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About the Course Responsible 
Background
• Born in Sri Lanka, lived 18 years
• MSc from NTUU-KPI, Kiev, Ukraine, in 1987, lived 7 years
• PhD from NTNU, Trondheim, Norway, in 1992 
• lived 33 years in Norway; worked in several countries for NORAD, SIDA, DANIDA, UN, World Bank. 

Employment
• 20 years: Director of innovation & international projects at the Norwegian Institute for Water Research
• Since 2012, fulltime professor, NMBU (2001-2011 part-time) at the Faculty of Science & Technology

WESH projects

75 universities from 45 countries
www.WaterHarmony.net



International Summer School on Water
NMBU, Ås

A tradition since 2012

International Summer School
Spitsbergen



Why work with water?

• > 70% of the earth is covered with 
water

• 0.007% is accessible for human
• Even that is unfairly distributed in 

the world creating water crises.

Water – a scarce resource



• Uneven distribution of water in the world
• Climate Change will make things worse

World population Total freshwater resources

Global water related economy

© Global Water Intelligence 

2018:
World GDP: 85 trillion USD

Water dependent: 75 trillion USD
Water treatment and distribution: 600 billion USD

The World needs water specialists!



It could be an opportunity of a lifetime, 
use it for form your future







Physical unit processes 
in water and wastewater treatment:

Screening, sedimentation, flotation and (filtration) 

THT311
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Classification of treatment processes

Wastewater treatment

• Sequential order of treatment
– preliminary, primary, secondary, tertiary, 

advanced

• Main process mechanisms
– physical, biological, chemical 

Drinking water treatment

• Physical and Chemical processes
– Removal of particles, NOM, metals and 

toxic matter
– Removal or inactivation of pathogens
– Softening

• Biological processes: 
– contaminants in polluted raw water

• heavy metals, 
• natural organic matter, 
• inorganic non-metallic matter,
• disinfection by-products, 
• endocrine disrupting
• microbial contaminants. 



Physical processes – water intakes

• Removal of large materials at the water intake
–Leaves, algae
–Small fish
–Other debris

Water hyacinth at Lake Victoria

Screen types – (waste)water treatment

Type Pore opening

Coarse screens >10mm
Fine screens 10mm-2mm
Coarse micro- screens 2mm-0.5mm

Micro-screens 0.5-0.1mm
Fine micro-screens <0.1mm



Preliminary treatment
To protect downstream treatment process

• Screening and comminution (physical)
–timber, stones, rags, paper

–bar screens and rotating screens (0:28)

>0.6m/s at Qdim to 
avoid sedimetation

Screens are often closed… (why?)



Fine micro screens

Fine Sieves / Fine screens:

• 40-60% of organic fraction of TSS are from toilet paper tissues

• Majority can be removed with sieves >500 microns.

• Combination of sieves with chemicals  

Salsnes/Trojan: 50% TSS & 20% BOD removal



Grit and sand removal /Fett- og sandfang

• Grit removal (physical)
–sand and grit 
–Aerated sand traps (luftet sandfang)

Grit and sand removal



Grit and sand removal /Fett- og sandfang

• Grit removal (physical)
–sand and grit 

Sand from sand-traps

• Washed sand can be deposited (considered not hazardous) 



Separation processes
To produce 
• clarified water  
• effluents to reduce the pollution load to secondary processes or to/and recipients
A natural part of after many other unit processes

History of sedimentation

Egypt, 1450 BC
Syphoning of water or wine

Rome, 1680, Water 
to aqueducts

UK, 1790, Lancashire filter



Classification of particle settling: 4 types

Stokes law and terminal velocity (VT)

• Drag force (Stokes law), FD = 6πηrv (η= viscosity, r = radius, v= velocity)

• Buoyance force (Newtons law) FB= πr3σg (σ= fluid density, g = gravity)

• Gravity force FG= πr3ρg (ρ =particle density)

• FG=FD+FB

• πr3ρg = 6πηrv + πr3σg 

• r2ρg = 6ηv + r2σg

• 6ηv = r2ρg - r2σg = r2(ρ-σ)g

• VT= 2r2(ρ−σ)g
9η



Approximate sedimentation times of 
particles in water

Diameter, µm type sed.tid pr 1m 
1000 sand 10 sec 
100 Fine sand 2 minutes 
10 Clay 2 hours 
1 Bacteria 8 days 

0,1 colloid 2 years 
0,01 colloid 20 years 
0,001 colloid 200 years 
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Primary treatment

• Primary sedimentation: suspended 
matter settles under gravity.

• Rectangular (horizontal flow), 
circular (radial flow), upward flow

Sedimentation tanks

(a) rectangular horizontal flow tank; 
(b) circular, radial-flow tank; 
(c) hopper-bottomed, upward flow tank



Sedimentation

Surface load, m/s

Flow/area= Q/A = 



Dimensioning of sedimentation tanks

• Key parameter: surface load (Q/A, m/s), 1.0-2.5
• Pre-sedimentation: Q/A: 2.0-2.5
• Secondary sedimentation in activated sludge (AS), 0.8-1.3

–in addition to the surface load the sludge concentration, SVI, basin 
geometry and water depth are important

• Water depth >2.5 m (AS: >3.5m)

Dimensioning guidelines –
secondary sedimentation after AS

• Sludge volume SV (ml/l) = SVI (ml/g SS) ꞏ X (g SS/l)
–SVI: sludge volume index; X: sludge concentration
–SVI should be between 100-150 for WW without much industrial input



Construction guidelines

• Flow rate of inlet in sedtanks after AS or coagulation should be 
0.4 m/s and < 0.2 m/s at Qmaxdim

• For bigger horizontal tanks L/W  6

• For quadratic and circular tanks, the slope of sludge bottom > 60°

Lamella plate and tube settlers



Plug Flow Reactor vs Continuous Stirred-Tank Reactor



Optimising sedimentation tank hydraulics: 
CFD: Computational Fluid Dynamics

Flotation with DAF (Dissolved Air Flotation)



DAF

Filtration



Slow and rapid sand filters

Filtration mechanisms



Dual media filters
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• Main process mechanisms
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Drinking water treatment

• Physical and Chemical processes
– Removal of particles, NOM, metals and 

toxic matter
– Removal or inactivation of pathogens
– Softening

• Biological processes: 
– contaminants in polluted raw water
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Physical processes – water intakes

• Removal of large materials at the water intake
–Leaves, algae
–Small fish
–Other debris

Water hyacinth at Lake Victoria

Screen types – (waste)water treatment

Type Pore opening
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Micro-screens 0.5-0.1mm
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Preliminary treatment
To protect downstream treatment process

• Screening and comminution (physical)
–timber, stones, rags, paper

–bar screens and rotating screens (0:28)

>0.6m/s at Qdim to 
avoid sedimetation

Screens are often closed… (why?)



Fine micro screens

Fine Sieves / Fine screens:

• 40-60% of organic fraction of TSS are from toilet paper tissues

• Majority can be removed with sieves >500 microns.

• Combination of sieves with chemicals  

Salsnes/Trojan: 50% TSS & 20% BOD removal



Grit and sand removal /Fett- og sandfang

• Grit removal (physical)
–sand and grit 
–Aerated sand traps (luftet sandfang)

Grit and sand removal
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• Grit removal (physical)
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• Washed sand can be deposited (considered not hazardous) 
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• effluents to reduce the pollution load to secondary processes or to/and recipients
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Primary treatment

• Primary sedimentation: suspended 
matter settles under gravity.

• Rectangular (horizontal flow), 
circular (radial flow), upward flow

Sedimentation tanks

(a) rectangular horizontal flow tank; 
(b) circular, radial-flow tank; 
(c) hopper-bottomed, upward flow tank



Sedimentation

Surface load, m/s

Flow/area= Q/A = 



Dimensioning of sedimentation tanks

• Key parameter: surface load (Q/A, m/s), 1.0-2.5
• Pre-sedimentation: Q/A: 2.0-2.5
• Secondary sedimentation in activated sludge (AS), 0.8-1.3

–in addition to the surface load the sludge concentration, SVI, basin 
geometry and water depth are important

• Water depth >2.5 m (AS: >3.5m)

Dimensioning guidelines –
secondary sedimentation after AS

• Sludge volume SV (ml/l) = SVI (ml/g SS) ꞏ X (g SS/l)
–SVI: sludge volume index; X: sludge concentration
–SVI should be between 100-150 for WW without much industrial input



Construction guidelines

• Flow rate of inlet in sedtanks after AS or coagulation should be 
0.4 m/s and < 0.2 m/s at Qmaxdim

• For bigger horizontal tanks L/W  6

• For quadratic and circular tanks, the slope of sludge bottom > 60°

Lamella plate and tube settlers



Plug Flow Reactor vs Continuous Stirred-Tank Reactor



Optimising sedimentation tank hydraulics: 
CFD: Computational Fluid Dynamics

Flotation with DAF (Dissolved Air Flotation)



DAF

Filtration



Slow and rapid sand filters

Filtration mechanisms



Dual media filters
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Its not only 
bacteria/viruses…
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Microbiological methods

• Plate culture



Microbiological methods

• Enzyme-specific tests

THT 271-2021



Discussion session

• What surprised you in this course, and why?

• What’s the most important thing you learned? Why do you think so?

• What do you want to learn more about, and why?



Chemical methods and application 
THT311

Harsha Ratnaweera

Coagulation
• Main objectives:

–Remove particles

–Remove NOM (in DWT)
–Remove phosphates (in WWT)



Mechanical vs chemical treatment
Typical removal rates Mechanical Chemical

SS 60% 80-90%

COD 30% 50-70%

Tot-P 15% 70-90%

Tot-N 15% 25-30%

 1 nm   1 µm   1 mm 1 cm 
0.0000001 0.000001 0.00001 0.0001 0.001 0.01 0.1 1 10 

                  
 Molecules              
    Colloids        
         Suspended Solids   
        Bacteria         
         Algae       
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DWTP



DWTP

WWTP



Particle removal mechanisms
(The 4 coagulation mechanisms)

• Compression of Double Layer
• Adsorption-charge neutralization
• Bridging
• Sweep floc

Colloidal stability
Potential energy

Derjaguin–Landau–Verwey–Overbeek
VT = VA+VR+VS
Attractive force:  
Repulsive force:  

where a is the particle radius, ε is the solvent permeability, κ is
a function of the ionic composition, and ζ is the zeta potential.

A is the Hamaker constant andD is the distance between the
particles

Solvent potential VS = negligible



Shulze-Hardy rule

6 6 6
I II III 1 1 1

M : M : M : : 100 :1.6 : 0.3
1 2 3
           
     

An empirical rule summarizing the general tendency 
of the critical coagulation concentration to vary 
inversely with the sixth power of the counter ion 
charge number of added electrolyte, without specific 
absorption (or chemical reactions)

Can be derived from the DLVO theory

Sea water addition to ww
• Seawtaer has Ca2+ and Mg2+ which positively 

infleunce coagulation

• Several WWTPs along the coast add upto
8% seawater.



Double layer compression

Shultz-Hardy rule: impact of the 
counter-ions: z6

Hydrolysis
Al3+ + H20  Al(OH)2+ + H+

Al(OH)2+ + H20  Al(OH)2
+ + H+

Al(OH)2
+ + H20  Al(OH)3 + H+

Release of H+ : pH reduces



Adsorption- Charge Neutralization

Bridging



Sweep floc

Solubility diagrams



Coagulation diagrams 

Average dosing

• Why is it necessary to add almost twice Al for Fe?
• If you have a hard water with high pH, which coagulant?
• If you have soft water and pre precipitation, which coagulant?

Coagulant  Optimal pH  Normal dosage, mg‐Me/l 
Al3+  6.0‐7.0  1.5‐3.0 mg Al/l 
Fe3+  4.5‐5.5  3.0‐6.0 mg Fe/l 
PAX  6.5‐7.5  1.0‐2.5 mg Al/l 

 



Colloids & coagulation

1

3

4

2

THT271-272

Phosphate removal mechanisms
• Chemical reactions with Al, Fe, Ca with P resulting in MeP-complexes

• Adsorption or sweep floc of MeP, complex and various ions to particles which 
separates.

• Me3+ + PO4
3-  MePO4 (MePO4)x (OH)3-3x

• Al3+ + PO4
3-  Al(PO)4



Coagulants and mechanisms

Water type  Drinking water coagulation  Wastewater coagulation 

Mechanism and 
coagulant type 

Inorganic 
coagulants 

Organic coagulants  Inorganic 
coagulants 

Organic 
coagulants 

Double‐layer 
compression 

Occasionally  Not applicable  Used when 
seawater is 
available 

Not applicable 

Adsorption‐charge 
neutralisation 

Dominant  Occurs with 
cationic polymers 

Occurs frequently  Occurs with 
cationic polymers 

Inter‐particle 
bridging 

Not applicable  Dominant  Not applicable  Dominant 

Colloidal 
entrapment (Sweep 
floc) 

Occasionally  Not applicable  Dominant  Not applicable 

 

Selection of coagulants
• Traditional

• Al3+ (Aluminiumsulphate, Aluminiumchloride)
• Fe3+ (Iron Chlorode, Iron chloride suplpahte)
• Ca2+ (Calcium hydroxide)
• Fe2+ (Iron Sulphate)

• New (innovative)
• Prepolymerized (PAX, PIX)
• With Slica/water glass
• With Ca2+
• With flocculants
• Chitosan
• Ti4+ & Zr4+



Challenges
• Too little P after pre-precipitation
• Too low pH after pre precipitation
• Too strong binding of P to Al/Me so poor accessibility of P to plants
• Too much sludge?
• Sludge too difficult to process?
• Working pH range vary 
• Price Fe2+ vs Fe3+

Influence of Prepolymerisation

Coagulant OH/Me Me[PO], %
Aluminium sulphate 0 57
Iron Chloride 0 56
Poly-Aluminium Chloride I 1.1 43
Poly-Aluminium Chloride II 1.7 35
Poly-Aluminium Chloride III 1.9 25

OH/Al Al[PA] Al[PO]



CEPT- Chemically Enhanced Primary Treatment 
• Using external chemical addition to increase particle capture within primary 

treatment
• External chemicals:

–Coagulant – typically a metal salt like alum or ferric chloride
–Polymer – “tie it all together”

How can CEPT increase energy production?

Electro coagulation

• Advantages?



Ballasted coagulation – micro sand

Ballasted coagulation – magnetic particles



Flocculation

• Organic flocculants
– PAA, very low dosages (1-2% of coagulants), 15-25 costly as coagulants

• Can reduce the sludge volume considerably
– surface loads can increase from 0.5-3.0 to 3-10 m/h

• Construction
– Pedal flocculators
– Tube-flocculators

Flocculation - advantages

• Increase of process stability
–Stronger and heavier flocs
–Less floc brekage undre transport
–(somewhat) less infleunced by over- and under dosage
–More compact slidge



Flocculators

Flocculation chambers

Advantages and disadvantages?



Flocculation intensity
• Rate of aggregation of smaller particles to flocks 

(aggregates) is a function of
–Velocity gradient, G
–Mixing time (duration), T (reactor volume/Q)
–Concentration of particles, ɸ

G = / or in a pipe: G= .
.

