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ABSTRACT 
This research invest igates economic st rateg ies to boost  the res i l ience of  TREFOR ut i l i ty  

company 's  water  supply  system in  Middel far t ,  focus ing on key cr i t ica l  components.  The study 

extens ive ly  evaluates two pr inc ipa l  models:  the probabi l is t ic  res i l ience model  and a renewal  

model .  

 

The probabi l is t ic  res i l ience  model  is  demonst rated as an ef fect ive too l  for  ident i fy ing potent ia l  

fa i lure scenar ios in u t i l i t y  in f rast ructure,  par t icular ly  address ing in ternal  degradat ion 

processes in  system components l ike pumps and va lves.  However ,  the study a lso 

acknowledges that  the model 's  u t i l i t y  could be s ign i f icant ly  expanded through future research 

in tegrat ing cons iderat ions of  external  ha zards,  thus prov id ing a more comprehen sive and 

robust  s t rategy for  system res i l ience.  

 

On the other  hand,  the renewal  model 's  s t rength l ies in  i ts  ab i l i ty  to examine and assess 

var ious renewal  s t ra tegies and the ir  respect ive tempora l  economic impl icat ions.  I t  of fers 

predic t ive capabi l i t ies  that  present  a  depic t ion of  the future state of  the water  supply  system 

and the f inanc ia l  resources necessary  for  susta ined res i l ience.  

 

Despi te  annual  cost  var ia t ions across d i f ferent  renewal  s t ra teg ies,  the study uncovers  

pract ica l  economic thresholds that  can guide TREFOR in the i r  dec is ion -making processes.  

However ,  i t  a lso h igh l ights potent ia l  inaccurac ies in  the model  due to  var iab le lengths of  p ipe 

segments se lected for  renewal .  

 

The research recommends that  TREFOR should ideal ly  combine both models  to opt imal ly  

improve the ir  system's res i l ience.  However ,  the need for  fur ther  explorat ion and ref inement  of  

these models  is  h igh l ighted,  inc lud ing the in tegrat ion of  external  hazards and a more in -depth 

invest igat ion of  model  assumpt ions,  to improve predict iv e accuracy and support  more 

comprehensive st rateg ic dec is ions.  

 

Unfor tunate ly ,  the study was somewhat  hampered by incomplete data on economic 

consequences .  Neverthe less,  assumpt ions based on d iscuss ions wi th T REFOR, a long wi th 

ins ights in to the current  ra te of  p ipe degradat ion and burs t  data,  proved va luable for  

understanding system r isks.  

 

In  conc lus ion,  th is  research emphasizes the ut i l i t y  o f  both the probabi l is t ic  res i l ience model  

and the renewal  model  in  enhancing the res i l ience of  TREFOR's water  supply system in 

Middel far t .  Despi te  some data l imi ta t ions,  i t  del ivers ins ights about  system degradat ion,  r isk  

types,  and response t imes to  fa i lure events ,  a l l  o f  which can help inform st rateg ic dec is ion -

making.   

 

Overa l l ,  the research i l lus t rates  a pathway towards creat ing more res i l ient  ut i l i ty  

in f rast ructures grounded in  so l id  econom ic rat ionale,  whi le a lso under l in ing the impor tance of  

cont inuous research and ref inement  o f  these models .  
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PREFACE 
The pursu i t  o f  knowledge and i ts  pract ica l  appl icat ion has always been a dr iv ing force in  my 

academic journey.  This  thes is  invest igated the  in tersect ion of  theory and pract ice,  repre sents 

the cu lminat ion of  my Master 's  degree in  Risk and Safety Management  at  Aalborg Univers i ty .   

 

The pr imary mot ivat ion behind th is  work was to br idge the academic knowledge f rom my 

coursework,  spec i f ica l ly  c lasses on r isk res i l ience and susta inabi l i ty ,  wi th  pract ica l  ins ights  

der ived f rom real -wor ld  problem-solv ing.  

 

One of  the core object ives of  th is  thes is  was to  ga in hands -on exper ience and prof ic iency in  

python programming,  probabi l is t ic  model l ing techniques,  Geographic  In format ion System 

(GIS),  and hydrodynamic sof tware.  These too ls,  whi le  be ing d iverse in the i r  appl icat ions,  came 

together  to  a cer ta in  extent  in  th is  work to provide so lut ions for  the enhancement  of  res i l ience 

in  ut i l i t y  in f rast ructure .  

 

Col laborat ing wi th TREFOR ut i l i ty  company and the consul tancy f i rm Envidan was a reward ing 

exper ience that  prov ided va luable ins ights in to the economic d imensions of  water  supply  

systems.  The oppor tun i ty  to  work a longs ide seasoned profess ionals  a l lowed me to wi tness 

f i rs t -hand the chal lenges faced by the industry .  

 

The focus of  the thes is ,  enhanc ing the res i l ience of  TREFOR ut i l i ty  company 's  water  supply 

system in  Middel far t ,  prov ided a r ich context  f or  my research.  By address ing th is  rea l -wor ld  

problem, I  was able to see how the theor ies I  learnt  could t rans late into  outcomes that  can be 

appl ied in  the context  of  r isk info rmed dec is ion making .  I t  is  my bel ie f  that  the pr inc ip les of  

r isk res i l ience and susta inabi l i ty ,  combined wi th  robust  economic measures,  c an aid  in  the 

des ign and maintenance of  res i l ient  ut i l i t y  in f rast ructures.  

