of the
drinking-water should be the top priority (e.g. en-
compassing parameters such as Escherichia coli,
turbidity, and where chlorination is practised, free
chlorine residual and pH). Where specific chem-
icals2® occur at concentrations of concern, these
should be prioritized for inclusion. Acceptability
parameters should be considered (e.g. taste, odour,
appearance) where they may cause users to turn to
other, potentially less safe sources.

Water quality parameter limits: parameter limits
should be set that are protective and realistic in
the given context. In many settings, adopting the
guideline values presented in the Guidelines for
drinking-water quality (WHO, 2022a) will be appro-
priate for the prioritized parameters. Where these
values cannot be applied (e.g. where the cost of
achieving the guideline value outweighs the likely
health benefit), alternative approaches can be con-
sidered by regulatory authorities. This may include
setting a time-bound interim limit for specific pa-
rameters that is less stringent than the guideline
value but still protective of public health, or spec-
ifying exemptions (which may or may not be time-
bound) on the basis of insufficient resources to ad-
dress a problem (or more broadly for the parameter
due to lack of significance).

Monitoring frequencies and locations: appropriate
monitoring frequencies should be defined, consid-
ering factors such as the size of the general popula-
tion and their vulnerability, the likelihood of the pa-
rameter being present at levels of concern, and the
likelihood of the parameter concentration changing
(including seasonal variations). Regulations should
define appropriate monitoring locations consid-
ering the point in the water supply the parameter
may be introduced or likelihood of change, known
areas where water quality issues arise, location of
vulnerable populations (e.g. health-care facilities,
schools), the influence of user practices (e.g. house-
hold storage, treatment, and handling), among
other factors.

Surveillance requirements: risk-based surveillance
requirements should be established within regu-
lations to verify proactive risk management prac-
tice by water suppliers. This can be achieved by
conducting water safety plan (WSP) auditing and/
or sanitary inspection (see X.5 Water safety plan-
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ning and X.6 Sanitary inspection. Surveillance also
includes water quality testing, and reviewing the
results of any compliance monitoring conducted by
water suppliers (see X.9 Water quality monitoring).

Regulations may include specified technology tar-
gets for drinking-water treatment (where it is applied).
These targets specify treatment devices or processes
that are permitted for specific system types. This ap-
proach may be more common where resources and
technical capacity for system specific assessments may
not be feasible (e.g. in the case of small water supplies).
Specified technology targets should consider the
water characteristics and treatment objectives, as well
as practical considerations such as costs, requirements
for power, consumables (e.g. treatment chemicals,
testing reagents), operation and maintenance, and
supply chains (e.g. for consumables, spare parts; WHO,
2024a).

In addition, regulations may specify source protec-
tion measures, analytical requirements (including the
permitted use of field test kits), household water
treatment technology performance targets, material
safety aspects (e.g. chemical additives for treatment,
materials in contact with drinking-water) and require-
ments for operator training and skills. In some cases,
these and other relevant requirements may be speci-
fied in separate regulations and associated frame-
works, which may be referenced in the drinking-water
quality regulations.

Clear regulatory requirements for data sharing and
reporting are required to help ensure that informa-
tion (e.g. from surveillance activities) is used to inform
decision-making at the individual supply, as well as
sector level, in the shorter to longer-term.

Ensuring context appropriate regulations

If due consideration is not given to the local resource
realities, regulations will not achieve the desired public
health outcomes and can result in inefficient use of lim-
ited resources. Regulations therefore should follow a
stepwise approach to first address the highest priority
public health risks. Regulations should be periodically
reviewed at a timeframe that permits progressive im-
provement, to ultimately achieve long-term water
quality objectives from all water supplies. The inclusion
of a review clause in regulations is useful to provide a
formal mechanism to ensure that regulations are re-
viewed regularly.

While basic principles such as adoption of WSPs
and surveillance should apply to all supplies, the regu-
latory requirements should be tailored to reflect the
size, complexity, and resource availability of drinking-
water suppliers. For example, for smaller supplies WSP
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requirements will be less complex and monitoring re-
quirements will be lower, while surveillance of individ-
ual supplies will be undertaken less frequently.

Several characteristics of small water supplies require
special regulatory consideration, including resources,
technical capacity, laboratory capacity (e.g. geographic
locations, availability of analytical equipment and as-
sociated expertise), and logistical constraints for water
quality testing (e.g. accessibility issues, distances to
|laboratories).

Support for regulatory compliance

To deliver the intended outcomes, regulatory require-
ments should be supported with programmes that
will help to ensure buy-in and understanding by water
suppliers, which in turn will support enhanced regula-
tory compliance. Programmes to incentivize and facili-
tate achievement of regulatory requirements will also
be helpful. These may include the provision of training
and tools (e.g. to support WSP uptake), information
campaigns, access to technical and financial supports
and public recognition schemes.