. .
• W=added energy per volume, watt/m2
• µa = absolute viscosity, kg/m.sec
• = coefficient of resistance, =100Re-0.25, where R=v 

d/; v= flow m/sec; d= diam, m; =kinetic viscosity, m2/sec 

G-value
(Velocity gradient)

• M= number of chambers
• ɸ = concentration of 

particles
• T = retention time

–Sedimentation needs 
big and heavy flocs
(lowering G)

–Flotation needs light 
and smaller flocs (high 
& even G) 

T1=T2=T3



Separation
• Sedimentation
• Flotation
• Filtration

Design parameters 



Dosing control
• Optimal dosage = (Q, SS, P, pH)
• Common dosing strategy : D=(Q)

38

Waste of coagulants?
• Optimal dosage = minimum dosage needed to achieve the required treatment efficiency
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Jar-test

Coagulant production - Global
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Outline

• Sources of wastewater and need for treatment
• WW discharge legislations
• Status of WW treatment



Sources of wastewater
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Wastewater status in 60’s and 70’s in Norway

• Almost no WWTPs
• But many sewers with poor quality
• Main purpose was to transport WW from housing

areas.

• ”Dillution is solution to pollution”



Massive pollution….
• Increased use of water closets
• Septic tanks as the only treatment
• Serious pollutions in rivers, lakes and fjords.
• High bacteria concentrations
• Low oxygen content in recipients
• Massive algal blooms due to N and P

Aker Brygge, ‘70s

Number of water closets in Oslo 1915-1948

Focus on WW treatment in 1970’s

• Pretreatment
• Mechanical treatment
• Biological treatment
• Chemical treatment- Mostly primary and secondary 

treatment without biological stage



• Org-C + O2 CO2

• NH4-N + O2  NO2 + O2  NO3 ( N2)

Nitrogen in 
North sea 1998



Economic impact on poor sanitation

Outline

• Sources of wastewater and need for treatment
• WW discharge legislations
• Status of WW treatment



Discharge permits in Norway: norskutslipp.no

Norwegian University of Life 
Sciences



Bathing Water Directive 1976

Sewage Sludge Directive 1986  

Drinking Water Directive 1998/2021

Nitrates Directive 1991

Urban Waste Water Treatment Directive 1991

Water Framework Directive 2000

Floods Directive 2007

Groundwater Directive 2009

EU Directives

Norwegian University of Life 
Sciences





Sensitive areas in Nordic countries
Receiving water – agglomerations > 2000 pe  Number (in red: % of total pe)

Country Coastal waters Fresh water   andestuaries

Less  
sensitive

Normal Sensitive Less  
sensitive

Normal Sensitive  
(incl. soil)

Denmark Only sensitve areas
70 %

Only sensitve areas
30 %

Sweden Only sensitve areas
39

58 %
Only sensitve areas

328

48%

Finland
0 % 0 %

26

43 % 0 % 0 %

164

57 %

Norway
37

23 %

0

0 %

23

42 %

0

0 %

7

7 %

92

26 %

Iceland Only less sensitve areas



WW discharge limits in Africa and Asia

WW discharge limits in China



2
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Outline

• Sources of wastewater and need for treatment
• WW discharge legislations
• Status of WW treatment



Urban sanitation and ww challenge

Urban wastewater collected and treated-Europe



WWT in Europe
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Wastewater status in 60’s and 70’s in Norway

• Almost no WWTPs
• But many sewers with poor quality
• Main purpose was to transport WW from housing

areas.

• ”Dillution is solution to pollution”
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• Increased use of water closets
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• High bacteria concentrations
• Low oxygen content in recipients
• Massive algal blooms due to N and P
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Focus on WW treatment in 1970’s
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• Mechanical treatment
• Biological treatment
• Chemical treatment- Mostly primary and secondary 

treatment without biological stage



• Org-C + O2 CO2

• NH4-N + O2  NO2 + O2  NO3 ( N2)

Nitrogen in 
North sea 1998



Economic impact on poor sanitation

Outline

• Sources of wastewater and need for treatment
• WW discharge legislations
• Status of WW treatment



Discharge permits in Norway: norskutslipp.no

Norwegian University of Life 
Sciences



Bathing Water Directive 1976

Sewage Sludge Directive 1986  

Drinking Water Directive 1998/2021

Nitrates Directive 1991

Urban Waste Water Treatment Directive 1991

Water Framework Directive 2000

Floods Directive 2007

Groundwater Directive 2009

EU Directives

Norwegian University of Life 
Sciences





Sensitive areas in Nordic countries
Receiving water – agglomerations > 2000 pe  Number (in red: % of total pe)

Country Coastal waters Fresh water   andestuaries

Less  
sensitive

Normal Sensitive Less  
sensitive

Normal Sensitive  
(incl. soil)

Denmark Only sensitve areas
70 %

Only sensitve areas
30 %

Sweden Only sensitve areas
39

58 %
Only sensitve areas

328

48%

Finland
0 % 0 %

26

43 % 0 % 0 %

164

57 %

Norway
37

23 %

0

0 %

23

42 %

0

0 %

7

7 %

92

26 %

Iceland Only less sensitve areas



WW discharge limits in Africa and Asia

WW discharge limits in China



2
7

Outline

• Sources of wastewater and need for treatment
• WW discharge legislations
• Status of WW treatment
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Urban wastewater collected and treated-Europe
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Wastewater status in 60’s and 70’s in Norway

• Almost no WWTPs
• But many sewers with poor quality
• Main purpose was to transport WW from housing

areas.

• ”Dillution is solution to pollution”

Massive pollution….
• Increased use of water closets
• Septic tanks as the only treatment
• Serious pollutions in rivers, lakes and fjords.
• High bacteria concentrations
• Low oxygen content in recipients
• Massive algal blooms due to N and P

Aker Brygge, ‘70s

Number of water closets in Oslo 1915-1948



Focus on WW treatment in 1970’s

• Pretreatment
• Mechanical treatment
• Biological treatment
• Chemical treatment- Mostly primary and secondary 

treatment without biological stage

• Org-C + O2 CO2

• NH4-N + O2  NO2 + O2  NO3 ( N2)



Nitrogen in 
North sea 1998

Economic impact on poor sanitation



Outline

• Sources of wastewater and need for treatment
• WW discharge legislations
• Status of WW treatment

Discharge permits in Norway: norskutslipp.no
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Country Coastal waters Fresh water   andestuaries

Less  
sensitive

Normal Sensitive Less  
sensitive

Normal Sensitive  
(incl. soil)

Denmark Only sensitve areas
70 %

Only sensitve areas
30 %

Sweden Only sensitve areas
39

58 %
Only sensitve areas

328

48%

Finland
0 % 0 %

26

43 % 0 % 0 %

164

57 %

Norway
37

23 %

0

0 %

23

42 %

0

0 %

7

7 %

92

26 %

Iceland Only less sensitve areas



WW discharge limits in Africa and Asia



WW discharge limits in China

2
8



Outline

• Sources of wastewater and need for treatment
• WW discharge legislations
• Status of WW treatment

Urban sanitation and ww challenge



Urban wastewater collected and treated-Europe

WWT in Europe



Your answers



Your answers
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Water, a scarce resource –
need for sound management 

Haakon Thaulow
Ex: Norwegian Water Research Institute - NIVA

THT 311-2021

Water Resources Management &  and Water and 
Wastewater Treatment

Covid - 19 - Water

6. oktober 2011Haakon Thaulow 2

• Handwash: Key protection measure! 
• Not detected in water supply systems (EPA) 

( but some researchers - - - ) 
• Covid 19: Water supply – wastewater

No more risk than other virus 
• UN: More financing for water protection needed
• Water crucial to combat Covid 19!
• Sound Water Management !
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Parliamentary report 
to the Storting-
«White Paper»
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UN:  Two major challenges:

Biodiversity

Climate Change

-Water Stories I
• UNs Sustainable goals – Waters key role

• UN  -World Water Day  - Water and Climate

• Water Crises - World Economic Forum 

• Freshwater as a resource 
«Water Crises Drivers »

• The «Water–Energy-Food» nexus

• Water Crises – Water Wars? - where and why? 

14.06.2021Thaulow 



Water Stories II   -

• Strategies for actions and solutions - IWRM
Integrated Water Resources Management

• The European approach- the EU Water 
Framework Directive

• Water Resources in Norway – our situation in 
brief 

14.06.2021Thaulow 
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FN s bærekraftsmål- 2030
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• By 2030, achieve universal and equitable access to safe and affordable 
drinking water for all

• By 2030, achieve access to adequate and equitable sanitation and hygiene 
for all and end open defecation, paying special attention to the needs of women 
and girls and those in vulnerable situations

• By 2030, improve water quality by reducing pollution, eliminating dumping 
and minimizing release of hazardous chemicals and materials, halving the 
proportion of untreated wastewater and substantially increasing recycling and safe 
reuse globally

• By 2030, substantially increase water-use efficiency across all sectors and 
ensure sustainable withdrawals and supply of freshwater to address water scarcity 
and substantially reduce the number of people suffering from water scarcity

• By 2030, implement integrated water resources management at all levels, 
including through transboundary cooperation as appropriate

• By 2020, protect and restore water-related ecosystems, including 
mountains, forests, wetlands, rivers, aquifers and lakes

• By 2030, expand international cooperation and capacity-building support 
to developing countries in water- and sanitation-related activities and programmes, 
including water harvesting, desalination, water efficiency, wastewater treatment, 
recycling and reuse technologies

• Support and strengthen the participation of local communities in improving 
water and sanitation management

14.06.2021Thaulow 
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UN Water

World Water 
Development 
Report – 2021

March 22nd:
«World Water 
Day»
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Tema 2021
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2020

Water and Climate Change 
klimaendringer

Wilder, warmer, wetter: larger and more 
frequent droughts, ocean level rise - -

14.06.2021Thaulow 



Water and Climate Change

–Causes and mitigation
measures to reduce
emissions of climate gases: 
water not important

–Impacts and adaptation
measures: Water in focus

14.06.2021Thaulow 
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David Attenborough; 
«The Garden of Eden is no more» «Global Risk 

Report» 2021
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Water is 
dangerous !

14.06.2021Thaulow 



14.06.2021Thaulow 

2021

14.06.2021Thaulow 
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2020
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Freshwater as a resource



Enough ,– but scarce - - -

• 2,5% av all water of earths water is 
freshwater

• 2/3 of freshwater locked in glaciers/ice 
• 20 % of the rest is inacessable

er utilgjengelig
• 75 % of the rest- wrong place 

- at the wrong time
• For practical use; 0,08-0,1 % of total 

amount of water on earth -.

14.06.2021Thaulow 

Rurual 

Water supply 

Cities Irrigation
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Energy Transport

Water for

14.06.2021Thaulow 

Biodiversity
/ecology

Livelyhood - levevilkår

Water Resources important for :

14.06.2021Thaulow 
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What is the 
problem?
Too little!

Too much!

Poor quality! 

Wrong place at 
wrong time!

14.06.2021Thaulow 



Characteristica
• Universal, globally sufficient and 

renewable
• Irreplacable 
• Problem areas: regional/local – not 

global (climate, ozon)
• Crossing national borders –

international river basins dominate
• Water Management-complex issues –

interdisciplinarily and crossectorial 
approaches –cooperation!

14.06.2021Thaulow 
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WATER RESOURCES FACTS
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- Glimpses of water problems I  
• 54 % of available water »used» , water 

availability per capita will decrease

• 800 millions lack safe water supply, more than 2 
billions satisfactoriy sanitary solutions

• 2 billions in more than 40 countries affected by 
water shortage

• Freshwater ecosystems most threatned, 1/5 
number of species strongly decreasing 

14.06.2021Thaulow 



- Glimpses of Water Problems II 
• 50% experience lack of water one month 

a year

• 40 % of acriculture production depend on 
irrigation

• Last 20 years – 166 000 deaths due to 
floods and droughts

14.06.2021Thaulow  24.oktober 2012 35
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Water Stress
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Glimpses of future water problems

• 2/3 in water-scarce regions by 2025

• 700 millions expected to have to 
migrate

• 95 % increased probability for water 
conflicts next century

14.06.2021Thaulow 



Glimpses of future water problems

• UN: By 2050 without changing 
course: 50% av worlds population 
shortage of clean water

• Water security:  Water-Food-Energy 
Nexus

14.06.2021Thaulow 
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Water needs energy !! 

«Water and Energy Nexus» 

14.06.2021Thaulow 
Energy needs water !

«Water and Energy Nexus»
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Water Stress

14.06.2021Thaulow 

Water Stress - Persons and Water Availability 2000 and 2050 



276 international river basins
Key resource for water supply and ecosystem services 
in 145 countries – cover more than 50% of worlds 
surface, 40 % of worlds population and 60 % of 
freshwater resources

Formalised cooperation only for 40% of international 
water resources

14.06.2021Thaulow 
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Danube – through 
19 countries !!

14.06.2021Thaulow 
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Water Problem «drivers»

Water problem «drivers»
dfrivers»

• Climate Changes
• Population increase – urbanisation

– Yearly 80 mill new world citizens
– More than 2 billions more by 2050  

• Food production - irrigation
– 10 % reduced crop pr degree 

increased temperature 
• Energy – renewable – hydropower

– Away from fossilbased energy  

Water problem drivers 

14.06.2021Thaulow 



Water problem «drivers»
dfrivers»

• Climate Changes
• Population increase – urbanization

– Yearly 80 mill new world citizens
– More than 2 billions more by 2050  

• Food production - irrigation
– 10 % reduced crop pr degree 

increased temperature 
• Energy – renewable – hydropower

– Away from fossilbased energy  

Water problem drivers 
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Climate Change and River runoff 
changes 
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More yearly, more intense and more often 
rains in Oslo since 1965
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Ocean level rising  - - -

If sea level rises 1.5 m:
Total population affected: 17 million (15%)
Total land area affected: 22,000 km2 (16%)

Source: UNEP/GRID Geneva; University of Decca; JRO Munich; The World Bank; World Resources Institute, Washington, D.C.

• Ice melting
• Water expands
• From ground- to 

surface water
Bangladesh

IPPC 2019: 49-84 cm <
L/H  Scenario 2100

14.06.2021Thaulow 

Ocean level
– Increase due to water expands with higher 

temperature

– More melting of glaciers/icecaps 
(Greenland, Antarctica). 

• IPCC (2019): Probable level increase this 
century : 43 cm (low discharge scenario), 84 
cm  (high discharge scenario). Continue to 
increase after 2100. 

• Many scientists believe the level will rise 
considerably faster - - . 

14.06.2021Thaulow 



Water problem «drivers»
dfrivers»

• Climate Changes
• Population increase – urbanisation

– Yearly 80 mill new world citizens
– More than 2 billions more by 2050  

• Food production - irrigation
– 10 % reduced crop pr degree 

increased temperature 
• Energy – renewable – hydropower

– Away from fossilbased energy  

Water problem drivers 

14.06.2021Thaulow 
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Urban areas 
sprawl  –
Tokyo >20 mill! 