 

I t  is  my hope that  the f ind ings and recommendat ions prov ided in  th is  thes is  wi l l  cont r ibute to  

the ongoing d iscourse on res i l ience in  ut i l i t y  in f rast ructure and of fer  benef ic ia l  ins ights for  

TREFOR and other  s imi lar  companies.   

 

As I  present  th is  thes is,  I  look forward to  us ing the knowledge and exper ience I  have gained 

f rom not  on ly  these past  months ,  but  prov is ion the va lue of  th is  degree,  to cont r ibute 

meaningfu l ly  to  the f ie ld  of  Risk  and Safety Management ,  and to cont inue my journey of  

learn ing  and remaining curious! 
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INTRODUCTION 
The TREFOR water  supply  system in  Middel far t ,  a fundamenta l  p i l lar  of  in f rast ructure,  forms 

the pr imary focus of  th is  master 's  thes is .  The a im is  to  integrate and apply  r isk management  

methodologies wi th in  the context  of  Asset  In tegr i ty  Management  (AIM)  to  assess the system's  

res i l ience and the r isks i t  faces.  

 

The capac i ty  of  a water  supply system to  res is t ,  respond to,  and recover  f rom potent ia l  threats 

or  d isrupt ions is  a  v i ta l  cons iderat ion in  i ts  operat ion and maintenance.  Accord ing ly,  the 

pr imary ob ject ive of  th is  s tudy is  to in ter rogate the res i l ience of  TREFOR's water  supply  

system in  the face of  such chal lenges,  focus ing par t icu lar ly  on se lected component .  

 

The pr imary concern  is  to  conduct  a r isk  assessment  and develop ing probabi l is t ic  models  of  

system components .  The ambi t ion  is  to  deepen the comprehension of  the system's res i l ience 

and the economic repercuss ions of  component  degradat ion and fa i lure,  appl ied spec i f ica l ly  to 

p ipes,  va lves,  and pumps cur rent ly  operat ing in Middel far t .  

 

To achieve these object ives,  the study wi l l  under take a comprehensive rev iew of  re levant  

l i terature,  ident i f icat ion and analys is  of  system components and assoc iated hazards,  

construct ion and evaluat ion of  probabi l is t ic  models ,  and consul ta t ions wi th  indust ry  exper ts .   

In  conc lus ion,  the hope is  that  the f ind ings and recommendat ions generated f rom th is  s tudy 

wi l l  prov ide a meaningful  contr ibut ion to TREFOR's dec is ion -making processes,  in forming 

s t rateg ies to  enhance the res i l ience and per formance of  the i r  water  supply  system.  
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PROBLEM FORMULATION 
 

 

"What economic measures can be undertaken to enhance the resi l ience of  TREFOR  uti l i ty  

company's water supply system in the ci ty of  Middel fart ,  specif ical ly focusing on 

selected cri t ical  components?"  

 

To th is  end,  the study poses f ive research quest ions:  

 

1. Which components constitute TREFOR's water supply system in Middelfart, and what are the potential 

economic consequences in case of their failure? 

 

2. What is the current rate of degradation of pipes within the water supply system? 

 

3. Which types of hazards are imposed on the system? 

 

4. What is the response time to failure events? 

 

5. What economic capacity do TREFOR need to sustain to prevent resilience failure? 

 

The research quest ions wi l l  he lp  address  issues and suppor t  recommendat ions to  TREFOR's  

dec is ion-makers based on the r isk  assessment  and probabi l is t ic  model ing resul ts .  Which a im 

at  enhanc ing the water  supply  system's per formance and res i l ience .  

 

 

SCOPE 
This thes is  scope is  centered on apply ing  r isk  management  and AIM for  the TREFOR water  

supply  system, wi th a pr imary focus on conduct ing a r isk assessment  and implement ing 

probabi l is t ic  model ing of  c r i t ica l  components .   

 

The s tudy a ims to enhance the understanding of  the system's  res i l ience and  assoc iated 

economic consequences in the c ontext  of  component  degradat ion  and fa i lure ,  which wi l l  be 

appl ied to  p ipes,  va lves,  and pumps  current ly  operat ing in Middel far t .   

 

Th is process wi l l  invo lve a comprehensive l i terature rev iew,  system ident i f icat ion,  hazard 

ident i f icat ion,  model  bu i ld ing and  assessments.  A lso,  consul ta t ions wi th  exper ts  wi l l  be 

conducted to  determine the essent ia l  e lements  that  s ign i f icant ly  impact  the overa l l  

per formance the system.   

 

A lso interv iews and analys is  o f  maintenance records and cost  pro ject ions prov ided by 

TREFOR's asset  management  depar tment  wi l l  be conducted .  The a im is  to quant i fy  the 

f inanc ia l  impact  of  var ious fa i lure scenar ios .  

 

The pro ject  wi l l  requi re the appl icat ion of  s ta t is t ica l  methods and expert  judgment  to  ga in a 

thorough knowledge of  the system. Understanding the rate of  degradat ion is  necessary  for  

predic t ing the system's long - term per formance and in  informing maintenance and rep lacement  

s t rateg ies.   

 

I t  is  the hope that  t he pro ject  wi l l  be able to  develop recommendat ions for  TREFOR's dec is ion -

makers to  enhance the water  supply  system's  res i l ience based on  the model  outcomes .  
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There are cer ta in  aspects exc luded f rom th is  pro ject ,  these exc lus ions compr ise:  

 

• Modeling of external risks, such as environmental hazards, geotechnical considerations, that may impact the 

water supply system. While these risks are essential to consider, identify and mention, they are beyond the 

scope of this project, which primarily focuses on component degradation and failure of selected system 

components. 