Penalties or sanctions for non-compliance may be
required in certain contexts, but regulations should
aim to take a supportive approach above all, particu-
larly in the case of small water supplies in recognition
of the challenges they face.

Further guidance on developing context appropriate
regulations in resource limited settings can be found
in Developing drinking-water quality regulations and
standards (WHO, 2018b) and Guidelines for drinking-
water quality: small water supplies (WHO, 2024a).

24 Theterm "standard” is commonly used to describe a mandatory numerical
valuein atable of parameters and limits (such as 10ug/L of arsenic). Regula-
tions are requirements that can include or refer to a table of parameters and
limits. Regardless of how a country defines “standards” or “regulations”,
both are interdependent (WHO, 2018b).

25 Other aspects of drinking-water supply should be subject to other types of
regulation, including service-levels such as quantity, affordability, and reli-
ability. Here, “regulation” refers to drinking-water quality only.

26 The most important chemicals to consider in regulations are arsenic, fluo-
ride, lead, manganese and nitrate.
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m Water quality monitoring

Routine monitoring of drinking-water systems
should be performed to ensure that operational
processes are working effectively and that health-
based targets (e.g. national drinking-water quality
standards) are achieved. This chapter examines
operational monitoring and compliance moni-
toring, including what parameters are typically
monitored and for what purpose, and who is in-
volved in the monitoring.

Operational monitoring is routine monitoring per-
formed by water suppliers at various stages of the
water supply, to determine if control measures are
working properly and to inform operational deci-
sions (e.g. optimization of chemical dose rates). Com-
pliance monitoring is undertaken to assess if drink-
ing-water meets regulatory standards as defined by
government agencies, including verifying that the
drinking-water supplied to users is safe. Compliance
monitoring may be performed by water suppliers
and/or external authorities (e.g. surveillance agen-
cies). Risk assessment and management approaches
(see X.5 Water safety planning) provide a systematic
framework for designing site-specific monitoring pro-
grammes (WHO, 2023). The WSP approach also makes
use of monitoring data to inform the reporting, inter-
pretation and corrective actions to be taken.

The frequency and scope of water quality monitoring
may also be defined by factors such as laboratory access,
material supply chains, and availability of technically
trained staff. Therefore, an effective and sustainable mon-
itoring programme will be tailored to local conditions.

Operational monitoring
An operational monitoring plan must consider the

parameters to target, their monitoring frequency, the

critical limit (outside of which performance is deemed

to be unacceptable), corrective action to be taken if a

critical limit is breached, as well as data management,

and data interpretation. The frequency of monitoring
for each parameter should be in line with both its ex-
pected variability and the expected time interval re-
quired for an effective response. Long- and short-term
variations such as equipment wear (years), seasonality

(months), chemical usage (weeks), filtration cycles

(days), weather events (hours), and process control

(minutes) all affect the quantity and quality of water.
Many parameters may be used for operational

monitoring. Some of the most common include (but

are not limited to):

« Free chlorine residual (T.2.1 Chlorination) monitoring
rapidly indicates drinking-water safety without direct-
ly measuring microbial organisms. WHO recommends
a free chlorine residual concentration in the range of

0.2-0.5mg/L, with a concentration of atleast0.2mg/L
atthe point of use (WHO, 2022a). Frequent or online
continuous monitoring is recommended, since chlo-
rine concentrations can deviate on a short timescale
and testing procedures are relatively cheap and
simple. A common test is the dpd (diethyl para-
phenylene diamine) indicator test using a compar-
ator. For the dpd test, a tablet reagent added to a
water sample changes the colour, and the strength
of the colour change compared to a standard colour
chart indicates both total and free chlorine residual
concentration ranges. Simple test strips are also easy
to use and sufficiently accurate for operational pur-
poses in resource limited settings.

« pHmeasures the acidity or alkalinity of water. Where
chlorine disinfection is practised, the pH of the water
should ideally be below pH 8. To balance this and
other considerations (e.g. corrosion), the optimum
pH of drinking-water is in the range of pH 6.5 to 8.5,
depending on the local context. pH can be measured
relatively easily and inexpensively using test strips,
or laboratory or field-based pH meters.

« Turbidity describes the cloudiness of water caused
by suspended particles, chemical precipitates, organic
material, and organisms. While turbidity itself does
not always present a direct risk to public health, it
has implications for drinking-water safety as well
as aesthetic quality. The presence of turbidity may
indicate that the system is vulnerable to pathogenic
microorganisms due to ingress or an ineffective
treatment step. High turbidity levels may also
compromise consumer acceptability due to poor
appearance and/or odour of the water.