- over 2 
billions 
more by 
2050 - -

20-30 % 
increased 
consumption 
towards  2050 



Infrastructure for water supply and 
sewerage insufficient/overloaded. 
Sinking groudwater level -
overpumping - -

14.06.2021Thaulow 

Water problem «drivers»
dfrivers»

• Climate Changes
• Population increase – urbanisation

– Yearly 80 mill new world citizens
– More than 2 billions more by 2050  

• Food production - irrigation
– 10 % reduced crop pr degree 

increased temperature 
• Energy – renewable – hydropower

– Away from fossilbased energy  

Water problem drivers 
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Food for 2 billions more by 2050 - - -

Water –food supply 

• Rainfall pattern changes

• Overpumping of groundwater can 
have dramatic impacts on food/grain 
crops

• Towns sprawl over agricultural areas

14.06.2021Thaulow 
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Mean crop changes (%) for important 
agricultural products - temperature rise of 
4°C  (ref. 1980–2010)

Verdensbanken, 2014
Omfatter bare modeller som tar med direkte virkninger av CO2 og nitrogen 
forbindelser. 14.06.2021Thaulow 
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South Norway  - dry summer 2018 

14.06.2021Thaulow 

Nordic food security - -



Withdrawal for water supply and 
irrigation, groundwater level 
sinking substantially – -

• Middle east; Irak, Jordan, Israel/Palestina, 
Iran  

• China, India 
– Beijing from 100- til 300 meter depth to 

extract groundwater
– India – «sinking» large part of energy 

use related to pumping groundwater –
«deeper and deeper»

• USA/Mexico – Texas/California   

14.06.2021Thaulow 

Water problem «drivers»
dfrivers»

• Climate Changes
• Population increase – urbanization

– Yearly 80 mill new world citizens
– More than 2 billions more by 2050  

• Food production - irrigation
– 10 % reduced crop pr degree 

increased temperature 
• Energy – renewable – hydropower

– Away from fossilbased energy  

Water problem drivers 
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«Environment-
environment conflict« 
the double challenge 

UN Climate Panel  
UN Biodiversity Panel  

-Renewable energy - hydropower

Thaulow 
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Changes in  hydropower production -

New NVE -report: 8 TWh more  
« climatepower» in Norway
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rainfall variability, Ag GDP and GDP
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Kenya :extremely vunerable to rainfall variability
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Increased water use, more renewable energy , more extreme weather 

Water storage !!! 

14.06.2021Thaulow 

What is the 
problem?
Too little!

Too much!

Poor quality! 

Wrong place at 
wrong time!

14.06.2021Thaulow 
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Water Stress

“Hot Spots” freshwater  

14.06.2021Thaulow 



Water crises –Water wars ? 
• China – water transfer   
• Cape Town 2018
• Nile
• Indus
• Ganges –Brahmaputra
• Palestine/Israel 
• Colorado River  – California
• New Dehli

14.06.2021Thaulow 
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China

South – North 
Water Transfer 
Project

62 milliarder 
USD



Cape Town –water crises 
2018

14.06.2021Thaulow 

Cape Town water crises  first 
half of 2018 

• Climate/drought- water infrastructure, 
population growth. politics 

• «Day Zero» several times postponed til july
• Rainfall and actions: 
• 50 l/p.d, 2 min shower, no garden watering
• Loyal following of rules,-lists of water 

criminals!
• Waterprice increase 30% - changing 

priorities of water rights- from agriculture to 
domestic/industrial  supply 

14.06.2021Thaulow 
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2019 

14.06.2021Thaulow 

Following 
forest 
firers - -
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-pouring rain and floods - -

14.06.2021Thaulow 
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Key drivers behind water conflicts and possible water 
wars:
- Limited water resources too little water 
- International river basins
- Withdrawal of water and upstream storage –

reservoirs/dams
-Increased water demand, population growth, 

agriculture/irrigation

14.06.2021Thaulow 

17 countries   - -

Botswana
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UN: Areas-rivers for possible Water 
Wars:

“It is still possible to shift course if we an cope 
with climate change problems” - - - - . 

14.06.2021Thaulow 

Egypt in conflict with all 
upstream countries - - -
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«The blue Nile - -»

14.06.2021Thaulow 

Grand Ethiopian 
Renaissance Dam

Almost 
finished

Egypt-
Etiophia
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INDUS 
India -
Pakistan 

14.06.2021Thaulow 

G
Ganges 

Ganges –
Brahmaputra
400 millions depending  
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Colorado River – Water supply to Los Angeles area. 
Argriculture/irrigation.
Often dry befor entering Mexico –Bay of California  

Mexico

Water shortage California  2014-
2016

14.06.2021Thaulow 



California fires 
in 2017, 2018 
and 2019 –

Drought and 
wind !

14.06.2021Thaulow 

Palestina – Israel 

14.06.2021Thaulow 



The Dead sea dies   -

14.06.2021Thaulow 

Read Sea- Dead 
Sea Canal 

Water supply –
Desalination-
Hydropower

Stabilize Dead Sea 
surface level 

- 490 m

14.06.2021Thaulow 



Sea level 

Groundwater level  

14.06.2021Thaulow 

Israel /Palestina :
Water cooperation following the 
Oslo II agreement
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What is the 
problem?
Too little!

Too much!

Poor quality! 

Wrong place at 
wrong time!

14.06.2021Thaulow 
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Houston, USA  2017
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Kvam, 
Gudbrandsdalen 
2018 

Mørkrisdalen, 
Sogn og 
Fjordane 2018



What is the 
problem?
Too little!

Too much!

Poor quality! 

Wrong place at 
wrong time!

14.06.2021Thaulow 
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- Water Supply for all  - -
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Safe and clean -

Water infrastructure non existing  –
groundwater sinking – (Rio favela)

14.06.2021Thaulow 
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Water is 
dangerous!
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Every day approx. 1000 
childres die because of 
contaminated drinking 
water or 
unsatisfactorily 
sanitary conditions.

In some countires 
every 5 th death 
among children is 
caused by diarrhoea 
due to polluted 
drinkingwater and lack 
of  good sanitary 
facilities    

Worlds most polluted river 
Citarum-river  -Java  

• 28 milloner depending on the river  
• Water Supply to Jakarta (80%), 

irrigation, receiving water, 
hydropower 

• 20 000 tons waste, 340 000 m3 
wastewater from textile factories

• Fishkill, health problems , level of 
lead 1000 times higher than 
standard for drinking water

14.06.2021Thaulow 



Join a very special River 
Cruise-!! 
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Industrial wastewater- --
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«Algae soup»

Industral 
discharges to 
polluted river 
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SDG 6 Status UN 2018

14.06.2021Thaulow 

“The main challenge across the water sector is to 
enable and accelerate progress towards achieving 
SDG 6', based on the findings from assessment of 
progress on SDG6  targets. The water sector is 
struggling to improve water resources 
management and to increase the coverage and 
quality of water and sanitation services. Some of 
the many challenges are practical actions that 
provide the “visible ̹ side of water, such as 
installing taps and toilets, building reservoirs, 
drilling boreholes, and treating and 
reusing/recycling wastewater. however, some 
actions are much less visible”.̹

SDG 6-2018 rapport  
(ref. 2015)

• 29 % lack safe drinking water supply
• 61 % lack good sanitary solutions 
• 892 mill. have toilet in «open areas»
• only 27% i LDC –countries have handwash facililties

• 60% treatment of wastewater in middel/developed 
countires (major parts of  Asia/Africa not included )

• In 22 land (Nord Africa/West/Central/South-Asia) water 
stress level  > 70 % - future water shortages

• 50 % practise Integrated Water Resources management 
(very uncertain 

• 50 % international cooperation/transboundary 

14.06.2021



Strategy: 

Integrated Water 
Resources 
Management -
IWRM 

14.06.2021Thaulow 

"IWRM is a process, which promotes the co-
ordinated development and management of 
water, land and related resources, in order to 
maximise the resultant economic and social 
wel-fare in an equitable manner without 
compromising the sustainability of vital 
ecosystems."

Integrated Water Resources 
Management

The Technical Advisory Committee of Global Water Partnership

Photo: Lake Peipsi (Estonia/Russia); P. Stålnacke

Brukerinteresser og økosystemer 
tilfredstilles !
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Integrated Water 
Management –
(Dublin principles)

• Water is a limited and 

valuable resource, essential 

for life, development and the 

environment

• Women must be involved

• Participation -principle

• Water has an economic value

14.06.2021Thaulow 

Water  has 
a price! 
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4 IWRM charateristics:
1.Several users : (fish, 

irrigasjon, water supply, 
energy production)

2.Several management levels 

3.Unlike ”power situation”   
upstream/downstream

4. Interdisciplinarity; 
technically complex 

14.06.2021Thaulow 

IWRM - EUs Water Framework 
Directive WFD

• Protection and sustainable use

• Goal: Good ecological status. Ecological
and Chemical 

• Measures; protect, improve, restore

• Sectorintegration and broad
stakeholder involvement

• Regional management plans with
environmental goals and abatement
plans with proposal for concrete
actions

14.06.2021



14.06.2021Thaulow 

WFD:

1.  Management plans 
Measure programs

2.Water Authorities –
River basins

14.06.2021Thaulow 

Crossectorial
cooperation! 



IWRM - EUs Water Framework 
Directive

(Håndbok …)
14.06.2021Thaulow 

Goals in WDF 
• General for all water bodies:
• Good ecological status and good chemical 

status: 
GES: Defined scientifically

• Heavily modified water bodies
• Good ecological potential: GEP

 «State achieved after reasonable 
measures implemented» 

•  
Thaulow 14.06.2021
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11 Water regions

14.06.2021Thaulow 

EU - WFD
(2000 - Norway 
2006) 

2 x 6 years 
planning cyclus
 
«Much have 
been achieved,  
but much 
remains to be 
done»  



Freshwater in Norway 

• Abundant water resources of 
good quality:

• Special issues
• Watercourse regulations 

/Hydropower
• Aquaculture
• Exposed to 

longtransported 
airborne pollutants –
acid rain ( improved)

• Environmental 
contaminants 

• Norway - «downstream 
country»

Thaulow 

Observed in Norway

• Warmer
ca 1 0C since 1900

• Wetter,- precipitation
increased nearly 20 % 
since 1900

• More «heat records» 
fewer «cold records»

• More rain floods

• Fewer snowmelting floods

• Springfloods come earlier

• Below 1000 m in 
southern Norway shorter
snow-season

• Glaciers are shrinking
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2018
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Oslo
Stavanger

Bergen

Heimsjø

Tromsø Haammerfest 

Ocean level 
predictions
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- River Akerselva,

- Inner Oslofjord 

Examples of 
sucessful water 
quality 
management in 
Norway - -

Action for a cleaner Akerselv 

• Closedown of industries

• Treatment of industrial wastewater 

• Collection sewers along the river 
on both sides
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Akerselva 
Environmental
Park –

14.06.2021Thaulow 
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Inner Oslofjord  -
- -



Thaulow 

Wastewater 
treatment plants 
and tunnels 

14.06.2021

Thank you !
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Meeting challenges in the water sector: 
Climate Change

Harsha Ratnaweera
Professor, Norwegian University of Life Sciences

Europe and urban floods

Copenhagen 2011



Making 
surfaces 
permeable 
again

Innovative landscapes:
Converting playgrounds to 
storm water retention 
tanks



Opening canals

Impact on drinking water supply

• On quantity
• On microbial quality
• On chemical quality



Pollution from sewers

• Combined sewer overflows
–Pipe overflows
–Plant overflows
–Pumping stations

• Flood water will contain waste
water

Impacts on water quality

• Rainwater itself is low in (free from?) pathogens!
• But rainfall becomes runoff on the surface or in the ground

• Mobilization of pathogens in the watershed
• Discharges from centralized or decentralized wastewater systems
• Flooding

• Dry periods may be important for pathogen accumulation
• Dilution vs. pathogen mobilization?
• Drought may increase relative pathogen load



Increased runoff  increased bacteria and parasites in raw water

• Results from a German study that shows the 
relationship between the increase in runoff (water flow) 
and increase in bacteria and parasites in drinking water

Kistemann et al , 2002

Impact on treatment processes

• Indirect effects on water 
treatment:

–Particle load and natural organic
matter in DW

–Disinfection efficiency
(chlorine/UV)



NOM / Colour in raw water increase

• Various raw water sources in the Oslo/Akershus region
DWTPs which were not built with colour removal (due to low raw water colour) must 
now add colour removal processes! 

How may the challenges of varying temperatures –
especially in connection with snow‐melt, be solved?

SET AS

• Use separate systems – do not mix wastewater with 
rainwater

• Select processes that can stand better variations in 
temperature



Separate sewers vs combined sewers

Good separate system vs  Combined system or system with much external intrusion water

Ødegaard, Rusten, Ratnaweera, EWA-WMCC 2016



Factors influencing treatment 
efficiencies and economics

Drier and warmer summers
Wetter and warmer winters

 snow accumulation on the surface 
 amount of sewage transported

dilution of influent

 Influent volumes
 sewage temperatures
 Influent concentrations

Why most WWTPs in Norway are covered



Underground WWTP in Norway

110 000 people
50 000 m3/day
Removal of COD, N, P

Cold climate: efficiency    cost 

 10 degrees =  of 50% of Nitrification rate
 will require bigger reactor volumes to achieve the same treatment efficiencies

Enzyem producing bacteria



More compact processes –
primary treatment

Advantages in cold climates

• Compact technology – in‐door
• High DS in sludge (> 25 % if screw press )
• Higher SS‐and COD‐removals may be achieved 
with, for e.g. polymers

Disadvantages in cold climates

• Mechanical parts to be supervised
• Possible clogging of filter mesh

Experience from Tromsø (350km North of Polar circle): 
Fine sieves may give about the same treatment results as primary settling

Common practice: setting tanks. 
Needs large space – costly if in‐door, Low sludge DS, Unstable sludge

Secondary/tertiary treatment
Suspended vs Attached growth

Advantages in cold climates

• Less influenced by fluctuations in Q & load
• Easy to operate (most reactor types)
• Lower foot‐print (e.g. MBBR)
• Nitrification easily established at lower volumes
• All separation processes may be used

Disadvantages in cold climates

• Carrier needed – more costly
• Higher DO (energy) needed



Impact on biological treatment

Reduction of 10 degrees = reduction of 50% of Nitrification rate
 will require bigger reactor volumes

Impact of temperature on coagulation

• Floc formation during wastewater coagulation is known to be slower 
at lower temperatures

• Sedimentation / flotation can therefore be negatively influenced.

•  sedimentation volumes 
•  coagulant/flocculent demand 



Temperature impact on coagulation: floc building

5 oC ‐ smaller flocs

Floc building slows down at lower temperatures

20 oC ‐ larger flocs

Cost of adaptation

Potential consequences of 
climate change on the water 
sector, without adaptation 



Economical consequences

• Increased costs. Sweden estimates 0.2 billion USD 
for 2011‐2040 improve treatment quality, and 0.6 
billion USD for 2011‐2100 (only for drinking water).

Confronting CC, CH2M HILL, 2009
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• Born in Sri Lanka, lived 18 years
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• Member of the Norwegian IWA Board, Member of specialist groups steering committees
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Course objectives
This course is an intensive course complimentary to THT 271, THT 310 or can be taken as an 
independent professional development course.

Learning outcome
After completion of this course, graduates will be able to:
 apply principles of the integrated water resource management
 recognise climate change impacts on water sector
 explain principles, opportunities and risks of digitalisation in the water sector
 implement bioeconomy principles in the water sector
 compare decentralised and centralised wastewater treatment solutions
 explain emerging water challenges
 develop research concepts and present results



Introduction exam and 
to project work

THT311

Harsha Ratnaweera & Zakhar Maletskyi



Exam / ECTS / Marks
• THT311 course is a master level course with 10 ECTS (European Credits), 

which requires 300 hours of input from each student.
–80 hours: Lectures and self study during two weeks
–220 hours: Project work + self study

• Marks:
–50% for the online exam
–50% for the project report 

Digital exam
• We will use a Google form based exam. 
• Please test if your PC/login works? NMBU login not needed

• https://forms.gle/qiNoVRi6iSAASegB6



Project work: Process and deadlines

• 25.06.2021: Selection of the topic
• 30.07.2021 and 30.08.2021 open consultation/discussion sessions on zoom
• 10.09.2021: Submission of the final draft
• 19.09.2021: Comments to the final draft by teachers
• 30.09.2021: Submission of the report 

• Only single reports (no group submissions)
• Prepare as a journal manuscript of 5000 words + figures+ tables etc.
• You may involve a teacher from your university and/or from NMBU as co-

supervisors to develop the paper. 