• Modeling of water facilities or structures, groundwater formation, ground movement and issues related to 

water abstraction and treatment.  

• Calculations of scenarios from the Monte Carlo simulation in hydrodynamic software or creation of a Digital-

Twin. 

• Modeling of emergency scenarios, such as fire events, and the system's capacity to handle such incidents 

during a damage state is excluded but would be of interest in future study. While these scenarios are 

important in understanding the system performance, they fall beyond the focus of this project and its time 

limitation. 

• Material processes, such as calculation material fatigue, determination of leak or burst types in relation to 

diameter of holes or pipeline rupture and resulting water loss flow rates. 

• Extended consequence in terms of affected traffic or other socio-economic impacts. 

• Human health considerations and water quality risks. 

 

LIMITATIONS 
The ca lcu lat ions of  scenar ios f rom the Monte Car lo  s imulat ion in  hydrodynamic sof tware,  as 

was in i t ia l ly  p lanned,  are exc luded due to sof tware l imi tat ions f rom Aquis  (Hydrodynamic 

sof tware by  Schneider  Elect r ic )  and the assoc iated model  of  Middel far t .   

 

A s ign i f icant  amount  o f  t ime was spend on invest igat ing th is  opt ion a long wi th learn ing new 

sof tware (Aquis  and EPANET -  both hydrodynamic sof tware) .   

 

An Aquis model  was prov ided by Env idan,  however  there was no way of  determin ing how to 

connect  i t  to  the MC s imulat ion  wi th in  the res i l ience model .  On the other  hand EPANET 

fac i l i ta ted th is  opt ion  through a  Python extens ion ca l led WNTR. This  would requi re bu i ld ing 

the hydrodynamic model  as par t  of  the thes is ,  which would be a  pro ject  on i ts  own  in  the 

context  of  apply ing i t  to the fu l l  scale of  Mid del far t .   

 

Instead,  the study wi l l  focus on bui ld ing the res i l ience model .  Th is setback unfor tunate ly  wi l l  

l imi t  the scope of  the thes is ,  however  the ins ight  s t i l l  prov ides  mot ivat ional  for  fu ture work.  

 

BIBLIOMETRIC LITERATURE REVIEW 

BIBLIOMETRIC & STATE-OF-THE-ART LITERATURE REVIEW:  

This chapter  descr ibes the l i terature search and rev iew process under taken as par t  of  th is  

master  thes is .  The l i terature rev iew  is  an  important  s tep in  ident i fy ing the current  s ta te of  

knowledge about  the research problem and in shaping the research quest ions and 

methodology.   

 

The process inc luded ident i fy ing the problem,  def in ing the search scope,  se lect ing re levant  

search terms,  grouping search terms,  creat ing quer ies,  generat ing b ib l iometr ic  maps,  se lect ing 

ar t ic les  for  rev iew,  v isual iz ing data,  and analyz ing resul ts  as an i terat ive process  (Jan van Eck 

& Wal tman,  2017;  Nie lsen & Faber,  2021) .  
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The l i terature rev iew star ted wi th def in ing the research problem, which is  to  apply r i sk  

management  and probabi l is t ic  model l ing techniques  in  the context  of  Asset  in tegr i ty  

Management  for  the water  supply system at  TREFOR.  

 

The search scope was l imi ted by the tempora l i ty  o f  l i terature and se lected database (Web of  

Sc ience) ,  where preference was g iven to newest  l i terature in  order  to nar row the search  (see 

Appendix  I ) .   

 

Relevant  search te rms were grouped in to categor ies based on the i r  re levance to  the research 

problem ( f igure 1) .  Search quer ies were formulated to  re t r ieve the most  re levant  ar t ic les,  and 

b ib l iometr ic  maps were used to uncover  pat terns and t rends in the l i terature.  The most  

re levant  ar t ic les  were se lected for  fur ther  rev iew,  and the data f rom these ar t ic les were 

v isual ized and analyzed to draw conc lus ions about  the research problem.  

 

This chapter  prov ides a deta i led explanat ion of  the l i terature search and rev iew process,  

inc lud ing the methods used,  the sources searched,  and the resul ts  obtained.   

 

Addi t ional ly ,  th is  chapter  d iscusses the st rengths and l imi ta t ions of  the l i terature rev iew and 

how the f indings in formed the development  of  the research quest ions and methodology.  

 

 
F igure 1.  i l lus t rat ing workf low process and combinat ion of  search groups (See Appendix  I  for  

en larged vers ion) .  

 

The work of  Michael  H .  Faber and Linda Nie lsen has been in f luent ia l  in insp i r ing the adopt ion 

of  b ib l iometr ic  methods  for  th is  thesis  (Nie lsen & Faber ,  2021) .  These methods have been 

ins t rumenta l  in  var ious f ie lds to  examine sc ient i f ic  l i terature.   

 

When two or  more sc ient i f ic  papers share at  least  one reference,  they can be cons idered to  

have a meaningfu l  re lat ionship wi th each other .   

 

Th is  is  referred to  as "coupl ing. "  This  idea of  b ib l iographic  coupl ing,  where two publ icat ions 

are connected through a th i rd  publ icat ion,  is  d iscussed in  Kess ler  and Van Eck and Waltman  

and serves as a bas is for  the constructed maps (Jan van Eck & Waltman,  2017;  Kess ler ,  

1963) .  
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F igure 2,  Group se lect ion (h igh l ighted)  to  inform the research problem,  af ter  extens ive 

d iscuss ion wi th  TREFOR ut i l i ty  company and the consul t ing company Env idan.  Other  searches 

were used for  the purpose of  explorat ory research and pat tern ident i f icat ion assoc iated wi th  

the context  (see Appendix  I  for  h igh resolut ion b ib l iometr ic  maps of  a l l  quer ies) .  