Turbidity is measured in nephelometric turbidity
units (NTU). For effective disinfection, turbidity should
ideally be <1NTU. In lower resource settings (in-
cluding small supplies) where this may be difficult to
achieve, the aim should be to keep the turbidity
below 5NTU. Where turbidity is >1NTU, higher
disinfection doses or contact times are required for
effective disinfection (WHO, 2017c). Measuring tur-
bidity is relatively cheap and quick on an ongoing
basis. The frequency of monitoring will depend on
the operational objective, because assessing per-
formance as a key control measure within a water
treatment plant (e.g. filtration step) requires con-
tinuous or frequent measurement. By comparison,
routine monitoring of control measures for source
water supplying the system may be less frequent
if the source water turbidity typically has a low
variability (WHO, 2017c).

o Structural integrity may be routinely monitored

through system inspections, including assessing
the adequacy of source protection measures, struc-
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tural integrity of the intake, operational status of
treatment devices, and pressure readings through-
out the distribution network. Leak detection can in-
form repairs to reduce the risk of infiltration and back-
flow. Regular inspections can also identify hygienic
problems near collection taps that require awareness
raising among water users. The frequency of monitor-
ing of different structural elements varies according
to expected control measures for known hazards and
hazardous events. For example, detecting and address-
ing pipe leaks may be required on a weekly or monthly
basis, whereas assessing the condition of the plinth
surrounding a well may take place quarterly or annually.

Compliance monitoring

The frequencies for compliance monitoring are typi-
cally based on the population served and/or the volume
of water supplied. More frequent monitoring is required
for microbial parameters and less frequent for chemical
parameters (WHO, 2022a). Tailored guidance for small
water supplies on compliance monitoring considerations,
locations and minimum frequencies according to water
supply type can be found in Guidelines for drinking-water
quality: small water supplies (WHO, 2024a).

Faecal indicator bacteria such as Escherichia coli (E.
coli) or thermotolerant (faecal) coliforms are widely
accepted indicators for verifying microbial safety,
since the direct detection of pathogens is costly and
technically challenging. Test kits currently available on
the market indicate presence/absence (P/A), most
probable number (MPN), or colony enumeration (in
colony forming units [CFU]/100 mL). These kits offer
trade-offs in terms of measurement precision, costs,
incubation requirements, and training needs (Table 4).
Ideally, test kits should be appropriately validated
before use. For guidance on recommended minimum
sample numbers and frequencies for faecal indicator
testing refer to WHO 2022a and 2024a.

As acomplement to E. coli testing, turbidity can have
implications for microbial water quality and is often in-
cluded as part of compliance monitoring. For chlorinated
water supplies, free chlorine residual concentration and
pH are also commonly monitored for the same reason.

Cost

Ideally, these three parameters should be measured
when E. coli monitoring is conducted. However, where
resources are limited, free chlorine residual monitoring
should be prioritized (ideally combined with testing for
turbidity and pH to confirm that chlorination conditions
are optimal) to provide an indication of microbial water
quality between E. coli monitoring events (WHO, 2024a).

Chemical contaminants from naturally occurring sourc-
es with the most significant health impacts globally are
arsenic, fluoride and manganese. Other contaminants
such as selenium, uranium, boron, and chromium can be
a problem as well, but their presence is usually localized
and limited in extent. Significant chemical contaminants
from human activities or the water system itself include
lead and nitrate.

The sample location and frequency should be deter-
mined by the principle source of the chemical and variabil-
ity in its concentration (e.g. chemicals whose concentra-
tions do not change significantly over time require less
frequent sampling, and vice versa) (WHO, 2022a; WHO,
2018b). In general, concentrations of geogenic contami-
nants in groundwater, like arsenic and fluoride, vary only
gradually, so may require less frequent monitoring; al-
though, it should be noted that fluctuating groundwater
levels due to seasonal variations or abstraction can mobi-
lize contaminants, which may require more frequent
monitoring.

Due to the analytical sensitivity and less frequent
required monitoring intervals, chemical constituents are
usually analysed in a laboratory, though field test kits are
often available in regions where known hazards exist
and laboratories are not easily accessed. In most coun-
tries, water sector professionals are likely to be aware of
the main chemical hazards in local drinking-water. There-
fore, it is important to draw on this expertise to priori-
tize chemical contaminants of concern and develop an
effective and resource efficient monitoring programme.

Data generated from monitoring must be combined
with water supply information from other sources (includ-
ing information from audit findings, sanitary inspection
scores, operations and maintenance information, and user
feedback) to inform decisions and drive improvement. For
more information, see Chapter 6 of WHO (2024a).

Trainin ..
Test type (per-test / Irre1c1:‘li);t3_r' I 4 I 9 Precision
equipment) q . A
Presence/ Low / Yes Low NA
absence (P/A) Moderate
Most probable High / Nil No Low Low
number (MPN) Table 4
- - - Comparison of three test kits for
Colony count Low /High Yes High High detecting E. coli in water (after
Bain et al., 2012).