12 topics to select from
1. Meeting the global challenges in the water sector
2. Climate Change Impacts on the water sector
3. Integrated water resources management & Water quality
4. Planning of water utilities for the future
5. Water quality monitoring
6. Digitalisation of the water sector
7. Bioeconomy
8. Decentralised water management and Eco Sanitation
9. Emerging water challenges
10.Solving water treatment challenges in my country
11.Solving wastewater treatment challenges in my country
12.Water and wastewater legislations in my country compared with EU



Structure
• Introduction/Background: why this is a challenge or/and important to focus 

on. Use literature references
• Method: how did you collect information (data bases, contact resources 

persons, surveys, books etc)
• Results: what has been done so far and to which degree they are solved 

(references, examples)
• Discussion: how to proceed further/what can be /need to be done? Your 

thoughts from the lectures and other studies.
• Conclusions
• Recommendations: what can be done to improve work on this topic which I 

did not had time or resources, but still important to focus on
• List of references

Marking structure: 20% to each section
• Coverage of scientific literature
• Coverage of other information sources
• Comprehensiveness of the subtopics (Intro and results)
• Own reflections on the topic (discussions and recommendation part)
• Format of the manuscript



After submission
• We will consider including them in a printed proceedings book 
• The best papers will be encouraged to develop as manuscripts for 

international journals and/or conferences. Such papers can be jointly 
developed with co-supervisors (but not as a part of the assignment for the 
evaluation of the subject). 

• All will get an opportunity to present their findings at a seminar/workshop 
when you are in Norway (if the travelling will eb permitted).

Special course with SUNY-SB USA and NMBU

• State University of New York at Stoney Brook and NMBU collaborates in an 
R&D project “Managing nanoparticles and use of nanotechnology in water”.

• A special joint course with 4-6 joint lectures + project report is planned
• Postponed to Oct/Nov 2021
• A course completion certificate: jointly from SUNY.SB & NMBU 
• NMBU 3 ECTS course certificate

• Registration in Oct 2021- you will be invited to join



Arctic Summer school 

• 3 ECTS NMBU
• Certificate from IAS-HIT
• Registration end of 

June. You will be invited.
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Inorganic pollutants: drinking w
ater regulations
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Infrared spectroscopy

Infrared spectroscopy
•Analysis of m

icroplastics

O
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U
ltraviolet-visible spectroscopy (U

V-Vis)
Absorbance is proportional to concentration
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Total Analysis System
 (TAS)–

“lab-on-a-chip system
s”
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Water quality monitoring
Sampling and online monitoring 

Harsha Ratnaweera
THT 311

Outline

• Sampling-methods and error sources
• Status and need
• Online measurements and instruments
• Applications in surveillance and control



3 “bibles” in water treatment and analysis

• 1600-2000 pages; 100-400 USD each

Water Quality Analysis and Sampling

• We try to characterize the large amounts of water on the basis of a small 
sample volume. 

• To: 
• Document the water quality to the customer / government (eg. meet the requirements 

for documentation in the Drinking Water Regulations)
• Monitor water quality at special events 
• Monitor specific risk points and problem areas on the collection/distribution systems
• Determine whether the treatment plant must be expanded 
• Calculate the load on the wastewater treatment plant 
• Calculate wastewater fees for businesses 
• Optimize treatment processes 
• Decide that could have major economic and environmental consequences



Type of samples
 Samples:

– The entire sample volume is taken out at once.

 Mixed samples
– A sample consisting of several random samples taken over a longer period of time, often over a day. The test is 

then called a 24-hour test or24-hour mixed test.. Other time intervals can also be used.

 Time-proportional test
– One mixed samplewhich consists of equal samples taken at a constant time interval over a longer period, e.g. a 

sample every five minutes.

 Quantity proportional sample
– One mixed sample consisting of random samples where the amount of sample taken is in a certain ratio to the

amount of water that passes at any given time the sampling site.

– Grab sample?

Samplers
Ruttners water fetch



Wall-mounted samplers

• Pressure/vacuum principle

• Time and flow- proportional

sampling

• Fully programmable

• Adjustable suction

• Follows ISO 5667

• Acidic environment

Steel refrigerator

Uncertainty in an analysis result
There is always some uncertainty associated with an analytical response. 

The uncertainty can be divided into two main components:
– Uncertainty related to sampling

– Uncertainty related to the chemical analysis

The uncertainty contribution from the sampling is often significantly higher
than the uncertainty contribution from the chemical analysis.



Sources of error in sampling

Systematic errors 

Varying composition of 
water (particles of 
different composition and 
shape; too poor mixing at 
the sampling point)

Wrong sampling strategy 
(time proportional
sampling instead of water 
volume proportional)

Random errors 

Sampling is performed in 
different ways by different 
people

The function of the 
sampling equipment 
varies (sometimes pulls)
the sampler up large 
particles, other times not)

The samples are treated 
differently from time to 
time

The uncertainty contribution from the sampling

• The primary sampling (sampling of the daily sample from the effluent):
–Variation in the (wastewater) composition of the water (distribution of 

particles with different density, shape and size)
–Flow conditions at the sampling point (degree of stratification in the 

effluent)
–Function of the sampling equipment (will particles of a given density, 

shape and size be omitted from the sample?)
• The secondary sampling

–Too poor stirring / shaking of the sample before taking a smaller sample 
volume

• Influence of the sample during transport and storage
–Contamination of the sample from the material in the sample packaging
–Influence of environmental factors (temperature and light)



Sources of error when processing samples

• Use of equipment that affects the sample
• Use of cork / container that affects the sample
• Incorrect marking of the sample
• Incorrect preservative / quantity / or no preservation
• No cooling / freezing of the sample
• Sampling for analysis from mixed sample can
• Degree of filling in bottles

Sample bottles



Cleanliness of sampling bottles

Sample volume

The sample volume must be sufficiently large so that the desired tests and 
analyzes can be performed. If the concentrations are low, the sample must be 
concentrated before analysis and for this larger sample volumes are needed



Storage (preservation) of samples

• The samples must be analyzed as soon as possible
• When it is impractical, should be preserved according to the provisions, 

which vary by parameter.

Outline

• Sampling-methods and error sources
• Status and need
• Online measurements and instruments
• Applications in surveillance and control



The status

• Daily, weekly or monthly monitoring
• Grab samples
• Often outlet only

The need
• Increasing treatment requirements

–health reasons
–environmental reasons
–legal reasons 

• Extreme treatment requirements
–Micro-pollutants, nutrients
–Footprint – cost of land
–Process economy

• Operational requirements
–Unmanned – lack of resources / cost



Water quality in the distribution pipes



Outline

• Sampling-methods and error sources
• Status and need
• Online measurements and instruments
• Applications in surveillance and control

Online- inline –at line- off line



Type of surveillance systems

• With chemicals at line or off line
– Automated lab analysis (Flow Injection Analysis (FIA) & Sequential Flow Injection (SIA))

• Sensors “without” chemicals online or inline
– Ion selective electrodes
– Photometric

• Calorimetric
• UV absorption (colour, DO)
• UV-Vis absorption (COD, TOC, BOD)

• Virtual sensors (soft sensors) online

Various surveillance systems relevant for W&WWT
• Organic Loads (with emphasis on BOD and COD) ON/IN, AT, OFF
• Suspended Solids ON/IN, OFF
• Total Nitrogen AT, OFF
• Total Phosphorus AT, OFF
• Inorganics AT, OFF
• Heavy metals OFF
• Physicochemical parameters ON/IN, AT, OFF
• Microbiological contaminant indicators, such as E. Coli AT, OFF
• Pesticides OFF
• Endocrine Disrupting Compounds (EDCs) OFF
• Radioactive materials OFF
• Volatile Organic Carbons (VOC) and Trihalomethanes (THM) AT, OFF
• Haloacetic acids (HAA) AT, OFF
• Nitrosamines OFF
• Pharmaceuticals. OFF
• NH3-N, NO2, NO3: ON/IN, AT, OFF
• Sludge level ON/IN
• Water flow ON/IN, 
• MLSS: ON/IN, AT, OFF

pH
Conductivity
RedOx
DO: Dissolved oxygen
TOC, DOC, COD; BOD
Colour
CEC: emerging contaminants



Virtual sensors (software sensors)
Typical example: measurement of SS via tuirbidity

Scanning spectroscopy



«Anything is possible»

Fluorescence

Fluorescence is the emission of light by a substance that 
has absorbed light or other electromagnetic radiation



Sensors for universal transmitters

• pH, Orp, conductivity
• Liquid Oxygen
• Turbidity / Dry Solids,

Sludge level
• Ammonium, Nitrate
• Phosphate
• Oil in water
• New sensors are 

continuously developed

Universal transmitters
• Connects to multiple sensors.
• With 1 or 2 inputs, analogue or digital.
• Mounted on wall or Embedded in to a 

cupbord



Universal transmitters

• Upto 8 in/outputs per unit, multiple units 
connect to form a network

• Includes all sensor possibilities as SC200

pH meters
• pH meters in multiple 

modes:
• 1, 2 or up to 8-channel
• Armatures for 

immersion, or flow-
through.

• 4-20mA, relays PID 
regulator



Accessories for pH meters

• Variety of calibrating 
buffers

• Powder for mixing
• 500mL bottles
• Disposable bags (Singlet)

Flow measurements
• Flow measurements for 

open channels
• Ultrasound sensors
• Most Canal types re 

preprogarmmed, 10 
point free-curve

• 4-20mA, 2 relays.



Flow measurement in pipes

Turbidity meters for water supply

• Ready calibrated
• Light diode ensures stable 

measurements without needing 
calibration

• Delivered with or without automatic
cleaning



Automatic cleaning system

Maintenance intervals can be stretched 
extensively when cleaning is installed, 
we have customers who refrain for 1 
year…

A mechanical window cleaner ensures 
lenses, light source and all surfaces in 
the measurement chamber is cleaned.

Turbidity measurements in treatment plants

• Can be used for 
quality control of 
effluent.

• Contributes to 
optimisation of 
dosage



Cleaning system for turbidity
and dry solids sensors

• Mechanical window cleaner 
which ensures longer life

• This image illustrates the 
efficiency of the method 
described above

Ultrasonic cleaning



Blooper award from ICA2017

It seems that cleaning the sensors is important…

Where is the sensor?

Queralt Plana, modelEAU, Université Laval

Sludge level measurement
• No touch: time related 

measurements using ultrasound 
signals

• Universal: applicable in areas 
ranging from very low to very high 
dry solids content values

• Up to 12 meter tank depth: is also 
suitable for use in SBR reactors 
and special industrial applications

• Low maintenance: optimised 
automatic cleaner reduces 
maintenance need



Dissolved oxygen

• Optical system
• Does not require 

calibration
• No traditional membrane 

or electrolyte needing 
replacement/charging

• Sensor ”cap” normally 
changed once a year

Multi-parameter sensors



Chlorine analyser for water supply

• Colorimetric measuremetns ensures
accurate results

• Self calibrates before each measurement
• Low maintenance

Nitrate measurements

• Sensor in acid resistant steel constructed for 
immersion

• Batch measurement frequency can be 
reduced to 1 measurement per minute

• Window cleaner keeps the sensor’s 
measurement points clean, leading to a 
virtually maintenance-free product for 
customers

• Flow-through systems
• The sensor must connect to an SC family 

universal transmitter



Ammonium / Nitrate, ion seelctive
electrodes

Typical life-span of sensor is 12 months.
Measurement range:
0 - 1000 mg/l NH4-N
0 - 1000 mg/l NO3-N

UV absorbtion

• UV absorption instrument, can 
perform various relation 
measurements on organic matter at 
254nm

• TOC
• COD
• Colour
• SUM parameter
• Relation curves for the  respective 

parameters must be made with lab 
measurements



Sample preparations

• Filtration units for samples used 
by e.g. Orthophosphate and 
ammoniums sensors. 

• Continuously cleaned with air

Phosphate measurements

• Phosphax SC measures for orthophosphate through 
photometry, providing fast and realiable results



Microbiological quality

Outline

• Sampling-methods and error sources
• Status and need
• Online measurements and instruments
• Applications in surveillance and control



Terminologies
PLC - PROGRAMMABLE LOGIC CONTROLLERS

PAC - PROGRAMMABLE AUTOMATION COMPUTER

HMI - HUMAN MACHINE INTERFACE

RTU - REMOTE TELEMETRY UNIT

I/O - INPUT OUTPUT MODULE

DCS - DISTRIBUTED CONTROL SYSTEM

SCADA   - SUPERVISORY CONTROL AND DATA 
ACQUISITION

Commercial SCADA architecture



Network Architecture in SCADA

HMI Plant 1

HMI Plant 2

HMI Plant 3

Control Room – Pre Digital Era

Coal Power Plant
Ref: http://power-controlsystem.com/



Control Room – Digital Era

Ref: TS Electro

Example: use of online instruments at a drinking
water plant: Activated Carbon filter

Turbidity Flow Valve opening



Aeration Basin without control

DOSP

DO control
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Flow Proportional Dosing

0.0

0.2

0.4

0.6

0.8

1.0

1.2

00:00 06:00 12:00 18:00 00:00

time

Flow
Turbidity
phosphates

… but water quality parameters vary not proportionally to 
each other

Most DWTPs and WWTPs use flow proportional dosing

Multi-parameter based optimal 
dosing control

D=f(Q, pH, P, SS, temp, Cond, etc)
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Ferrybox Network in 
Europe

EU-Ferrybox project, 2002-2005 Updated Network, Science Vol 322, 2008



The Ferrybox systems on Color Fantasy 
between Oslo and Kiel



The Ferrybox installation

Pump 2 
l/min

Sampling unit 



Temperature
Salinity

Oxygen

Particles

Algae

CDOM

Cyano-
bacteria

pH (opt)

Ferrybox sensors on Oslo‐Kiel

CDOM: coloured dissolved organic matter /phycocyanin,



Water sampler 



Sensors on the deck (colour, 
radiation, sea temperature)

Sensors on the deck (colour & radiation)



Temperature measurements
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Web site for the ship data www.ferrybox.no
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Introduction

Water utilities are essential for human society, life and health.
However, water utilities and the population they serve are facing a
combination of water security and resilience challenges.