 

Cer ta in  groups were chosen and h igh l ighted to prov ide in format ion on the research problem  

(see f igure 2) ,  fo l lowing d iscuss ions wi th TREFOR and Envidan.  Other  searches were 

conducted for  exploratory  research purposes and to ident i fy  pat terns re la ted to  the context  

(h igh resolut ion b ib l iometr ic  maps of  a l l  search quer ies can be found in Appendix  I ) .  

 

F igure 3 shows the rank ing of  re levant  categor ies of  sc ience for  th is  research,  wi th  a 

par t icu lar  focus on r isk  and asset / integr i ty  management  in the context  o f  water  u t i l i t y  and i ts  

assoc iated in f rast ructure.   

 

Env i ronmenta l  Sc iences ranks f i rs t  in  the f igure,  fo l lowed by Water  Resources,  Engineer ing 

Env i ronmenta l ,  Engineer ing Civ i l ,  Green Susta inable Sc ience Technology,  Engineer ing 

Chemical ,  Env i ronmental  Studies,  and Operat ions Research Management  Sc ience.  Account ing 

for  these categor ies of  sc ience is  essent ia l  in  understanding the in terd isc ip l inar i ty  o f  the 

problem context .   

 

Here an explanat ion of  the domains  are presented :  

 

Env i ronmenta l  Sc iences and Env i ronmenta l  Studies focus on understanding the natura l  wor ld 

and the impact  o f  human act iv i t ies  on systems,  i nc lud ing water  u t i l i t y  systems and the i r  

assoc iated in f rast ructure,  which is  cruc ia l  for  ident i fy ing potent ia l  r isks and vu lnerabi l i t ies  (B i l l  

Kte’p i ,  2022) .   
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Water  Resources is  concerned wi th  managing and protect ing water  resources,  which are 

cr i t ica l  assets in  many water  u t i l i t y  systems  (T.  Edi tors of  Encyc lopaedia,  2021) .   

 

Engineer ing Env ironmenta l  and Engineer ing Civ i l  are invo lved in  develop ing systems that  

protect  the env i ronment  and the bui l t  envi ronment ,  respect ive ly ,  whi le  a lso managing assets 

and mi t igat ing r isks assoc iated wi th natura l  d isasters  and other  hazards  (Jer ry  A.  Nathanson,  

2020) .   

 

Green Susta inable Sc ience Technology combines sc ient i f ic  knowledge wi th  engineer ing 

pr inc ip les to create susta inable so lut ions for  env i ronmenta l  problems  (Duc Long Nghiem, 

2023) .   

 

Engineer ing Chemical  is  focused on des ign ing and opt imiz ing chemical  processes and 

systems,  which requi res carefu l  r isk management  (T.  Edi tors  of  Encyc lopaedia,  2003) .   

 

Operat ions Research Management  Sc ience uses mathemat ica l  model ing,  s tat is t ics ,  and 

opt imizat ion techniques to  so lve complex problems in var ious indust r ies  (Erhan Kozan,  2002) .   

 

Understanding the rank ing and re levance of  these categor ies of  sc ience is  important  for  

e f fect ive ly  managing r isks and assets in  water  u t i l i t y  systems .  For  the purpose of  th is  thes is  

and a genera l  r isk  management  perspect ive,   

 

In  th is  respect  i t  is  worth cons ider ing which exper ts  to  draw upon  in terms of  domain 

knowledge,  in  profess ional  r isk  management .   

 

 
F igure 3.  top record counts  and knowledge domains represented in qu ery  #2,  #3 #8 and #13.  

The categor ies in f igure 3.  is  ret r ieved f rom the sum of  search es in f igure 4.   
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F igure 4.  Showing the aggregated search resul ts  f rom a l l  combined searches. (see appendix  I  

for  en largement  in  excel  f i le  “Bib l iometr ic  info ” ) .  

QUERIES:  

Query #2 -  Water  ut i l i ty  and urban water engineering and management & Normative 

decision making and adapt ive governance & Operat ional  asset  management -  (G1 + G2 + 

G4):  

 
F igure 5.  Network map of  b ib l iometr ic  c lusters of  query  #2 (G1 + G2 + G4)  (see appendix  I  for  

en largement)  
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This query ( f igure 5)  focuses on explor ing the l i terature on the current  pract ices of  managing 

water  supply ,  wastewater ,  and stormwater  in urban areas.  The a im is  to  ident i fy  research,  

case s tud ies,  and best  pract ices re la ted to  concepts such as re l iab i l i ty ,  r isk,  res i l ience,  

susta inabi l i ty ,  and governance,  inc lud ing adapt ive governance.   

 

The invest igat ion spans mul t ip le  d isc ip l ines,  inc lud ing engineer ing,  bus iness,  and publ ic  

po l icy .  I t  spec i f ica l ly  emphasizes asset  management  in an operat ional  context  and cons iders  

the f inanc ia l  aspects assoc iated wi th  i t .  The goal  is  to ga in ins ights  into  the re lat ionship 

between asset  management  and f inanc ia l  model ing in  the context  of  water  supply 

management .  

 

The s ix  c lusters assoc iated wi th  query  #2 cons ists  o f  the fo l lowing s ubject ive themes ,  which 

were ident i f ied for  each c luster ,  which can be summar ized as fo l lows:  

 

Cluster  one (b lue) :  In f rast ructure Maintenance  -  The c luster  re lates to  the maintenance  of  

phys ica l  inf rast ructure,  inc lud ing ind icators ,  d is t r ibut ion systems,  f ramework,  wastewater  

t reatment ,  and rep lacement .  