NA: not applicable.

Part 3 — Cross-cutting issues — Monitoring and service sustainability

195



https://www.who.int/publications/i/item/9789240088740
https://www.who.int/publications/i/item/9789240088740

Monitoring and service sustainability

».¢¢liF Data flow and information and communication technology (ICT)

Data on water system functionality, performance,
finances, and quality can be collected, analysed,
and organized to improve the management,
operation, and safety of urban and rural water
supplies.

These data, consisting of measurements, statistics, or
text, must be processed into information (defined as
the knowledge gained from the data) and transferred
to relevant actors to be effective. This information
can then be used to monitor, manage, and improve
water supplies, advocate for resources, and plan
future projects.

This chapter describes how to evaluate existing
information flows within water supply systems and
summarizes digital data collection tools used in the
water sector.

Evaluate existing information systems

Information systems comprise the tools and compo-
nents for organizing and communicating information
within an institution or programme, including those
based on human interactions, paper, audio, and digital
tools. Information and Communications Technology
(ICT) are the electronic tools used to collect, organize,
store, access, process, and convey data.

Before implementing a new system for collecting
and managing information, it is important to evaluate
existing systems. One tool for mapping these systems
is the data flow diagram (DFD), an analysis method that
maps inputs, processes, and outputs within a system,
thereby modelling how data are collected and trans-
ferred (Fig. 9). DFDs have four elements: 1) external
entities (an organization outside the system bound-
aries); 2) processes (transformations of or changes to
data); 3) data stores (physical data storage like a
notebook or computer file); and 4) data flow (trans-
fer of data between the previous elements). These
elements are captured through interviews and by
observing data management. Schematics of the ele-
ments should be validated by people working within
the system.

The resulting DFDs can then be used to understand
existing processes (which data are collected, who is
involved) and to model potential changes to the infor-
mation systems. When evaluating current information
systems or considering modifications, it is important
to consider questions such as:

« What types of decisions can be made to maintain
or improve this water system (e.g. repair water
points, treat water)?

« Whatinformation is necessary for making those
decisions (e.g. functional/not functional,
contaminated/safe)?

« How will data be collected, and who (or what) will
process and analyse the data (e.g. local extension
staff, water committee, sensor)?

« Who needs to see the information to make decisions
(e.g. local health staff, households)?

ICT tools for the water sector

The optimum information system will depend on the
types of data to be collected (numerical, text, visual,
coordinates), when it is needed (one-off, periodic, or
routine; feedback or interactive system), which direction
it will flow (one-way or interactive), and how it can be
transmitted (manual, wireless). There are many paper-
and mobile-phone-based tools for collecting informa-
tion related to providing safe water. However, these
were originally developed for other sectors (particularly
health) and have been well-covered in other literature.
Here we focus primarily on ICT tools, although these
are components within broader information systems
that include human actors and physical components
(e.g. water points, paper), as described in the previous
section.

Computers and software for word processing, man-
aging spreadsheets, and creating presentations are
now almost universal. Water system information, such
as inventories, functionality, quality, or financial oper-
ations, are organized and analysed using these tools.
They are frequently used for synthesizing information
from multiple water systems, such as within a region
or water utility.

Mapping technologies including GPS (global posi-
tioning system) for establishing the location of a water
system or its components and GIS (geographic infor-
mation system) to visualize and analyse location-based
data are important tools in the water sector. Mobile-
phone-based tools for water point mapping use GPS
and camera features to inventory rural water points by
collecting data about the water point and its location;
previously, these activities were recorded on paper
with hand-held GPS devices. Additionally, water utilities
worldwide use GPS and GIS to record, map, and bill
customers and track and model water distribution
system components.

Mobile phones have also been used to improve
water utility billing operations, such as tracking cus-
tomers and issuing (and allowing payment of) water
bills via mobile money, contactless payment cards, or
text-based and smartphone interfaces, or to notify
customers of service interruptions. Mobile phones
have also been used to collect and collate the results
from water quality tests, which are either entered into
the phone manually or by using a phone’s camera or
sensors attached to the phone to record and process
the results.
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Finally, while most mobile phone systems rely on
people to enter data, there are recent developments
in automatic data collection systems, such as sensors
that directly record, process, and transmit data.
Examples include sensors that measure hand pump
(A.2 Piston/plunger suction pump, A.3 Direct action
pump, A.4 Piston pump; deep well pump) or water
treatment functionality (see T. Treatment), operations,
and use; asset management; water storage tank levels
(D.6 Storage tanks or reservoirs); post-treatment water
quality parameters (X.9 Water quality monitoring);
and water production and consumption rates.