These are caused by the cumulative impacts of
I population growth,
I increasing demand for water supply,
I declining resources,
I wastewater management,
I pollution and climate change
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Use of digital data & concepts to meet the challenges

Smart by design - adaptive, distributed, advanced
Smart use - doing more with less, RRR (R3)
Smart control - sensors, analytics, OT-IT integration
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Defining digital water
Digital water, Smart Water, Internet of Water, Water 4.0
The water sector’s value chain links the environment and water
resources to a utility, the utilities to their customers, and the
customers back to their environment.
I Efficient collection and use of digital data for smart digital

solutions to address the challenges in critical physical assets
and their services (the water cycle)
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Digital solutions for water & wastewater utilities

I Remote watershed integrity Proactive remote monitoring
enables fewer callouts and surprises in headwater parameters,
including monitoring of multiple parameters (Temperature,
pH, Nitratets, etc)

I Treatment process optimization Water quality sensors
combined with advanced logarithms to optimize the treatment
processes, reducing operational costs (e.g. energy, treatment
chemicals, etc)

I Water network management Sensors and algorithmic
solutions provide monitoring of network pressure, failures, and
overall asset condition

I Combined sewer overflow management Intelligent
equipment and real time analytics to prepare for and prepare
sewage and stormwater overflows, reducing the need for
emergency call-outs

I Meter and Billing Management Smart metering solutions
to improve billing accuracy and enhance customer service
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Digital solutions for water & wastewater utilities

I Preventative & predictive maintenance Connected
equipment and maintenance solutions to reduce downtime and
failures of critical equipment and pipelines, reducing the need
for emergency call outs

I Stormwater management and flood relief Comprehensive
range of on-site water capture and dewatering solutions –
including emergency response capabilities – to mitigate and
manage a range of stormwater and wastewater flooding events

I Intelligent pumping & treatment equipment Intelligent
equipment – including pumps, mixers, diffusers, and other
equipment- which is capable of self-optimizing for enhanced
performance, lower maintenance, and lower total cost of
ownership
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Benefits of digitalisation
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Benefits of digitalisation
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Threats
The transition to smart water systems provides invaluable
opportunities for enhancing operational efficiency in utility sectors.
However, it results in increased risks posed by adversaries and threat
actors
I Threats may potentially disrupt the normal operation of the

water sector in a number of ways.
I Threats may either be triggered or exploited by nature,

unintentionally by a human, or deliberately by a malicious actor

I System failures
I Natural phenomena
I Human errors
I Malicious actions – cyber attacks
I Third-party failures
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Threats

I Natural phenomena (earthquakes, floods, landslides,
tsunamis, heavy rains, heavy snowfalls, heavy
winds,electromagnetic impact (lightning, geo-magnetically
induced current (GIC)), explosion, fire (e.g., bush fire, forest
fire) )

I External human activities (e.g. disruption of communication
links due to mechanical force and bomb threats, theft of
(copper) lines and equipment, the deliberate use of force to
create damage including pistol shots at communication lines )

I Internal (insufficient training of water sector operators and
engineers, human error, lack of awareness about organisational,
physical, cyber, and personnel security, unpreparedness and lack
of critically needed supplies)
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Threats

I System failures/ malfunction –failure of devices or systems,
failure or disruption of communication links (communication
networks), failure or disruption of main supply, failure or
disruption of service providers (supply chain), malfunction of
equipment (devices)

I Malicious actions – cyber attacks (malware, denial-of-service
attack, Man-in-the-Middle,jamming attack, phishing attack,
false data injection attacks, etc)
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Vulnerabilities

I Types of vulnerabilities
I cyber, cyber-physical, and physical vulnerabilities

I Causes of vulnerabilities
I Isolation assumption
I Increased connectivity
I Easier escalation from a single unit failure to system collapse
I Cascading effects between critical infrastructure (e.g. water

and energy)
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Vulnerabilities
I Communication vulnerabilities in cyber components

I Vulnerable protocols
I Direct access to remote field devices such as RTUs and PLCs
I PLCs directly connected to the Internet

I Software vulnerabilities
I Applications that are used for controlling and monitoring field

devices are running on general-purpose OS
I Vulnerabilities in Internet exposed devices that are connected

to the local network (e.g. servers in the control center,
employees’ portable devices )

I Smart meters provide a potential access point for malicious
attackers

I Weak authentication mechanisms
I Improper credentials’ storage
I Unauthorized firmware update

I Physical exposure of many ICS components, such as RTUs and
PLCs - insufficient physical security
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The attackers are also interetsed in the water sector

I Already a prominent target
(3rd most targeted)

I Many cybersecurity incidents
go either undetected and
unreported, or undisclosed
(reputation+ customers
trust)

I Cybersecurity is of course
already part of the agenda
for water companies

I Physical security has been
part of the agenda for some
time
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What can cyber attacks do?

I Interfere with operations – over/under dosage
I Unauthorised changes to programmed instructions; reduced

pressure, overflow of sewage, malfunction of unit processes
I Modify control systems to produce unpredictable results
I Block data or send false information to operators
I Change alarm thresholds or disable them
I Prevent access to account information
I Ransomware
I Access to personal information (GPDR directive)
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Cyber attack incidents
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Cyber attack incidents
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Florida water treatment cyber attack incident

Summary of the incident

I In February, 2021, attackers accessed the control system’s
software at the Oldsmar water-treatment facility in
Florida, and attempted to increase the levels of sodium
hydroxide (commonly referred to as lye) that is used in water
treatment to regulate acidity levels by adjusting the control
setting to more than 100 times its normal levels (100ppm
to 11,100ppm )

I The change was immediately detected by a plant operator, who
changed the setpoint levels back before the attack had any
impact on the system

I The attack used stolen credentials that were shared between
multiple users and devices to remotely login to the HMI station
controlling the water systems
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Florida water treatment cyber attack incident

Attack highlights

I The attackers accessed the Oldsmar water-treatment facility’s
OT control system via TeamViewer, which is a remote access
software

I All computers used by the facility personnel were connected to
the OT control system that used an outdated operating
system (Windows 7)

I All computers shared the same password for remote access.
I All computers appeared to be connected directly to the Internet

without any type of firewall protection.
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Florida water treatment cyber attack incident
Attack timeline
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What are the potential impacts of the incident?

I This specific incident did not result in any public health
impacts, however the attack highlights potential vulnerabilities
for systems that use networked industrial control systems and
outdated operating systems

I This incident may inspire similar attacks seeking to exploit such
vulnerabilities at municipal water treatment plants

I Tampering with water treatment chemicals, by either increasing
or decreasing the concentration delivered, could cause public
health impacts
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NIS directive
The Directive on security of network and information systems
(the NIS Directive) is the first piece of EU-wide legislation on
cybersecurity. The NIS Directive was adopted in 2016, and it
provides legal measures to boost the overall level of cybersecurity in
the EU by ensuring:

I Member States’ preparedness, by requiring them to be
appropriately equipped. For example, with a Computer Security
Incident Response Team (CSIRT) and a competent national
NIS authority

I cooperation among all the Member States, by setting up
a Cooperation Group to support and facilitate strategic
cooperation and the exchange of information among Member
States

I a culture of security across sectors that are vital for the
economy and society and that rely heavily on ICTs, such as
energy, transport, water, banking, financial market
infrastructures, and healthcare
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Revised NIS directive (NIS 2 directive)

Greater capabilities
I More stringent supervision measures and enforcement are

introduced
I A list of administrative sanctions, including fines for breach of

the cybersecurity risk management and reporting obligations is
established

Cooperation
I Establishment of European Cyber crises liaison organisation

network (EU- CyCLONe) to support coordinated management
of large scale cybersecurity incidents and crises at EU level

I Increased information sharing and cooperation between Member
State authorities with enhanced role of the Cooperation Group

I Coordinated vulnerability disclosure for newly discovered
vulnerabilities across the EU is established
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Revised NIS directive (NIS 2 directive)
Cybersecurity risk management

I Strengthened security requirements with a list of focused
measures including incident response and crisis management,
vulnerability handling and disclosure, cybersecurity testing, and
the effective use of encryption.

I Cybersecurity of supply chain for key information and
communication technologies will be strengthened.

I Accountability of the company management for compliance
with cybersecurity risk-management measures.

I Streamlined incident reporting obligations with more precise
provisions on the reporting process, content and timeline.

I Expanded scope to include more sectors and services as either
essential or important entities. Waste water and waste
management, Space, etc
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Cybersecurity framework

The NIST Cybersecurity Framework (NIST CSF) provides a
policy framework of cybersecurity guidance for how private sector
organizations can assess and improve their ability to prevent,
detect, and respond to cyberattacks

I Version 1.0(1.1) was published by the US NIST in 2014(2018),
originally aimed at operators of critical infrastructure

I It can be used by a wide range of businesses and organizations,
and helps shift organizations to be proactive about risk
management
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Cybersecurity framework

The Framework provides an assessment mechanism that enables
organizations to determine their current cybersecurity
capabilities, set individual goals for a target state, and
establish a plan for improving and maintaining cybersecurity
programs

It allows organizations to:
I Describe current cybersecurity posture
I Describe target state for cybersecurity
I Identify and prioritize opportunities for improvement
I Assess progress towards target state
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Cybersecurity framework

I Identify – Develop an organizational understanding to manage
cybersecurity risk to systems, people, assets, data, and
capabilities

I Protect – Develop and implement appropriate safeguards to
ensure delivery of critical services

I Detect – Develop and implement appropriate activities to
identify the occurrence of a cybersecurity event

I Respond – Develop and implement appropriate activities to
take action regarding a detected cybersecurity incident

I Recover – Develop and implement appropriate activities to
maintain plans for resilience and to restore any capabilities or
services that were impaired due to a cybersecurity inciden
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Cybersecurity framework
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Basic security measures to reduce vulnerabilities and attacks

I Segregate networks and apply firewalls
I Use secure remote access methods
I Establish roles to control access levels and log users
I Require strong passwords & password management
I Avoid vulnerabilities, implement patches, updates
I Enforce policies on the security of mobile devices
I Have an employee cyber security training program
I Involve utility executives in cyber security
I Monitor network intrusions and have a response plan
I Report and share information on incidents for developing

coordinated common actions (NIS directive, etc)
I Employ defense-in-depth strategies
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References
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Thank you!



Simulation and modelling programs 
for water resource management (WRM)
and W&WW treatment

Harsha Ratnaweera, RealTek NMBU

18.06.2021

Need for simulation programs
• A decision making tool
• Provides a basis for design alternatives reducing need for 

physical tests - avoids costly mistakes in full-scale
• Plant operators may simulate operational conditions for 

process optimisation
• A learning tool for plant operators, students
• Researchers and Consultants: wider opportunities to find 

more economical and efficient process alternatives
• Guidance under extreme conditions



• A tool for integrated water resources planning that 
attempts to assist rather than substitute for the skilled 
planner. 

• a comprehensive, flexible and user-friendly framework 
for planning and policy analysis.

• Many water professionals are finding WEAP to be a 
useful addition to their toolbox of models, databases, 
spreadsheets and other software

Main functions
• Water balance database: WEAP provides a system for 

maintaining water demand and supply information.

• Scenario generation tool: WEAP simulates water 
demand, supply, runoff, streamflows, storage, pollution 
generation, treatment and discharge and instream water 
quality.

• Policy analysis tool: WEAP evaluates a full range of 
water development and management options, and takes 
account of multiple and competing uses of water systems



Examples
• What if population growth and economic development patterns change?
• What if reservoir operating rules are altered?
• What if groundwater is more fully exploited?
• What if water conservation is introduced?
• What if ecosystem requirements are tightened?
• What if a conjunctive use program is established to store excess surface 

water in underground aquifers?
• What if a water recycling program is implemented?
• What if a more efficient irrigation technique is implemented?
• What if the mix of agricultural crops changes?
• What if climate change alters demand and supplies?
• How does pollution upstream affect downstream water quality?
• How will land use changes affect runoff?



• Free download from www.weap21.org
• Install in your PCs so we can run simulation exercise.

• Before downloading you need to register



Simulation of drinking water 
treatment
• SimEau
• WatPro
• WaterSPOT

WATPRO

https://www.hydromantis.com/WatPro.html



SimEau

Simulation software for 
wastewater treatment
• STOAT
• WEST
• GPS-X
• Simba
• Enviorsim
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www.wrcplc.co.uk



How to share STOAT files

From LinkedIn STOAT group page:
https://www.linkedin.com/feed/update/urn:li:a
ctivity:6357986316965150720



https://www.mikepoweredbydhi.com/products/west

www.intelligen.com



www.envirosim.com

hydromantis.com



simba.ifak.eu/simba

Practice in STOAT

https://www.dropbox.com/sh/54avgvr2dht8nii/AABKHbhhln
LhEQEtWTcZ8drKa?dl=0

Video tutorials:

Questions to the developers (WRc):
https://www.linkedin.com/groups/3199352/
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When did it begin?
How did we reach here?

02 - ENABLERS
Technologies that gave us Digital Twin

03 – DIGITAL TWIN
What is it?
What does it contain?
What is a BIM?

04 – EXAMPLES
What do we use it for?
How do we use it?
Can it improve water operations?

05 – CHALLENGES AND THE FUTURE
Challenges in Digital Twin Technology
The future of Digital Twin



A SHORT HISTORY
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The Fourth Industrial Revolution

4

1784

INDUSTRY 1.0
Mechanization
Steam Power

Weaving Loom

INDUSTRY 2.0

INDUSTRY 3.0

INDUSTRY 4.0

Mass Production
Assembly Line

Electrical Energy

Automation
Computers
Electronics

Cyber-Physical System
Internet of Things

Networks

1870 1969 Present

WATER 4.0

‘The Fourth Industrial Revolution: 

what it means, how to respond’. 

Klaus Schwab, 

World Economic Forum

Research 
Motivation

Enablers Digital Twin Components Utilities BIM Case Studies Challenges Future
Historical 
Prologue



Cyber-Physical System

5

www.dhigroup.com/2019/06/06/the-digital-twin-what-is-it-and-how-can-it-benefit-the-water-sector/

Digital Twin was first conceptualized in 1991 by David Gelernter  (Mirror Worlds)

Research 
Motivation

Enablers Digital Twin Components Utilities BIM Case Studies Challenges Future
Historical 
Prologue



Enabler for Digital Twin Technology
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Online Monitoring and Process Surveillance
Online sensors are getting cheaper

Monitoring systems are ubiquitous

Most treatment facilities are automated

Industrial Internet of Things
Increasing number of internet enabled devices

Interconnectivity between sensors, actuators, and controller hardware

Cloud computing ensures data and resource sharing

Big Data and Artificial Intelligence
Increasing data storage capacity and remote accessibility 

Advances in data analytics allowing huge amounts of data to be processed

Machine Learning algorithms for real-time model calibration and update

Graphical User Interface
Increasing sophistication of 3D visualization and  computer-aided design (CAD)

Improved graphics processing for unprecedented realism in computer-operator interactions

Sensors

IIoT

Big Data

GUI

Historical 
Prologue

Enablers Digital Twin Components Utilities BIM Case Studies Challenges FutureEnablers



WHAT IS A DIGITAL TWIN?
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Definition of a Digital Twin

8

Virtual systems that ‘contain all important characteristics and features of the real system’, 

depending on the specific purpose for an application.

- Therrien et al. 2020

Digital Twin is a process model fed with real-time data to assist in decision support. 

- Quaghebeur et al. 2020

Digital Twin for a water utility is a combination of modeling software that utilizes data from 

multiple sources and usually across multiple departments and expertise.
- SWAN Smart Water Report

Digital twin is a virtual representation of a physical asset, process, or system.

Systems

Process

Model

Algorithms

ORIGINAL DIGITAL TWIN

Physical Entity

Photo: CSI Communications

Analytics

GUI

Research 
Motivation

Enablers Digital Twin Components Utilities BIM Case Studies Challenges Future
Digital 
Twin



HOW IS IT DIFFERENT FROM 
PROCESS SIMULATORS?
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Process Simulators
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Fig 1. Process flow diagram of a WWTP (Solon et al. 2017)

Fig 2. Process simulator of designed in STOAT 5.1

Research 
Motivation

Enablers Digital Twin Components Utilities BIM Case Studies Challenges Future
Digital 
Twin

Fig 3. Building Information Model (BIM)
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From Process Simulators to Digital Twins

Digital Twin

Process 
Simulators

1

2

3

The following stages are to be followed to build a 
digital twin from a Process Simulator. 

Constructing a Digital Twin

Collecting data from online sensors, actuators, 

frequency drives, valve positioners, and edge devices.

Data Acquisition

Cleaning raw data, removing outliers, and normalizing 

data before model calibration.

Data Pre-processing

1

2

Fitting plant data to mathematical model.

Model Calibration
3

L
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Research 
Motivation

Enablers Digital Twin Components Utilities BIM Case Studies Challenges Future
Digital 
Twin
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WHAT CONSTITUES A DIGITAL TWIN?
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Components of a Digital Twin
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Mathematical expression that can describe 

the responses and behavior of the process.