 

C luster  two (green) :  Risk  Management  -  The c luster  is  focused on managing r isk in  u t i l i t ies,  

wi th  an emphasis  on dec is ion suppor t ,  mo del ing,  and water  asset  management .  

 

C luster  three ( red) :  Per formance Assessment  -  The c luster  invo lves assess ing the 

per formance of  water  ut i l i t ies  and re la ted sectors ,  inc lud ing asset  management ,  p ipe fa i lure,  

and susta inabi l i ty ,  among others .  

 

Cluster  four  (purp le) :  System Opt imizat ion  -  The c luster  is  concerned wi th  opt imiz ing systems 

to  improve re l iab i l i ty  and ef f ic iency,  wi th a focus on models,  p ipe rep lacement  s t rategy ,  and 

water  d is t r ibut ion.  

 

Cluster  f ive (ye l low):  Dec is ion Analys is  -  The c luster  invo lves us ing mul t i -cr i ter ia  dec is ion 

analys is  to in form dec is ion -making re la ted to  urban water  systems,  inc lud ing rehabi l i ta t ion,  

water  supply ,  and wastewater  p lanning.  

 

Cluster  s ix  ( turquoise) :  In f rast ructure P lanning  -  The c luster  re lates to st rateg ic  and t act ica l  

p lanning for  urban water  serv ices,  wi th  a focus on inf rast ructure asset  management  and 

energy ef f ic iency.  

 

The resul t ing l i terature which helped in form the research problem are:   

• Optimal Intervention Planning: A Bottom-Up Approach to Renewing Aging Water Infrastructure 

• Setting Future Water Rates for Sustainability of a Water Distribution System 

• Comparison of automatic and guided learning for Bayesian networks to analyze pipe failures in the water 

distribution system 

• Development of a risk-based tool for groundwater well rehabilitation and replacement decisions 

• Strategic Water Utility Management and Financial Planning Using a New System Dynamics Tool 

• Multi-criteria decision analysis in urban water asset management 

• Performance Evaluation of Water Distribution Systems and Asset Management 

• Using the multiple scenario approach for envisioning plausible futures in long-term planning and 

management of the urban water pipe systems 

The rev iewed papers of fer  ins ights and methodologies that  contr ibu te to  the thes is on the 

res i l ience of  water  supply  systems.  These papers prov ide re levant  informat ion on r isk  

management ,  intervent ion p lanning,  asset  management ,  susta inabi l i ty ,  and dec is ion -making in 
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the context  o f  water  supply  systems.  Whi le not  a l l  pap ers expl ic i t ly  focus on spec i f ic  met r ics,  

they of fer  f rameworks,  methodologies,  and approaches that  can be appl ied to enhance the 

understanding and analys is  o f  var ious aspects of  water  supply  system res i l ience.  

 

The paper on "Compar ison of  Automat ic  and Guided Learn ing for  Bayes ian Networks to 

Analyze Pipe Fai lures in  the Water  Dis t r ibut ion System" (Tang et  a l . ,  2019a)  spec i f ica l ly  

induced the need for  re levant  data in  terms of  spec i f ic  p ipe  types and types of  fa i lure and the i r  

occurrence such as in the system operated by TREFOR. However ,  i t  should be noted that  the 

use of  Bayes ian networks was not  appl ied in  the context  of  the thes is ,  even though i t  was 

in i t ia l ly  cons idered .  (See Appendix  I  for  reference to  query  and rev iew) .  

 

Query #3 -  Water  ut i l i ty  and urban water engineering and management & Normative 

decision making and adapt ive governance & Risk management,  r isk & rel iabi l i ty  -  (G1 + 

G2 + G5):  

 
F igure 6.  Network map of  b ib l iometr ic  c lusters of  query  #3 (G1 + G2 + G5) . (see appendix  I  for  

en largement ) .  

 

Th is search query  was made to ga in ins ights  into  the management  of  urban water  supply  

systems and gather  informat ion to in form st rateg ies for  susta inable and res i l ient  water  supply 

management .   

 

Addi t ional ly ,  the focus of  the search is  on explor ing var ious methods and t oo ls re la ted to  r isk 

management  and inspect ion techniques,  such as r isk -based inspect ion and re l iab i l i ty -based 

inspect ion.  The goal  is  to  gather  ins ights on the appl icat ion of  these methods and too ls in the 

context  of  urban water  management .  

 

Th is resul ted in  the e ight  c lusters assoc iated wi th  query  #3 (see f igure 6) ,  which cons ists  o f  

the fo l lowing subject ive themes  for  each c luster :  
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Cluster  one (green) :  Risk  management  -  The c luster  focuses on r isk  management  in the water  

u t i l i ty  sector ,  wi th keywords re l a ted to GIS,  u t i l i t y  management ,  water .  Hence i t  may have a 

s t ronger focus on r isk assessment  and management  re la ted to water  qual i ty  and assoc iated 

in f rast ructure.  

 

Cluster  two (ye l low):  Susta inable urban water  management  -  The c luster  is  re lated to  

susta inable urban water  management ,  wi th  keywords such as green in f rast ructure,  

governance,  and susta inable urban dra inage systems.  The focus seems to remain on  

develop ing susta inable water  management  s t rateg ies in urban areas.  