Sustainability of information systems

While information systems can improve the sus-
tainability and operation of water systems, the infor-
mation systems themselves also have to be maintained.
ICTs used for developmental programmes may have

challenges, such as a lack of user engagement or a
failure of the system to perform as expected or pro-
vide useful information.

With the rapid pace of technological development,
new ICT tools are being constantly introduced. How-
ever, the usefulness and potential application of new
tools must be evaluated as part of a holisticinformation
system that includes many actors, technologies, and
processes. Sustained functioning and the use of ICT
systems can be assisted by ensuring that new tools and
information systems enhance existing practices. Since
data must be processed, updated, and turned into
information to be useful, information systems or ICT
tools should be carefully evaluated for their full life-
cycle costs and weighed against potential benefits to
ensure there is sufficient commitment and resources
to justify such an investment.
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Monitoring and service sustainability

» &k External support programmes

External support, including technical, financial
and administrative assistance should be made
available to resource limited water supplies. Such
support is often referred to as external support
programmes (ESPs), which can sustain operation
and maintenance over time (Miller et al., 2019).

Many water systems, especially those serving popu-
lations with fewer than 10000 people and those in
rural areas where resources are limited (e.g. System 3:
Decentralized surface water treatment, D.4 Small public
and community distribution system), struggle to provide
safe and sufficient drinking-water continuously over
time. ESPs are designed to address these sustainability
issues by providing technical, financial, and adminis-
trative assistance as well as helping with water supply
conservation measures. Such support is available in
low, middle, and high income countries and is often
described as the “software” that supports the hard-
ware (infrastructure). ESPs can address ageing infra-
structure, intermittent service, water quality risks,
operation and maintenance needs, major repairs, in-
sufficient supply, inadequate financial management,
and other threats to long-term system functionality.
Consideration for ESPs should be incorporated into
the planning and implementation of water supplies
(X.1 Management typologies—X.3 Life-cycle and en-
vironmental impact assessment) for community-run
and self-supply water systems to minimize risks (X.4 Risk
assessment and risk management-X.7 Quantitative
microbial risk assessment), improve monitoring, and
ensure the functionality of water supply services
throughout the life-cycle (X.9 Water quality monitor-
ing and X.10 Data flow and information and communi-
cation technology).

Forms of ESPs

ESPs may be provided by government agencies, in-
ternational and local NGOs, private contractors, urban
utilities, community organizations, and universities.
The ESPs offered by these entities can be demand or
supply driven. Communities may seek out the support
on an as-needed basis (demand driven), or these enti-
ties may offer unsolicited support to the community
(supply driven); ESPs may also be a combination of
both. For communities to be aware of the existence
of ESPs, technicians may have to first approach the
community. Then with time and demonstrated success,
communities can come to request the support when
problems occur or as information spreads about the
services.

Examples of ESP typologies and activities are pro-
vided in Table 5. Large systems can also benefit from
these services, but typically have more resources from

serving a large population base and may instead hire
consultants or dedicated staff to fill their support needs.

The benefits and costs of ESPs

The wide-ranging benefits of ESPs were documented
in a global systematic review (Miller et al., 2019) as well
as in case studies from Bolivia (Plurinational State of)
(Davis et al., 2008), El Salvador (Kayser et al., 2014), and
Dominican Republic (Schweitzer and Mihelcic, 2012).
Documented benefits reported in these studies include
improvements in system performance, household
satisfaction, water quality, treatment practices, financial
stability, and spending on repairs and water treat-
ment.

A challenge for ESPs is their long-term sustainability,
which is often limited by insufficient funding. The cost
of operating external support varies by location. A desk
review of ESP per capita expenditures in seven coun-
tries found that direct support to rural communities in
Latin America and Africa cost between US$1-3 per
person per year, with the successful cases reporting
higher per capita expenditures (Smits et al., 2011). In
El Salvador, the Asociacion Salvadorena de Sistemas
de Agua (ASSA) provides technical assistance to com-
munity managed water supplies financed by fees from
local water associations and international NGO support.
The operating cost for the programme was US$50000
per year and benefited approximately 51000 house-
holds. This cost included all Circuit Rider operating
costs, support for full-time employment of five techni-
cians, costs related to monthly community visits, water
quality testing, and biannual workshops for community
water committees. Costs were offset by selling chlorine
tablet feeders, contributions from municipalities,
household tariffs, and NGO support. External funding
can decrease as beneficiaries increase the payment for
service. However, most ESPs require some outside sup-
port from the municipal, state, or federal government
or NGOs.

ESP outcomes can be measured by monitoring
water quality, surveying water operators about oper-
ation and maintenance, tracking system finances, and
monitoring customer satisfaction (see X.9 Water quality
monitoring and X.10 Data flow and information and
communication technology).