Models

Processing the incoming data, removing 

outliers and maintaining a database

Data Integration

Representing the system or the physical 

asset in an understandable form.

Visualization

DIGITAL 

TWIN

Algorithms to adapt the model to the latest 

conditions.

Analytics and Model Update

1

2

4

3

Research 
Motivation

Enablers Digital Twin Components Utilities BIM Challenges FutureComponents Case Studies



Components of a Digital Twin
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1

2

4

Models

Data Integration

Visualization

3 Analytics and 
Model Update

and Pre-
processing

➢ Remove Outliers

➢ Normalization /Data scaling

➢ Transformation  

Data 
Management

➢ MSSQL, MySQL, PostgreSQL, ..

➢ Azure, AWS, Alicloud, ..

➢ Data exchange (server  → client)

Research 
Motivation

Enablers Digital Twin Components Utilities BIM Challenges FutureComponents Case Studies



Components of a Digital Twin
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1

2

4

Models

Data Integration

Visualization

3 Analytics and 
Model Update

Process 
Model

➢ Mechanistic/ Physical/ White box Models

➢ Data Driven/ Black box

➢ Hybrid

Asset 
Model

➢ 3-D CAD Models

➢ Geological Information Systems (GIS) Model

➢ Building Information Model (BIM)

➢ Benchmarks and metrics

➢ Enterprise Resource Planning (ERP)

➢ Maintenance scheduling

Performance 
Model

Research 
Motivation

Enablers Digital Twin Components Utilities BIM Challenges FutureComponents Case Studies



Components of a Digital Twin
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1

2

4

Process Models

Data Integration

Visualization

3 Analytics and 
Model Update

Conventional 
Techniques

➢ Recursive parameter estimators

➢ Kalman Filters

➢ Optimization-based approach (Moving 

Horizon Estimation)

Machine 
Learning

➢ Supervised Learning

➢ Unsupervised Learning

➢ Deep Learning

Research 
Motivation

Enablers Digital Twin Components Utilities BIM Challenges FutureComponents Case Studies



Components of a Digital Twin
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1

2

4

Process Models

Data Integration

Visualization

3 Analytics and 
Model Update

Dashboard 
Widgets

Trend 
Curves

Virtual 
Reality

www.stambol.com www.esri.com

www.thingsboard.doscon.no

www.thingsboard.doscon.no

Research 
Motivation

Enablers Digital Twin Components Utilities BIM Challenges FutureComponents Case Studies



FEATURES AND UTILITY OF DIGITAL 
TWINS IN WATER OPERATIONS
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Utility of Digital Twin in Water Sector

19

➢ Design and construction of Treatment Plants

➢ Operator Training Simulators

➢ Predictive analysis and maintenance

➢ Virtual/ Software sensors.

➢ What-if scenarios and analysis.

➢ Early warning systems

Research 
Motivation

Enablers Digital Twin Components BIM Challenges FutureUtilities Case Studies



BUILDING INFORMATION MODEL

20 Norwegian University of Life Sciences



Evolution of BIM – (Before 1960)

21

➢ Floor plans

➢ Graphical Projections

➢ 2-Dimensional

➢ Hand drawn

➢ Draftswoman/draftsmen

21
Research 
Motivation

Enablers Digital Twin Components BIM Challenges FutureUtilities Case Studies



Evolution of BIM - (C.A.D)

2222
Research 
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Enablers Digital Twin Components BIM Challenges FutureUtilities Case Studies

2-Dimensional Layout generated by Computed Aided 
Design (CAD) software.

3-Dimensional CAD models.



Evolution of BIM – The age of DT 
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Enablers Digital Twin Components BIM Challenges FutureUtilities Case Studies

Source: https://github.com/255ribeiro/simulacao



BIM Software
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CASE STUDIES
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Case Study I

OPERATOR TRAINING SIMULATOR (OTS)

26 Norwegian University of Life Sciences



What is an OTS?

27

“Operator Training System (OTS) provides a virtual plant on your computer, allowing

plant operators to train in plant operations ahead of plant start-up and throughout plant

lifecycle.”
- Yokogawa OTS

➢ Simulating startup and shutdown

➢ Simulating equipment malfunctions

➢ Simulating external disturbances

➢ Simulating responses to control actions

➢ Provide performance scores Ahmad et al. 2016

Process Simulator + Scenario Manager

Research 
Motivation

Enablers Digital Twin Components BIM Challenges FutureUtilities
Case 

Studies



SimuWorks OTS Scenario Manager

28

www.hydromantis.com/SimuWorks-customize.html#lookandfeel

➢ Static - OTS has a fixed usability timeline 

➢ OTS should be frequently calibrated with new plant data  

SOLUTION!! - DIGITAL TWINS

Research 
Motivation

Enablers Digital Twin Components BIM Challenges FutureUtilities
Case 

Studies



Case Study II

PREDICTIVE MAINTENANCE OF 
EQUIPEMNTS

29 Norwegian University of Life Sciences



Pump Features and Digital Twin

30

Aivaliotis et al. 2019

➢ Pumps and compressors are widely used in WWTP.

➢ Equipment with moving parts have an operating life.

Research 
Motivation

Enablers Digital Twin Components BIM Challenges FutureUtilities
Case 

Studies



Remaining Useful Life (RUL)
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1 month 4 months 6 months

Research 
Motivation

Enablers Digital Twin Components BIM Challenges FutureUtilities
Case 

Studies



Remaining Useful Life (RUL)

32
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Case Study III

WATER DISTRIBUTION NEWTORK

33 Norwegian University of Life Sciences



Water Distribution Network

34
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Motivation
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Studies



Water distribution network of Valencia

35

➢ Valencia – Third largest city in Spain

➢ Managed by Global Ominum

➢ Serves 1.7 million inhabitants. 

➢ Advanced Metering Infrastructure 

➢ 8 Reservoirs

➢ 28 Tanks

➢ 47 Pumps

➢ 259 Flow Control Valves

➢ 97 Flow meters

➢ 470 Pressure gauges

Research 
Motivation

Enablers Digital Twin Components BIM Challenges FutureUtilities
Case 

Studies



Developing a Digital Twin

36

GIS        –

AMR      –

CMMS   –
a

SCADA  –

Updates once every week

Updates Hourly

Updated when operations are 
in progress 

Updates once every 5 minutes

Research 
Motivation

Enablers Digital Twin Components BIM Challenges FutureUtilities
Case 

Studies



GUI of GO2HydNet 

37
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Virtual Sensors

38

500 pressure and flow sensors installed in the water distribution 
network.

Pressure and flow measurement for 10000 nodes

Hydraulic Model 
+ 

Analytics

pressure sensors
flow sensors 

Pressure and flow in 
the entire network 

(10000 nodes)

Research 
Motivation

Enablers Digital Twin Components BIM Challenges FutureUtilities
Case 

Studies



Predicting Pipe Failure

39

Predicting pipe failure in real time. The yellow boxes represent the area of the network with higher probably of failure.

Research 
Motivation

Enablers Digital Twin Components BIM Challenges FutureUtilities
Case 

Studies



Maintenance Scheduling

40

Forecasted tank level evolution for a near future in normal 
conditions (right).

Programmed maintenance stoppage at a treatment 
plant (e.g. tank emptying during tank cleaning)

Research 
Motivation

Enablers Digital Twin Components BIM Challenges FutureUtilities
Case 

Studies



Digital Twin – Achievements

41

network efficiency

40 %

water saved 

1 billion gal/ year 2,500/ month

leaks detected energy savings

15%

OpEx reduction

20%

Research 
Motivation

Enablers Digital Twin Components BIM Challenges FutureUtilities
Case 

Studies



CHALLENGES

42 Norwegian University of Life Sciences



Challenges

43
Research 
Motivation

Enablers Digital Twin Components Utilities BIM Case Studies Challenges FutureChallenges

Multiple stakeholders and service providers

Expectations from Digital Twins

Data rich does not imply information rich

Vulnerability of internet-enabled devices

System 
Integrability

Human Factor 

Usefulness of 
Data

Cyber security

Inadequate training in the use of Digital Twins

Sophisticated data pre-processing approach is needed

Firewalls and data-encryption is necessary

Lack of standardization



FUTURE OF DIGITAL TWINS

44 Norwegian University of Life Sciences



Examples of Commercial Digital Twins
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Digital Twins Forum

46

A list of companies working towards the development of Digital Twins in water sector

Smart Water Networks Forum (SWAN)

Research 
Motivation

Enablers Digital Twin Components Utilities BIM Case Studies Challenges FutureFuture



The Future of Digital Twins

47

“Savings from monitoring, automation and control are in the region of USD 320

billon from 2016-2020.”
- GWI Water’s Digital Future

“By 2021 half of the industrial, public companies will start using data from

Digital Twins of IoT connected products.”

“The global digital twin market size is expected to reach USD 26.07 billion by

2025. The market is estimated to register a strong CAGR of 38.2% over the

forecast years.” - Markets and Markets

“13% of organizations implementing Internet of Things (IoT) projects already

use digital twins, while 62% are either in the process of establishing digital twin

use or plan to do so.” - Grand View Research Inc.

- IDC, 2017

47
Research 
Motivation

Enablers Digital Twin Components Utilities BIM Case Studies Challenges FutureFuture
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Literature databases and reference tools
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• Google Scholar

• Literature databases

• Scientific social networks

• Mendeley desktop

Lecture plan



https://scholar.google.no/

Google Scholar



Set up the alerts (emails) with articles of you area 
of interest in Google Scholar



Set up the alerts (emails) with articles of you area 
of interest in Google Scholar

After inserting all the details 
you will be receiving the 
emails with suggested articles 
of your topic of interest.

Example of
email from 
Scholar Alert



You can download
in NMBU environment



Use NMBU VPN outside of the university
to download articles

https://support.nmbu.no/it-documentation/vpn-for-studenter-eng/

This Photo by Unknown Author is licensed under CC BY-SA-NC

This Photo by Unknown Author is licensed under CC BY-SA-NC



• https://www.sciencedirect.com/

• https://clarivate.com/products/web-of-science/

• https://www.scopus.com/

• https://www.jstor.org/

• https://arxiv.org/

• https://www.iwapublishing.com/

• https://en.wikipedia.org/wiki/List_of_academic_databases_and_search_engines

Literature Databases



ScienceDirect

https://www.sciencedirect.com/



Web of Science

https://www.webofknowledge.com/



Scopus

https://www.scopus.com/



JSTOR

https://www.jstor.org/



arXiv – repository of electronic preprints

https://arxiv.org/



IWA publishing
https://www.iwapublishing.com/



IWA Connect

https://iwa-connect.org/



Researchgate

https://www.researchgate.net/



Mendeley Desktop
What is Mendeley?

Mendeley is free academic software 
(Win, Mac & Linux) to manage, share, 
read, annotate and cite your research 
papers...

...and a research network to manage 
your papers online, discover research 
trends and statistics, and to connect to 
like-minded researchers.



1 - Click to view your profile

2 – View Profile: Research field, Publications, 
Awards and Grants, Biographical Information, 

CV, Contact Information



2 – You can search…

1 – Some statistics about your publication



Adding your papers

You have different options to set up your library:
• Add single files or an entire folder 
• “Watch a folder” to automatically import PDF files
• Drag and drop PDFs into Mendeley Desktop

… and Mendeley will try to extract the document 
details automatically

You can also:
• Add existing EndNote/BibTeX/RIS databases
• Sync with other reference management webapps
• Use Mendeley Web Importer to add from online 

databases
• Add from the Mendeley Research Catalog



Document details lookup

Enter the DOI, PubMed, or ArXiv ID and 
click on the magnifier glass to start lookup

Missing info is added automatically



Web Importer 

To install the Web Importer, 
drag & drop the bookmarklet 
to your Favorites/Bookmarks
in your internet browser

Supported sites

www.mendeley.com/import

The Web Importer 
helps you grab citations 
off the web



Using the Web Importer

On the web page with 
the reference(s) you 
want to capture: click on 
the bookmarklet…

…then click on “Import” to import 
the reference/paper to your 
Mendeley library. If 
possible/available, also the 
associated PDF will be imported.



Synchronize and manage your library online

You can also add 
references and 
edit & manage your 
library online



Manage your library

Star your favorite papers

Documents can be marked read/unread

Filter by authors, tags, publications or keywords 

Open attached PDF files in integrated viewer



Search as you type



Full text search in Mendeley’s PDF viewer



Annotate and highlight



Mendeley‘s File Organizer

You can find the 
File Organizer in
Tools > Options > 
File Organizer



Citing in Word  & Open Office

Click on “Insert Citation” in Word

Highlight the paper(s) you want to 
cite



Citing in Word  & Open Office

Citation will show up based on selected style

Cite into Google 
documents

or other editors by 
copy & paste 

Generate a bibliography in one click!



Share references with Mendeley Groups

Groups can be private or public (invite only or open)

View the group online –
other users can request to 
join or simply follow the 
activity of the group

Public groups only have the reference details – no 
full text. Private groups contain the full text 
including notes & annotations.



Create Groups in Mendeley Desktop

Private groups 
contain the full 
text.

Public groups 
share references 
only.



Create Groups in Mendeley Desktop

You can also 
create groups 
online.



Create your professional research profile



Search the Mendeley Research Catalog



Get readership information on papers



Mendeley Desktop

https://www.mendeley.com/guides/videosVideo tutorials:
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How to increase the visibility of your research?

Harsha Ratnaweera
Adapted from various sources

THT 311



Why?

• Activities aimed at promoting research are increasingly important in researchers’ 
work. By making your research visible and accessible you increase chances of your 
research being noticed, used and having impact, thus increasing your own reputation 
and chances of success in your academic work.



Some examples

• Create and keep up to date online profile (or a web CV)

• Engage in social networking communities

– ResearchGate

– Academia.edu

– LinkedIn

– Mendeley

– GoogleScholar



Your CV

• https://europa.eu/europass/eportfolio/screen/cv-editor?lang=en

• https://standout-cv.com/blogs/cv-writing-advice-blog/115702276-example-of-a-good-
cv



ResearchGate



LinkedIn



Value of LinkedIn

• 1. You can tap into its powerful job board

• 2. You can build your brand

• 3. It can help rank your name on Google

• 4. It maintains your list of contacts

• 5. You can research companies and its employees

• 6. It can help you tap into industry news

• 7. Network, network, network!



Scopus





Research publication writing 
Harsha Ratnaweera
Adapted from Scribbr, Wiley and other sources

THT 311



Research publications and reports

• A research paper is a piece of academic writing that provides analysis, 
interpretation, and argument based on in-depth independent research.

• An academic essay is a focused piece of writing that develops an idea or argument 
using evidence, analysis and interpretation.

• Research papers are similar to academic essays, but they are usually longer and 
more detailed assignments, designed to assess not only your writing skills but also 
your skills in scholarly research. Writing a research paper requires you to 
demonstrate a strong knowledge of your topic, engage with a variety of sources, and 
make an original contribution to the debate.



Objective of writing a report

Maximise the effectiveness of your presentation

Demonstrate 
your familiarity 

with the problem

Establish your 
research 
process

Maximise reader 
insight

Minimise reader 
effort



Essay writing process

• Preparation: Decide on your topic, do your research, and create an essay outline.

• Writing: Set out your argument in the introduction, develop it with evidence in the 
main body, and wrap it up with a conclusion.

• Revision: Check the content, organization, grammar, spelling, and formatting of your 
essay.



Preparation for writing an essay

• Understand your assignment: What is the goal of this essay? What is the length 
and deadline of the assignment? Need any clarifications?

• Define a topic: try to pick something that you already know a bit about or/and that 
will hold your interest.