 

Cluster  three ( red) :  Cyber -phys ica l  systems -  The c luster  is  pr imar i ly  concerned wi th  the 

development  of  cyber -phys ica l  systems to manage urban dra inage and mit igate f lood r isk ,  wi th  

a par t icu lar  emphasis  on keywords such as c i t ies ,  cyber -phys ica l  a t tacks,  and res i l ience.  I t  

proposes a s t rateg ic focus on the ut i l izat ion of  technologies to  manage and mit igate f lood r isk  

in  urban areas.  

 

Cluster  four  (orange):  Rel iab i l i ty  -  The c luster  is  re lated to  r isk  analys is  and re l iab i l i ty ,  wi th 

keywords such as r isk analys is ,  matur i ty  model ,  and predic t ion.  The c luster  seems to have 

emphasis  on develop ing re l iab le r isk  analys is  models  to  inform dec is ion -making.  

 

Cluster  f ive (brown):  Drought  management  model ing  -  Th is c luster  focuses on drought  

management  model ing ,  wi th  keywords such as model  and drought  management .   

 

C luster  s ix  (b lue) :  Cr is is  communicat ion -  The c luster  focuses on cr is is  communicat ion for  

water  u t i l i t ies ,  wi th keywords such as cr is is ,  cov id -19,  and in f rast ructure.  Hence ef fect ive 

communicat ion s t ra teg ies for  managing cr ises in  the water  u t i l i ty  sector  seems cent ra l  in  th is  

c luster .  

 

C luster  seven (purp le) :  Dr ink ing water  safety  -  The c luster  is  re lated to  r isk  assessment ,  wi th 

keywords such as r isk management  and publ ic  heal th .  I t  suggests a focus o n develop ing 

ef fect ive r isk  assessment  and management  s t rateg ies for  ensur ing the safety  of  dr ink ing 

water .  

 

C luster  e ight  ( turquoise) :  P lanning -  The last  c lus ter  focuses on water  safety  p lans for  dr ink ing 

water  qual i ty  and safety management ,  wi th  keywords  such as HACCP (Hazard Analys is  Cr i t ica l  

Cont ro l  Point ) .  The c luster  may converge upon the development  of  e f fec t ive water  safety  p lans 

a imed at  managing the qual i ty  and safety  of  dr ink ing water .  

 

Resul t ing l i terature which help inform the research problem:   

• "Costs for Water Supply Distribution System Rehabilitation" 

• "A comprehensive framework to efficiently plan short and long-term investments in water supply and sewer 

networks” 

• "Use of transient pressure data in a drinking water transmission system to assess pipe reliability" 

• "A Risk-Based Approach in Rehabilitation of Water Distribution Networks" 

• "Development of Multi-Objective Optimization Model for Water Distribution Network Using a New Reliability 

Index"  

The rev iewed papers in  th is  query address key areas such as normat ive dec is ion making,  

adapt ive governance,  r isk  management ,  r isk and re l iab i l i ty .  
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The paper on "Costs for  Water  Supply  Dist r ibut ion System Rehabi l i ta t ion" (Selvakumar et  a l . ,  

2002)  prov ides in format ion on the costs  assoc iated wi th  mainta in ing water  d is t r ibut ion systems 

and the technologies used for  rehabi l i ta t ion and repai r .  I t  examines metr ics  inc lud ing costs for  

d i f ferent  technologies,  mater ia ls ,  equipment ,  and labor ,  prov id ing budgetary co st  est imat ion 

for  u t i l i t y  managers.  This  paper 's  re levance wi l l  be a imed in  th is  thes is a t  extending  i t  to  the 

Danish context ,  par t icu lar ly  at  TREFOR ’s system in Middel far t ,  as  s imi lar  data wi l l  be sourced .  

 

Addi t ional ly ,  the paper  on "A comprehensive f ramework to ef f ic ient ly  p lan short  and long - term 

investments in  water  supply  and sewer  networks" (Ramos-Salgado et  a l . ,  2022)  ut i l izes a 

spec i f ic  metr ic ,  namely  Average Network Age,  which prov ides informat ion on the age 

d is t r ibut ion of  network components.   

 

Th is met r ic  a ids in  ident i fy ing areas that  requi re renewal  or  rep lacement .  The other  papers 

a lso helped shed l ight  on r isk  assessments  based on remote sensors  and data dr iven models 

for  dec is ion making in  water  supply  systems.  (See Appendix  I  for  reference  to query  and 

rev iew) .  

 

Query #8 -  Water  ut i l i ty  and urban water engineering and management & Normative 

decision making and adapt ive governance & Planetary boundary and Environmental  

impact  -  (G1 + G2 + G10):  

 
F igure 7.  Network map of  b ib l iometr ic  c lusters of  query  #8 (G1 + G2 + G10) .  (see appendix  I  

for  en largement ) .  

 

Th is  search query  ( f igure 7)  a ims to  uncover ,  methods,  too ls ,  and st rateg ies for  address ing 

env i ronmenta l  issues such as c l imate change,  b iod ivers i ty  loss,  land use change,  and 

pol lu t ion.  Even though th is  area of  res i l ience was in i t ia l ly  cons idered i t  was  not  inc luded in  the 

f ina l  scope of  the pro ject .  

 



PROBABILISTIC RESILIENCE MODEL FOR MANAGEMENT OF WATER SUPPLY SYSTEMS.  

 

 

 

19 

By explor ing l i terature and f ind ings in  th is  area,  i t  is  an at tempt  to ga in a bet ter  understanding 

of  ef fect ive env i ronmenta l  management  pract ices and dec is ion -making approaches re levant  to 

water  u t i l i t ies  in  re la t ion to water  supply  networks .  