Example: the Circuit Rider model

Inthe Circuit Rider model, a single technician provides
technical, financial, and operational assistance in the
form of monthly visits and on-call assistance to com-
munity water systems. The model arose in the USA in
the 1970s with the establishment of the National Rural
Water Association (NRWA) to help rural water commu-
nities meet new water quality standards. The NWRA's
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activities are financed by the federal government and
through users’ fees.

Circuit Rider programmes are also found in Canada,
El Salvador, Guatemala, Honduras and throughout
sub-Saharan Africa. In Canada, training of First Nation
or indigenous community water operators is funded
by the government department for Indigenous and
Northern Affairs Canada.

Table 5
Forms of external support programmes.

Technical Operator education and workshops on operation
and maintenance, mechanical troubleshooting
and repairs, water quality disinfection and dosing,
water system rehabilitation and expansion, water
handling and storage.

management

Regular visits for water quality testing.

On call assistance for problems that arise over time.

Guidance in budgeting, accounting, billing, savings
for future system needs, and financial transparency.
Ongoing visits to check that the finances are balanced.

Financial
management

Ongoing visits to monitor and educate in national and
state regulation compliance and community outreach
about the quality of the service.

Administrative
management

Instruction on metering, water source and watershed
protection, and water safety plans.

Water supply
conservation
and risk
assessment
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Monitoring and service sustainability

. &8 Strengthening resilience to climate change

Water supply systems must consider and strength-
en their resilience to future shocks and stresses,
including those arising from climate variability
and change.

Weather and climate may significantly impact water
resources and public health. The supply of adequate
quantities of safe drinking-water may be affected by
(WHO, 2017e, pS-Eau, 2018):

« More intense precipitation and flooding causing
increased pollutants in surface waters from run
off; reduced natural attenuation in groundwater
systems due to rising groundwater levels; over-
whelmed water treatment systems due to reduced
surface water quality; infrastructure damage to wa-
ter supply systems
Increased drought causing reduced drinking-water
quantity; increased concentrations of pollutants
(e.g. due to lower dilution factors)

Increased temperature causing accelerated growth,
survival, transmission, and virulence of waterborne
pathogens; reduced stability of chlorine disinfectant
residuals; enhanced cyanobacteria growth (e.g. toxic
cyanobacterial [“algal”] blooms)

« Sea level rise causing increased salinity in low lying
coastal aquifers; flood damage to critical assets,
and infrastructure during storm surges.

Long-term planning for a safe and adequate drinking-
water supply should consider uncertainties arising from
climate change. Water suppliers should assess the cur-
rent and projected impacts from climate change and
consider what managerial, operational, and infrastruc-
tural improvements are needed to manage these risks.

Water safety planning for enhanced climate
resilience

Water safety planning (see X.5 Water safety planning)
offers a systematic framework to identify, assess, and
manage risks from climate variability and change.
The key actions of water safety planning for climate
resilience include (WHO, 2017¢):

o Augment the water safety plan (WSP) team with
relevant climate-related expertise. Consider ad
hoc support for the WSP team from climate-related
experts, which may include climatologists, hydrolo-
gists, water resource managers, emergency response
planners, water quality specialists, among others,
who can help access and integrate climate-based
information into the WSP.

« Integrate relevant climate information into the
water supply system description. Available climate-
related information should be accessed to under-
stand the current and future climate projections
and how this will impact the water supply system.
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Examples of information sources include:

- working with stakeholders and expert groups to
understand key climate threats and impacts;

- accessing existing reports and studies (e.g.
national/regional climate vulnerability assess-
ments, water resource assessments or basin
management plans); and

- using web-based interactive portals or decision
support tools.

Identify hazards and assess the risks. Consider any
potentially new hazards/hazardous events may be
experienced in light of the climate information.
Consider any changes in the risks associated with
hazards and hazardous events, e.g. how climate
projections may affect the effectiveness of existing
control measures (if present), the likelihood of the
event occurring, and the severity of the conse-
quences.

Develop a progressive improvement plan to address

priority risks. Consider what actions can be taken

now and longer term to ensure stepwise improve-
ment in system management and operation to man-
age the risks from climate variability and change. To
manage future uncertainties, consider no-regret or
low regret options that are beneficial under multi-
ple future climate scenarios, e.g. catchment protec-
tion measures such as stock exclusion, which will
provide benefits over a broad range of precipitation
projections. Improvements may be considered “soft”

(e.g. strengthening management procedures in-

cluding emergency responses) as well as “hard” (e.g.

infrastructure improvements such as flood

defense barriers for critical assets) (Table 6).