• Do your research: Read primary and secondary sources and take notes to help you 
work out your position and angle on the topic. Note the sources and the points

• Come up with a thesis or a problem you plan to elaborate/solve. A clear thesis is 
essential for a focused essay—you should keep referring back to it as you write.

• Create an outline: Map out the rough structure of your essay in an outline. This 
makes it easier to start writing and keeps you on track as you go. Follow commonly 
used structures if possible.



Common structure
• Title

• Name, affiliation

• Abstract

• Introduction/Background

• Method

• Results

• Discussion

• Conclusions

• References

• Preface

• Table of contents

• Table of Figures, tables

• Abbreviations

• Recommendations for future

• Acknowledgement

• Appendix

Conclusions:
Synthesis of arguments
Check if it answers the problem defined
Strong closing statement



Plagiarism 



Reference styles

• Reference styles are predefined rules describing how to cite sources and set up 
literature lists. 

• The two most common types are author-year style (f. ex. Harvard, APA) or numeric 
style (f. ex. Vancouver). 

• You can find these and many other styles in Mendeley, EndNote. Etc.

• Some scientific journals often have their own styles. 

• https://www.nmbu.no/en/about-nmbu/library/write-and-cite/styles/node/37678



Research publications

• Producing research publications is a natural part for academia, researchers and 
research students

• CV, job applications, research project applications, promotions etc--

• There are “good” and “not so good” journals (predatory journals?)

• Open Access vs Subscription journals



Common reasons for rejection

• The manuscript fails the technical screening

• The manuscript does not fall within the journal’s Aims and Scope

• The research topic isn’t of great enough significance

• The research is over-ambitious

• A clear hypothesis hasn’t been established

• The manuscript is incomplete

• There are flaws in the procedures, presentation or analysis of the data

• Flaws in the manuscript’s arguments and/or conclusions

• Language, writing and spelling issues

• Plagiarism





Contaminants of Emerging Concern 
(CECs)

What is contaminating our waters next?

THT 311 25 June 2021

Agnieszka, Cuprys, Zakhar Maletskyi



World population increase



Our World in Data



Increase in synthetic chemicals present in aquatic systems



What does this mean in practice?



Before…



Now



Before…



Now



Conditioner

Shampoo

Soap Dish wash

Body lotion

Deodorizer

Face wash Baby bath
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Assess
the 

risks
TreatPreventIdentify



1. Identify



1. Identify: Pharmaceuticals



1. Identify: Pharmaceuticals

OECD Policy Brief on Pharma



OECD Policy Brief on Pharma



1. Identify: Pharmaceuticals

OECD Policy Brief on Pharma



1. Identify: Microplastics (MPs)





1. Identify: MPs



1. Identify: MPs

Credit: https://doi.org/10.1016/j.trac.2018.12.004 , https://doi.org/10.1016/j.envpol.2017.08.026

https://doi.org/10.1016/j.trac.2018.12.004


1. Identify: MPs in sludge





1. Identify: MPs – needs for research and guidance
Analytical and sampling methods: standardised test method and agreed units of 
measurement to make direct comparisons and interference of conclusions possible. 

In the framework of possible standards and regulations for microplastics, analytical 
methodologies should be in place that enable large scale and rapid analysis, hence 
support should be given to harmonisation exercises (e.g. from GWRC)

Develop and agree a clear classification of microplastics

Establish evidence base for presence/absence of microplastics in drinking water 

Toxicity/eco-toxicity of and risks associated with microplastics in drinking water, 
treated wastewater, sludge or soils

Sources and routes into the environment, including the water cycle and sludge route



1. Identify: Cocktail effects are unknown



1. Identify: Bioassays for combined effects

BEQ - Biological equivalent concentrations



1. Identify: Bioassays for combined effects

TiO2 nanoparticle exposure on lettuce (Lactuca sativa L.)

Credit: https://doi.org/10.1039/C9EN01215J , https://doi.org/10.1016/j.scitotenv.2019.01.086 , https://doi.org/10.1039/C7EN01079F

Assessment of the toxicity toward Vibrio fischeri in sediments
Acute and chronic toxicity of metal oxide nanoparticles in 

chemical mechanical planarization slurries with Daphnia magna

https://doi.org/10.1039/C9EN01215J
https://doi.org/10.1016/j.scitotenv.2019.01.086


1. Identify: Non-target screening



1. Identify: Non-target screening



2. Prevent 



OECD Policy Brief on Pharma

2.
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2. Prevent

Review on Antimicrobial Resistance: Tackling drug-resistant infections globally, 2016



2. Prevent: Certification and ecolabels



3. Treat



3. Treat: Pharmaceuticals

OECD Policy Brief on Pharma

Credit: https://doi.org/10.3390/w11030595

https://doi.org/10.3390/w11030595


3. Treat: Pharmaceuticals



3. Treat: Pharmaceuticals



3. Treat: Microplastics

Credit: https://doi.org/10.1016/j.chemosphere.2020.126612

STRATEGY

CHALLENGES

Removal efficiency

https://doi.org/10.1016/j.chemosphere.2020.126612


Process Nutrients 
removal

TSS removal TDS removal Pathogens 
removal

Metals removal CEC removal Residuals 
and/or By-
products

Operator skill 
based on 
current 
application

Relative 
complexity of 
technology

Maturity level of 
technology

Cost 
(capital + O&M)

MBR Low/High High No/Negligible Medium No/Negligible Low Sludge Low Low/Medium Medium/High Medium/High
Granular media 
filtration

Low High No/Negligible Low/Medium No/Negligible No/Negligible Backwashing 
water

Low Low High Low

Coagulation Low High No/Negligible Low/Medium High No/Negligible Backwashing 
water and sludge

Low Low High Low

GAC/PAC 
adsorption

Low Low/Medium No/Negligible Low Low/Medium Low/High Exhausted 
GAC/PAC

Low Low High Medium

O3/BAC Low/Medium Medium No/Negligible Low/Medium No/Negligible Low/High Limited by-
products thanks 
to BAC

Low/Medium Medium Low/Medium Medium/High

MF/UF Low High No/Negligible Medium No/Negligible No/Negligible Backwashing 
water

Low Low High Low

NF/RO High (N, P) Low High High/Medium High High Concentrate Low/Medium Medium High High
Chlorination Low No/Negligible No/Negligible High/Medium No/Negligible Low/Medium By-products (e.g. 

THM, HAA)
Low Low High Low

Chloramination No/Negligible No/Negligible No/Negligible Low/Medium No/Negligible Low By-products (e.g. 
HAA, NDMA)

Low/Medium Low High Low

UV disinfection No/Negligible No/Negligible No/Negligible High No/Negligible Low No/Negligible Low/Medium Low High Low/

Ozonation Low Low/Medium No/Negligible High/Medium No/Negligible High By-products (e.g. 
bromate, NDMA)

Medium Medium High Medium

UV/H2O2 No/Negligible No/Negligible No/Negligible High No/Negligible High By-products (e.g. 
CEC 
transformation 
products)

Low/Medium Medium High Medium

Other AOPs 
(e.g. 
photocatalysis)

No/Negligible No/Negligible No/Negligible High/Medium No/Negligible High By-products (e.g. 
CEC 
transformation 
products)

Low/High High Low/Medium Medium/High

SAT Low Medium Low Low/Medium Low/Medium Low/Medium No/Negligible Low Low Medium Low
Riverbank 
filtration

Low Medium/High Low Low/Medium Low/Medium Low/Medium No/Negligible Low Low Medium Low

Constructed 
wetlands

Low Medium No/Negligible Low/Medium Low/Medium Low/Medium Biomass Low Low Medium Low

Credit: https://doi.org/10.1016/j.coesh.2018.02.003

Advanced treatment processes: contaminants removal, residuals, by-products, applicability and costs

https://doi.org/10.1016/j.coesh.2018.02.003


https://www.youtube.com/watch?v=2qfiYExqnIk

Elimination of micropollutants on the sewage treatment 
plant Schönau, Cham Switzerland



Micropollutants removal from wastewater with H2O2/UV-C 
technology

https://www.youtube.com/watch?v=J7dqHJZR6PE
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4. Assess the risks: emerging contaminants

Credit: https://doi.org/10.1016/j.envint.2019.105454, https://doi.org/10.1016/j.chemosphere.2016.03.068

Risk ranking of PPCPs, based on effect concentration for the most 
sensitive species and the median concentrations in surface waters

https://doi.org/10.1016/j.envint.2019.105454


4. Assess the risks: Pharmaceuticals

OECD Policy Brief on Pharma The Review on Antimicrobial Resistance, Chaired by Jim O’Neill, 2014
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Policy developments



The new regulation has entered 
into force. The new rules will apply 

from 26 June 2023 and are 
expected to stimulate and facilitate 

water reuse in the EU.

On 16 December 2020, the 
European Parliament formally 

adopted the revised Drinking Water 
Directive. The Directive will enter in 

force on 12 January 2021.



Policy Development: Surface Water Watchlist
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Prioritization scheme of the NORMAN network

Groundwater watch list (GWWL)

Credit: Dulio, V., et al. Environ Sci Eur 30, 5 (2018), Dan J Lapworth et al Environ. Res. Lett. 14 035004 (2019)

Policy Development

https://doi.org/10.1186/s12302-018-0135-3


Water legislation evaluation – Fitness Check

On 23 October 2020, an Inception Impact Assessment was launched. This initiative addresses the findings of
the Fitness Check in relation to chemical pollution and the legal obligation to regularly review the lists of
pollutants affecting surface and groundwaters. The feedback period ended on 20 November 2020.

https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/12662-Revision-of-lists-of-pollutants-affecting-surface-and-groundwater


Review of the drinking water directive
On 16 December 2020, the European Parliament formally adopted the revised Drinking Water
Directive. The Directive entered in force on 12 January 2021, and Member States will have two years
to transpose it into national legislation.
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water quality issues
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Punch, (1835) O
ld father 
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What is water quality – your views please



what is water quality? use matters
• Depends on use

• Purpose of water use:

jan vermaat  - water quantity and quality 5

• Navigation/transport
• Power generation
• Industrial cooling or process water
• Cattle watering
• Fish rearing, fisheries
• Agricultural irrigation
• Human household process water (lawns, cars, toilets, dishes)
• Human drinking water
• Human recreation: swimming, boating …
• Amenity: a sun sinking in the sea, …, or pure nature

sectoral strength < >
economic value of a m3 used 

World view: free for all or scarce
resource



water quality and use
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Use affects quality Sewage discharge, stormwater run-off, 
manure, fertilizer and pesticide 
leaching, cooling water, mine and 
factory effluents

Quality affects use Drinking water, process water, livestock 
watering, aquaculture, irrigation, 
swimming, wildlife, fisheries 

Some uses have less direct 
effect on wq

Hydropower, navigation, recreative
boating, low-intensity fishing



water quality criteria for different uses
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sectoral use criteria?
Navigation/transport

Power generation

Industrial cooling or process water

Cattle watering, fish rearing, 
fisheries
Agricultural irrigation

Human household process water

Human drinking water

Amenity: recreation, the view

Sectoral use is not static
example Vaarajoki (Finland): big rocks 
first removed but now returned: why?



history 1

• We knew, actually, …..
• The Romans already constructed aquaducts and sewage systems for 

good reasons: the Cloaca Maxima, for example, is operational since 
600 BC

• Public health and clean drinking water were essential

• John Snow (1854):  “The result of the inquiry, then, is, that there has 
been no particular outbreak or prevalence of cholera in this part of 
London except among the persons who were in the habit of drinking 
the water of the above-mentioned pump well.” (start of  epidemiology)
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history 2

• Human health and economy are prime concern
• Ecosystem concern comes second 
• Time plot: mix of rising awareness, and emergence of true problems
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Old Father Thames Foodweb issues 
and human toxicity

From
 H

elm
er et al 

G
lobal Freshw

ater
Q

uality

‘new’ (2000+), 
emerging:
• endocrine

disruptors
• microplastics



history 3

• So, water quality has declined, early in history and more so recently
• Due to many different types of pollutants from very different sources
• Different pollutants: different mechanisms, and different effects …. 

Different sources and mechanisms: different management options
(lecture 3)
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the Anthropocene – since ~ 1950ies



water type matters! 

• Water type matters: river, lake, brackish lagoon, sea, ground water …
• Dilution is not always a solution to pollution
• Rather loading versus ‘natural’ breakdown capacity
• Critical load is or should be an important concept
jan vermaat  - water quantity and quality 11

category % volume % world 
area

renewal time

atmosphere 0.001 7-11 d

river channels 0.0001 7 d
freshwater lakes 0.009 2 330 d
saline lakes and inland sea 0.008 1-4 y

soil water 0.005 ?
deeper ground water 0.62 80-300 y

ice caps and glaciers 2.15 12,000 y

ocean 97.2 70 300-11,000 y

sum 99.9931 72



point and diffuse sources

• Point sources: with a pipe - factories, power plants, sewage outlets, 
feedlots

• Non-point sources: farm fields, streets, deposition from the air, yards, 
lawns and golf courses
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sources of pollution
From

 H
elm

er et al G
lobal 

Freshw
aterQ

uality
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point
and 
diffuse 
sources

These are important pollutants,
What is their effect?
Which one do you miss?

BOD, viruses, parasites, 
medicinal residuals, plastics



downstream a 
point source
• Aquatic ecosystems have a 

“natural” absorptive capacity, 
also for very ‘difficult’ toxic 
substances

• example shows what
happens downstream a 
sewage outfall

• Depends on volume, 
flushing, microbial activity, 
sediment retention [….] 
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From
: H

ynes (1963) The 
biology of polluted w

aters

Question: What happens
at other point sources?



diffuse pollution

• Also here: ecosystems have 
a “natural” absorptive 
capacity, even for difficult 
substances 

• Nitrate leaching to aquifers
• Nutrient overloading of 

surface waters
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Discussion: can we see 
climate change as a form of 
diffuse pollution?

Time series of drinking water well NO3 in Bourg-en-Bresse
(SE France)



point and diffuse sources combine

• Example: we modelled Nitrogen loading to the Belgian river Scheldt, to 
evaluate economic efficiency of different measure packages (improve 
wwtp’s, reduce cattle, buy buffer strips)

• Red line is target for the Water Framework Directive, the Eus common
water quality regulation
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* Vermaat et al (2012) Ecol & Soc
Question: what is point and what diffuse?



eutrophication
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• Plants require nutrients (N, P), but excessive 
loading stimulates excessive plant growth

• Excess plants? Cyanobacteria (some very 
toxic, interfere with drinking water, also in 
Norway), duckweed, water hyacinth, 
filamentous algae

• When plants die and decompose, oxygen 
levels decline, and we are back to the BOD 
issue



eutrophication 2: critical load

• Intuitively not difficult
actually: larger volumes that
are more frequently flushed
can cope with higher loads

• A well-established concept, 
but often authorities find
concentrations (mg/L) 
easier than loads (kg/ha/yr; 
USA abbreviation = TMDL). 

Question: Why
concentrations preferred? 
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From
 Lee et al. (1978), Science



quick-and-dirty typology WQ issues

Type 5: 
hydromorphological
change

• Form changes: flow and 
ecossytem function changes

• Many direct and
• Indirect ecosystem effects
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Issue (pollutant
type)

Consequence in water body 
(STATE CHANGE)

Consequence for human 
society (IMPACT)

Type 1: organic
loading (faeces)

• Low oxygen
• faecal bacteria

• Fish kills,
• Human disease and mortality

Type 2: excessive
nutrient loading

• Eutrophication = increased
algal growth and changing
species

• Turbid water
• toxic micro-algae

(cyanobacteria)
• Mass decay then low oxygen

• Direct human health (nitrate & 
nitrite)

• Disappearance desired
species

• Drinking water

• Again fish kills
Type 3: toxic metals, 
pesticides and 
micropollutants

• Disappearance sensitive 
species

• Foodweb accumulation

• Indirect ecosystem effects
• Human food and drinking

water
Type 4: thermal
pollution

• Low oxygen
• Disappearance sensitive 

species

• Fish kills
• Indirect ecosystem effects



what have we done? 