 

The e ight  c lusters  where ident i f ied in  assoc iated wi th query #8:  

 

Cluster  one ( red) :  Susta inabi l i ty  metr ics  -  The pr imary focus of  th is  c luster  is  on susta inabi l i ty  

met r ics in  water  management ,  wi th  a spe c i f ic  emphasis  on keywords re la ted to  embodied 

energy,  recovery,  and l i fe  cyc le assessment .  Th is  suggests  a st rateg ic  focus on 

comprehending and mit igat ing the env i ronmental  impact  o f  water  systems,  as wel l  as  

enhancing the i r  overa l l  susta inabi l i ty .  

 

C luster  two (purp le) :  Env i ronmenta l  impact  in  China  -  Th is c luster  centers  around 

env i ronmenta l  impacts in  China,  wi th  keywords re la ted to ef f ic iency and wastewater  t reatment .  

Hence th is  c luster  is  concerned wi th  managing env i ronmenta l  impact  in a  spec i f ic  geogr aphic  

context .  

 

C luster  three (green):  Greenhouse gas emiss ions in wastewater  t reatment  -  Th is c luster  is  

assoc iated wi th  the management  of  greenhouse gas emiss ions in  wastewater  t reatment ,  wi th  a 

par t icu lar  focus on keywords re la ted to n i t rogen and emiss io n factors .  Th is  suggests  a 

de l iberate weight  on mit igat ing greenhouse gas emiss ions assoc iated wi th  wastewater  

t reatment .  

 

C luster  four  (b lue) :  Opt imizat ion of  n i t rogen emiss ion in wastewater  t reatment  -  The focus of  

th is  c luster  is  the opt imizat ion of  n i t rogen emission in  wastewater  t reatment  systems,  wi th  a 

spec i f ic  emphasis  on keywords re la ted to  model ing and opt imizat ion.   

 

C luster  f ive ( turquoise) :  Env i ronmenta l  assessment  -  Th is c luster  concent rates o n 

env i ronmenta l  assessment  of  urban water  systems,  wi th  keywords re la ted to b io log ica l  nutr ient  

removal  and l i fe cyc le assessment .   

 

C luster  s ix  (orange) :  Emiss ions management  -  Converges  a s t rong emphasis  on the 

management  and mit igat ion of  greenhouse gas emiss ions assoc iated wi th  sewage -s ludge 

d isposal ,  wi th  par t icu lar  a t tent ion g iven to keywords re la ted to n i t rous ox ide.  As a resul t ,  the 

management  and mit igat ion of  greenhouse gas emiss ions assoc iated wi th  the d isposal  o f  

sewage-s ludge seem key focal  po ints of  th is  c luster .  

 

C luster  seven (ye l low):  Energy ef f ic iency -  Th is  c lusters focus  is  on energy ef f ic iency in 

sani ta t ion systems,  wi th  an emphasis  on keywords re la ted to c l imate change and s i te  

technologies.   

 

C luster  e ight  (brown):  Water  t reatment  -  Concentrates on water  t reatment ,  wi th keywords 

re la ted to genera l  water  t reatment  processes.  I t  suggests  a focus on managing water  qual i ty  

through var ious t reatment  processes.  

 

Rev iewed l i terature:  

 

“Nexus analys is  and l i fe cyc le  assessment  o f  reg ional  water  supply systems:  A case study 

f rom I ta ly”  

 

The pr imary top ic of  the paper  is  a thorough assessment  of  how severa l  water  supply  system 

act iv i t ies,  such as water  t reatment ,  ext ract ion,  d is t r ibut ion,  and more,  a f fect  the env i ronment .   
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The word "nexus"  in the context  of  resource management  re fers to  the l inks and re la t ionships 

between var ious resources or  sectors .  The nexus approach acknowledges the  interdependence 

of  resources such as water ,  energy,  food,  and the env i ronment  and the potent ia l  for  changes 

or  act ions in  one area to  cascade in to others.  

 

To achieve susta inable growth and ef f ic ient  resource usage,  i t  h igh l ights  the necess i ty  of  

comprehending and managing these in ter l inkages ,  which is  a lso emphasized  in the theory 

sect ion in  th is  thes is  in  the context  of  systems th ink ing and the i r  in terdependence.  Nexus 

theory emphasizes the va lue of  ho l is t ic ,  integrated methods to  so lv ing complex problems and 

improv ing resource management  p lans  (Ar fe l l i  e t  a l . ,  2022a) .  

 

Nexus analys is  and l i fe cyc le assessment  (LCA) are used in  the study to  evaluate the 

susta inabi l i ty  of  the system by analyz ing the energy consumpt ion and env i ronmental  e f fects of  

the processes invo lved.  These analyses are intended to  understand the re la t ionships between 

var ious resources.  Rather  of  d i rect l y  s tudy ing the par ts  of  pumps,  p ipel ines,  and va lves,  the 

research instead focuses on the larger  issues of  water  management  and of fers informat ion on 

the system's  to ta l  env i ronmenta l  ef fect  (Ar fe l l i  e t  a l . ,  2022b) .  (See Appendix  I  for  re ference to 

query  and rev iew)  

 

Query #13 -  Water  ut i l i ty  and urban water engineering and management & Operat ional  

asset  management  & Machine learning,  Bayesian nets and Digital  twin :  

 
F igure 8.  Network map of  b ib l iometr ic  c lusters of  query  #13 (G1 + G4 + G6) .  (see appendix  I  

for  en largement ) .  