Develop management procedures and supporting

programmes that strengthen the climate resilience

of the system. Adequate preparedness measures
need to be considered for incidents, disasters, and
extreme events, including flood and drought re-
sponse plans. Emergency response plans that ad-
dress climate-related scenarios should also be de-
veloped. These scenarios may include water quality
incidents, infrastructure failure (e.g. both water
supply and external infrastructure such as roads
and the national grid), and planning for alterative
water supplies during an emergency. Also, issues
that would affect the continuity of safe drinking-
water delivery during an emergency need to be
managed, such as staff or essential contractor ab-
sences, or loss of supply chains for water treatment
chemicals and water quality testing reagents.
Appropriate supporting programmes need to be
developed to build the institutional and individual
capacity of water suppliers to manage climate-
related risks and provide platforms to engage with
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relevant climate-related stakeholders. Examples
include programmes for staff training, laboratory
strengthening, stakeholder outreach, data gathering,
and research and development to support climate-
resilient water supplies.

Guidance for climate-resilient water safety plan-
ning in larger piped networks (e.g. Systems 2, 8, 9) can be
found in Climate resilient water safety planning (WHO,
2017e) and Water safety plan manual (WHO, 2023). For
smaller community supplies (e.g. Systems 5, 6), refer to
WASH climate resilient development (UNICEF & GWP,
2015) (Table 7) and A field guide to improving small
drinking-water supplies (WHO, 2022b). This concept
can be applied to new water supply systems at the

strengthen resilience to future anticipated events arising
from climate change.

Resilience to other emergencies

Enhancing resilience to climate impacts can also
support preparedness for other unforeseen impacts
on water supply systems, such as natural disasters (e.g.
earthquakes, conflict) and disease outbreaks (e.g. lo-
cal epidemics and global pandemics). This may be
achieved through improved management of staff ab-
senteeism; ensuring continuity of supply of chemicals,
reagents, and essential third-party contractors; devel-
oping emergency management and response proce-
dures; and developing linkages to business continuity
planning.

planning stage as well as to existing systems to

Table 6

Examples of improvement measures to manage priority risks
from climate change at various stages of a water supply system.

Climate Hazardous Improvement measure(s)
impacts event/hazard required
Increased Reduced water Catchment/source
temperature quantity due to . .

reduced rainfall Erow:oln otf addltllonaldteep
Reduced and increased o.r: ofes ?supp etmen
e user demand existing surface water source
Increased Treatment
drought Filter backwash water treat-

ment/recovery programme
to minimize water wastage

Distribution/storage

Leak detection/mains repair
programme

Household

User outreach and education
programme on water con-
servation during drought

Diversification of household
water supply to include

safe rainwater harvesting
practices
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X.12

Table 7

Example considerations when integrating climate aspects
within water safety planning for small water supplies.

Considerations to strengthen resilience

1 Engage the community and What additional external experience/expertise

assemble a WSP team is needed to support the WSP Team (e.g. local
community, land users, climatologists, hydro-
logists, emergency planners, disaster response
planners, public health specialists)?

2 Describe the water supply What are the historical climate patterns and
future projections within the water supply
catchment?

What part of the water supply has been/is likely
to be affected by climate, and how (e.g. floo-
ding, droughts, bushfires, landslides)?

3 Identify and assess hazards, What new climate-related hazards/hazardous
hazardous events, existing events may threaten the water supply system?
control measures and risks How effective are existing control measures

at controlling climate risks?
What are the priority climate-related risks?

4 Develop and implement an What strengthened or new control measures
incremental improvement plan are needed to manage priority risks?

5 Monitor control measures What changes may be needed to monitoring
and verify the effectiveness programmes (e.g. more frequent raw water
of the WSP turbidity checks during flood event; more fre-

quent free chlorine residual monitoring in the
network during drought/water restrictions)?

6 Carry out operations and How may climate projections affect day-today
maintenance and plan for operational activities?
emergencies What procedures are may be needed to manage

climate-related incidents and emergencies?

7 Review and improve all aspects How do changes in the water supply and/or
of WSP implementation new climate information affect the WSP?

How can operational experiences and the out-
comes of emergencies be used to strengthen
safe drinking-water management?
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Annex 1: Approach to content development and declarations

of interest

The World Health Organization (WHO) recognized the
need for updated guidance on drinking-water systems
and technologies as part of the development of
WHO's Guidelines for drinking-water quality: small
water supplies.??

A first draft of the publication was developed be-
tween 2015 and 2017 by select expertsin the sphere of
drinking-water systems, technological interventions,
and related cross-cutting issues including costing, risk
management, and monitoring. The drinking-water
systems and technologies were selected based on ex-
pert experiences of the most common and conven-
tional system and technology types that were globally
applicable. The treatment technologies covered in this
publication are broadly aligned with the treatment in-
terventions presented in WHO's Guidelines for drinking-
water quality.28

Targeted peer reviews were conducted by select
experts between 2017-18. From 2019, this draft was
further revised during successive rounds of updates to
address peer review feedback, wider aspects of the
enabling environment, and ensure greater alignment
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with key recommendations in related WHO publica-
tions, including the Guidelines for drinking-water quality.
This was followed by a subsequent round of peer re-
view by experts and practitioners, additional develop-
ment including incorporating key recommendations
from related WHO guidance, including the Guidelines
for drinking-water quality: small water supplies, and
finalized in 2025. The selection of drinking-water
systems and technologies was explicitly highlighted as
an area for feedback during the peer review stages,
and subsequently validated as appropriate by the peer
review process. Collectively input was obtained repre-
senting countries across all 6 WHO regions.