• Regulation: laws, enforcement (fines and subsidies), communication
to the public, monitoring

• Investment: sewage works, sewer systems, on-farm and on-plant 
technology

• So loads decline

jan vermaat  - water quantity and quality 20

Nitrogen load and concentration



what have we done? 

• Regulation, investment: loads decline

• But in the meantime: temperature rises, new pesticides are used and 
biodiversity indicators are not improving at all.

• Load actually stil high: 200 kg N/ha/y is not ‘circular’ or ‘equilibrium’
• A challenge for politicians and policy makers!
• For example: Danish farmers have effectively overturned policy
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water and airtempNitrogen load and conc waterplant diversity



water quality issues - conclusions

• Water quality for what?
• Historically: for us, human health and human use
• We traced some pollutant types from their source
• Noted the ‘natural’ cleaning capacity of aquatic systems, up to a limit: 

critical load
• We saw that awareness and abatement policy only got off the ground

when the problems were really felt in society (by those with votes)
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water is a ‘±’ renewable resource

jan vermaat  - water quantity and quality 3

• We can use only a tiny fraction (‘limited’),
• With very rapid turn-over rates
• It is renewable if ………… it ‘returns’ in the same state (=Quality)

category % volume % world 
area

renewal time

atmosphere 0.001 7-11 d

river channels 0.0001 7 d
freshwater lakes 0.009 2 330 d
saline lakes and inland sea 0.008 1-4 y

soil water 0.005 ?
deeper ground water 0.62 80-300 y

ice caps and glaciers 2.15 12,000 y

ocean 97.2 70 300-11,000 y

sum 99.9931 72



water as a resource
• For what? We can repeat the list from the previous lecture, but will

use cruder sectors agriculture, domestic and industrial

• Purpose of water use:
– Navigation
– Power generation
– Industrial cooling or process water
– Cattle watering
– Fish rearing, fisheries
– Agricultural irrigation
– Human household process water (lawns, cars, toilets, dishes)
– Human drinking water
– Amenity: a sun sinking in the sea, …, or pure nature 
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major freshwater users

• Differs
between
countries and 
climate zones

• Worldwide, 
agriculture
claims 85%
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withdrawal > true consumption

• Spillage in domestic and industrial use relatively high
• Optimization possible to necessary (depending on your political

position)
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w
orldw

ide



individual domestic water consumption

• Room for improvement
• Note: Millennium Goal for 2015 was halving the human population

without acces to safe drinking water and basic sanitation, worldwide
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~4x

MDG > SDGs but still:
Between 1990 and 2015, 2.6 billion people gained 
access to improved drinking water: this target  ~ 
achieved.



and our diets require more water 
when we eat more animal protein

Picture borrow
ed

from
 Borchardt

jan vermaat  - water quantity and quality 8



What if it does not ‘return in the same 
state (Quantity & Quality)’?
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sectoral use Too 
much

Too 
little

Poor
quality

Navigation
Power generation
Industrial cooling or process water
Cattle watering, fish rearing, fisheries
Agricultural irrigation
Human household process water
Human drinking water
Amenity: the view

a thought exercise: a rain-fed river, like the Loire in France 
(110000 km2, high JFM > 1350, low JAS < 400 m3 s-1), what is 
the effect of ..



causes of too much or too little water

• Natural variability in weather (and climate)
• Direct or indirect effects of human actions

– Upstream changes in water use
– Simple continuation of excessive use
– Upstream changes in land use
– Upstream changes in the geomorphology of river and floodplain

(civil engineers: hydromorphology)
– Altered rainfall patterns due to climate change

jan vermaat  - water quantity and quality 10



jan vermaat  - water quantity and quality 11

• Land use change affects river discharge 
pattern, and water quality

• This is the classical Hubbard Brook 
experiment: a first order catchment in 
Eastern USA. Still highly relevant.

causes of too much or too
little water: example



climate change: rainfall patterns
Christensen et al., 
IPCC (2007), 
comparing 2090-99 
vs 1990-99: 
‘average’ rain does 
not change 
everywhere

Regional variability:
• Norway more rain, 

Spain less
• Models agree for 

the north but not 
for the south: 
problem! 
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conflicts over water?

• Upstream/downstream international (Yamuna/Ganges, Euphrate, 
Nile, Mekong, Rhine, Danube ..)

– Rhine case: Rotterdam Harbour sued industries around Basel 
in 1990ies

• Upstream/downstream within a country, among sectors
– Loire: agriculture vs oyster cultures; Meuse: industrial discharges

B vs. drinking water NL; many, also Norway: hydropower vs
fisheries)

– ‘Upper Parana dams in Brazil have reduced 1000s of 
commercial fishermen to marginalized poor who continue to fish
to ‘retain dignity’’ (Carvalho, 2008)
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sectoral conflicts

• River and agricultural engineers encountered growing opposition and 
were accused to be single-minded on:

– Hydropower dams
– Irrigation and drainage schemes
– Navigation canals and sluices
– Large, large, large, .. (too) large?

• But they felt ‘we are doing this like we did since the start of the
enlightenment’ – what has changed? (my subjective story)

jan vermaat  - water quantity and quality 14

Suez canal, Ferdinand de Lesseps, 1869



so, what to integrate actually?

• Here IWRM comes in
• different sectors compete, so needs should be 

weighed together, but:
– Power distribution may be unequal

• The idea of IWRM arose in the 90ies* among
engineers, and among WB, UN and FAO 
experts
– who were confronted with serious

stakeholder opposition
– who were students in the 60ies and 70ies 

(and witnesed/had been part of democratic
grass roots movements) 

jan vermaat - water quantity and quality 15*1992, so called Dublin principles

Let the river Alta live, 
hydropower vs local, 
and conservationist
stakeholders, until
1981



notion: multisectoral is better

• Traditional supply management became ‘simple’, ‘old-fashioned’
• Sectoral fragmentation was recognized as a problem,

– This was really HOT when I worked at UNESCO-IHE in Delft. 
– But still seen from the top, by those that train WRM managers, 

not necessarily in real cases
• New, more fashionable concepts emerged on conferences and in 

courses and text books:
– Cross-sectoral, multifunctional integration
– River basin as spatial unit for coordination
– Institutional and capacity building
– Indigenous communities and stakeholder consultation
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including a definition
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• Gwp.org: nice words, right to my heart!! UN: a bit simpler, but OK
• But the IWRM page has not been updated since 2010, Water for 

Life since 2014 ..

UN Water for Life Decade (2005-2015): 
the Integrated Water Resources Management (IWRM) approach that has 
now been accepted internationally as the way forward for efficient, 
equitable and sustainable development and management of the world's 
limited water resources and for coping with conflicting demands.

http://www.un.org/waterforlifedecade/iwrm.shtmlt



Dresden conference (2011)

• local cases of progress
• and cases of dead-lock or deterioration
• Not much new science or knowledge,  

– Neither at the side of the developers of models and DSS tools
– nor at the side of the social scientists who are skilled in 

‘dialogue’ and ‘consultation’
• this seems not so useful as a message in a lecture?

But let us look at these cases: maybe inspiration and lessons
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Lesotho case: LHDA 
and Katse dam 
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IWRM case – maybe the
Rhine is a success story

• This river is truely multisectorally used
• Water quality was really bad. Riparian

states decided to improve this
substantially in 1990 and it shows

• Climate change is projected to cause
more serious floods and droughts with
effects for many sectors. Riparian
states jointly work on coping
programmes
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IWRM case – maybe
the Rhine is a 
success story

• What was the key? (Again my personal view)
• The Sandoz spill in 1986 was the trigger 
• Massive public concern coincided with water ministers who really felt 

they had to, and could, show something (RAP, 1990, plus ICPR)
• Governments had money, institutional capacity and persistence
• European Commission was a silent but formidable partner, before

WFD and flood directive became operational

• But this was not orchestrated as IWRM, it developed into it, almost by 
stumbling and falling
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progress: through establishment of
river basin authorities

jan vermaat  - water quantity and quality 22

Danube, Mekong, Zambesi



What can we learn?

• Water is a limited AND a renewable resource

• Worldwide, water scarcity will increase, notably in poorer areas
• Meeting different, conflicting needs would increasingly necessitate

multisectoral and Upstream-downstream integration and coordination
• So the word INTEGRATION in IWRM is necessary
• However, no clear convergence is apparent on IWRM as a practical

vehicle for this purpose

• Local successes show that it does work!!
• with help of policy, law and their reliable and fair enforcement
• Which needs a long-term patience in transboundary rivers
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water quality management

• From issues (many different!)
• Via IWRM (upstream-downstream and across sectors)
• To combine both quantity and quality in management

• first a class-room thought experiment: small groups
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WQM: a cook book recipe

1. Define the purpose and use of the water (boatable, fishable, 
swimmable, drinkable), and get an idea of the ‘issue at stake’

2. Translate this into a measurable and meaningful indicator and 
standard criteria

3. Observe (= design a monitoring programme: station network, 
sampling frequency, standardise lab and reporting
procedures, ensure funds for all this)

4. Compare observations with standards: analyse and conclude
(WQ=OK?)

5. Design economically effective, and societally acceptable
measures if WQ not OK
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quick-and-dirty typology WQ issues

Type 5: 
hydromorphological
change

• Form changes: flow and 
ecossytem function changes

• Many direct and
• Indirect ecosystem effects
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Issue (pollutant
type)

Consequence in water body 
(STATE CHANGE)

Consequence for human 
society (IMPACT)

Type 1: organic
loading (faeces)

• Low oxygen
• faecal bacteria

• Fish kills,
• Human disease and mortality

Type 2: excessive
nutrient loading

• Eutrophication = increased
algal growth and changing
species

• Turbid water
• toxic micro-algae

(cyanobacteria)
• Mass decay then low oxygen

• Direct human health (nitrate & 
nitrite)

• Disappearance desired
species

• Drinking water

• Again fish kills
Type 3: toxic metals, 
pesticides and 
micropollutants

• Disappearance sensitive 
species

• Foodweb accumulation

• Indirect ecosystem effects
• Human food and drinking

water
Type 4: thermal
pollution

• Low oxygen
• Disappearance sensitive 

species

• Fish kills
• Indirect ecosystem effects



WQM: applying the recipe

• Back to the main ‘issues’ from first lecture block
• Check and discuss the 5 steps
• Purpose, wq issue and indicator, monitoring programme, 

judgment quality, remedial measures
• Then apply them on the cases illustrated by each photograph
• Use your common sense and decide which WQ issue would be 

at stake in each case, do not ignore water quaNtity aspects
• Use 15 minutes with your immediate neighbour
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WQM-EXERCISE: purpose, issue, 
indicator and take measure?
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Punch, 1835



was the exercise far from reality? NO
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• in 1972, for example, the NL had the WVO, the
law on the pollution of surface waters. This 
defined different water quality grades for different 
use, in a pragmatic way

• For example for carp and trout, based on oxygen
(4 and 8 mg/L)

• And for swimming: 1 m water transparency
• Later came criteria for nutrients: 2 mg/L total N, 

0.15 mg/L tot P
• And measures, with effects
• But across the EU, we have replaced this

pragmatism for principle in the new millennium: 
the Water Framework Directive!

M
icrocystis in Fredriksborgs 

Slotsoe; D
K, 1985



was the exercise far from reality? YES
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• indicators and standards in reality have become a forest!!



measures and their effects 1
• Domestic sewage was an important point

source, of BOD and nutrients. We built
1000s of sewage works, banned P in 
detergents and added P-removal as well as 
N-removal

• The Rhine, again, is an impressive example
• See also how climate change is apparent

• Unfortunately not all waters responded as 
expected* and we, the scientists, were sent 
back to do a better job. 

• Food for thought and a good reason for 
modesty.
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measures and their effects 2

• Farming was identified as a major diffuse source of nutrients. 
Farmers were forced te become more economical in fertilizer use. In 
NL dairy productivity was constant as fertilizer use declined –
paradoxically?
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Verhoeven et al 2003 N
JAS

; kg N
/ha/yr

1995 and 1998

NB Levied max N surplus for 2003 was 180



The WFD in the EU
(and Norway)
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• Objective: a “good ecological condition” of all our surface- and 
ground-waters, to be filled in by member states 

• Based on reference conditions, using ecology, physico-chemistry 
and morphology.

• combined clear, legalistic reporting conditions to Brussels



• All indicators standardised
• Different types of indicators for different water types,
. Unfortunately not all seem logical: political process
• unfortunately some are actually overlapping for the expert
• One out = all out, all indicators should be OK!
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Element Rivers Lakes Transitional 
waters 

Coastal 
waters 

Phytoplankton X X X X 
Macroalgae   X X 
Angiosperms   X X 
Macrophytes 
Phytobenthos 

X X   

Macrozoobenthos X X X X 
Fish fauna X X X  

 

WFD



WFD: harmonising WQM in the EU

• It may have cost a bit
• But it brought harmonisation across the EU and made scientists and 

managers talk to each other at a large scale
• (already within the small NL, this was highly necessary. Every water 

board had its own WQ evaluation system in aaddition to the national
system)

• it formed a solid enforcement mechanism (‘sorry, but we have to 
report this to Brussels’)

• Led to massive strategic behavior (‘do not include that station in the
set we report to Brussels, you stupid!’)

• And it does include a cost-efficiency evaluation of measures
(economics, ☺!!)

jan vermaat  - water quantity and quality 14



Tools for the
manager
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• Sound legal basis
• The means to enforce the law (Dutch water boards have the right to 

fine)
• Institutional capacity and network
• Skilled staff to understand monitoring results, explain them in simple 

words, be able to translate these creatively in measures (yes, very
close to perfection), and interact with the public

• Filled tool box: catalogue of measures (exists for the WFD, also for 
river restoration measures)

• Some funds (Dutch water boards have the right to tax
independently)



Any progress made?

• Oh yes
• Water quality has greatly improved across Europe since 1972. And 

the same is true for many other parts of the world.
• WQM has become more integrated and -ing, more ecosystem-

oriented, and more cost-aware
• Still, we need better understanding of underlying mechanisms
• New pollutants emerge
• Climate change worsens WQ, and some indicators go down anyway
• Science-management communication can be improved from both

sides
• In Europe, the WFD of the EU has been a great stimulus
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water and airtemp Nitrogen load and conc waterplant diversity

field course 1985 Terschelling



water quality management -
conclusions

• Management for a practical purpose (‘boatable, fishable, 
swimmable - drinkable’) has been replaced in Europe by a principal
purpose, the ‘good ecological condition’ of the WFD

• Still, a 5 step approach is needed (purpose-indicator-monitor-decide
if OK-take measure), but integrated in an ecosystem perspective, 
also including water quantity aspects

• Worldwide*, and certainly in ‘western’ societies, considerable
progress has been made
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overall conclusions

• Even if IWRM appears a bit out of fashion, do not drop the good
ideas

• (we also had ICZM, integrated cosatal zone management)
• Please think cross-disciplinary and multi-sectoral
• When you are an engineer – better get interested in ecology and 

economics
• When you are a biologist – better …
• Engage and communicate with stakeholders, even though that

appears a burden at first. Take them seriously, the way you would like 
to be. It generally pays off later

• Try to avoid my own favorite pitfall: you think you already know the
story and stop listening
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Thank you and good luck with the course!
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