All technical editors submitted declarations of inter-
estto WHO to disclose any potential conflicts of interest
that might affect, or reasonably be perceived to affect,
their objectivity and independence in relation to the
subject matter of this publication. WHO reviewed each
of the declarations and concluded that none could give
rise to a potential or reasonably perceived conflict of
interest related to the subjects covered by this publica-
tion.

27 WHO (2024). Guidelines for drinking-water quality: small water supplies.
Geneva, World Health Organization (https://iris.who.int/handle/10665/
375822).

28 WHO (2022). Guidelines for drinking-water quality: fourth edition incorpo-
rating the first and second addenda. Geneva, World Health Organization
(https://iris.who.int/handle/10665/352532).
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Annex 2: Summary of select intake and treatment interventions
to support safe drinking-water supply management

Delivery of safe and reliable drinking-water requires
the selection of context-appropriate interventions
throughout the water supply. Table A2.1 provides a
summary of common technological interventions at the
intake, central water treatment plant and user level
components of a water supply chain. In designing
water treatment trains, careful consideration must be
given to many context-specific factors, including the
following.

« Source water quality: The type of water source (e.g.
groundwater, surface water, rainwater) and initial
quality of the source, including parameters such as
turbidity, pH, hardness, and presence of specific con-
taminants, informs the type and extent of treatment
required

« Contaminant profile: Identification of specific con-
taminants likely to be present in the water, such
as pathogens (viruses, bacteria and/or protozoa/
helminths), organic compounds, heavy metals, or
dissolved solids, guides the selection of treatment
processes targeted at their removal or reduction.

» Regulatory requirements: Compliance with national
drinking-water quality standards and regulations in-
fluences the choice of treatment processes and their
performance criteria (see X.8 Drinking-water quality
regulation).

« Cost: When costing potential interventions, finan-
cial considerations should span short- to long-term
costs, as well as appropriate financing mechanisms.
Costs may include capital costs, operation and
maintenance costs (including power, consumables,
personnel, support systems), costs of future up-
grades, costs of regulatory compliance.

« Infrastructure and space constraints: Consideration
of available space, existing infrastructure, and oper-
ational limitations may impact the selection of treat-
ment technologies and the layout of treatment units
within the treatment train.

» Operational and maintenance considerations: Fac-
tors such as ease of operation and maintenance
requirements, availability of skilled personnel, in-
fluence the feasibility and sustainability of chosen
treatment processes (see also Cost above). Careful
consideration must be given to the energy require-
ments and the reliability of power sources, as well
as critical supply chains e.g. spare parts, treatment
chemicals/additives, testing reagents.

« Environmental considerations: Assessment of po-
tential environmental impacts, such as energy con-
sumption, chemical usage, waste generation, and
byproduct disposal, informs the selection of envi-
ronmentally sustainable treatment options.

« Community preferences and stakeholder engage-
ment: Input from stakeholders, including community
members, local authorities, and water suppliers helps
to align treatment selection with community prefer-
ences, needs, and priorities.

« Resilience to shocks and stressors: Current and
likely future threats within a water supply (e.g. from
natural disasters, climate affects such as flooding
and drought, conflict, migration, changes in catch-
ment land use), to inform the selection technolo-
gies for resilience.

« Provision of equitable services: By explicitly con-
sidering all users of the water supply at the inter-
vention selection stage, including those disadvan-
taged, decision-makers can help to ensure that safe
and adequate water is accessible to all members of
society, regardless of socioeconomic status or back-
ground.

Selecting drinking-water source protection or
treatmentinterventions requires consultation with ex-
perts, including engineers, public health representa-
tives, drinking-water quality regulators, and catch-
ment agencies. Consultation with select stakeholders
should also be considered e.g. climatologists, disaster
and emergency representatives, hydro(geo)ologists,
non-governmental organizations, user groups, dis-
ability/disadvantaged groups and other organizations
responsible for supporting safe drinking-water pro-
grammes within a country.

Throughout the water supply, due attention should
also be given to ensuring multiple barriers are in place,
that is, where one barrier (or control measure) fails,
other barriers should help to ensure the safety of the
drinking-water supply to the user. Attention should
also be given to the overall performance of the water
supply as part of water safety plan (WSP) implementa-
tion, recognizing individual interventions may be in-
fluenced by the combination of interventions applied.
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