 

The intent  of  th is  query ( f igure 8)  is  to ga in ins ights  into asset  management  wi th in operat ional  

contexts,  and invest igates the appl icat ion of  machine learn ing,  probabi l is t ic  model ing,  and 

d ig i ta l  tw ins in  the f i e ld of  urban water  management .   
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The f ive  ident i f ied c lusters  assoc iated wi th query  #13  are:  

 

Cluster  one (green) :  Bayes ian networks -  Th is  c luster  is  pr imar i ly  centered on improv ing 

d is t r ibut ion network re l iab i l i ty  us ing Bayes ian networks,  wi th  keywords re la ted to model  

re l iab i l i ty  and heal th  r isk .  Emphasis  seems to be  leveraged towards advanced model ing 

techniques to  enhance dis t r ibut io n network re l iab i l i ty .  

 

C luster  two ( red) :  Asset  management  -  Th is c luster  is  re lated to asset  management  for  water  

in f rast ructure deter iorat ion predict ion,  wi th  keywords re la ted to regress ion and fa i lure models.   

 

C luster  three (ye l low) :  Machine learn ing -  The c luster  is  re la ted to  us ing machine learn ing for  

p ipe fa i lure predic t ion,  wi th  keywords re lated to  random forest  and surv iva l  analys is .  I t  seems 

to suggest  develop ing advanced machine learn ing a lgor i thms to predict  and manage p ipe 

fa i lure.  

 

Cluster  four  (purp le) :  Water  d is t r ibut ion system  -  Converges on the water  d is t r ibut ion system, 

wi th  keywords re lated to  genera l  water  d is t r ibut ion.  I t  su ggests a focus on managing and 

improv ing the overa l l  water  d is t r ibut ion system.  

 

Cluster  f ive (b lue) :  Smar t  water  network -  Th is c luster  is  re la ted to  us ing smar t  water  network 

technology for  leak and p ipe break detect ion,  wi th  keywords re lated to accelerom eter  and 

acoust ic  s ignal .  I t  suggests a focus on develop ing advanced technologies to  detect  and 

manage leaks and p ipe breaks in the water  network.  

 

The resul t ing l i terature which help in form the research problem are:   

 

• "Asset management: Quantifying economic lifetime of large-diameter pipelines" 

• "Monte Carlo Simulation Applied to Support Risk-based Decision Making in Electricity Distribution Networks" 

• “Watermain breaks and data: the intricate relationship between data availability and accuracy of predictions” 

The paper on "Monte Car lo  S imulat ion Appl ied to  Support  Risk -based Decis ion Making in  

E lect r ic i ty  Dis t r ibut ion Networks"  s tands out  in terms of  management  and the method could be 

appl ied in  the context  of  water  supply  systems such as at  TREFOR (Goerd in et  a l . ,  2015) .   

 

The paper in t roduces the use of  Monte Car lo S imulat ion (MCS) as a too l  for  r isk -based 

dec is ion making in  e lect r ic i ty  d is t r ibut ion networks.  By cons ider ing fa i lure d is t r ibut ion models 

and h is tor ica l  data,  i t  o f fers a pract ica l  approach to improv ing the re l iab i l i ty  and per formance 

of  such networks.  (See Appendix I  for  reference to query and rev iew)  

SUMMARY OF REVIEW AND ITS APPLICATION  

Many of  the metr ics  and methods der ived f rom the rev iewed l i terature,  whi le  prov id in g 

ins ights,  are genera l ly  comprehensive and beyond the scope of  the t ime l imi tat ion of  a  thes is .  

They re ly  on a broad range of  data and technica l  understanding.  This broadness under l ines 

the complexi ty  and mul t i faceted nature of  managing and improv ing the res i l ience of  water  

supply  systems.   

 

For  the purposes of  th is  thes is,  i t  is  impor tant  to focus on more spec i f ic  and manageable 

aspects that  have a s igni f icant  impact  on system res i l ience.  In par t icu lar ,  understanding the 

degradat ion processes or  mater ia l  behav ior  of  var ious p ipe mater ia ls  over  t ime due to wear 

and tear  which can be a more focused and feas ib le  area of  s tudy.  
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P ipes,  va lves,  and pumps are cr i t ical  components  of  the water  supply system. They are 

constant ly  subjected to  mechanica l  s t resses,  chemical  react ions,  and env i ronmenta l  condi t ions 

that  can cause  them to degrade over  t ime  (Abdel -Mot ta leb et  a l . ,  2019;  Tang et  a l . ,  2019a) .  

Th is degradat ion can lead to fa i lures that  impact  the re l iab i l i ty  and ef f ic iency of  the water  

supply  system. Therefore,  develop ing an understanding of  how these components degr ade and 

fa i l  can be cruc ia l  for  improv ing system res i l ience.  

 

Establ ish ing a ra t ionale for  when to  rep lace these components can a lso be essent ia l  

(Selvakumar et  a l . ,  2002) .  Th is  ra t ionale could be based on var ious factors,  such as the age of  

the components ,  the observed rate of  degradat ion,  the cr i t ica l i ty  of  the components .  

 

For  instance,  a p ipe that  is  cr i t ica l  for  system operat ion and shows a h igh rate of  f a i lure might  

need to be rep laced sooner  than a less cr i t ica l  p ipe wi th the same level  o f  fa i lure.  S imi lar ly ,  a  

pump that  is  expens ive to  rep lace but  has a low impact  on system operat ion might  be run to 

fa i lure,  whi le  a  cheaper but  more cr i t ica l  pump might  be rep laced at  the f i rs t  s ign of  

degradat ion.  

 

Whi le  the broad and comprehensive ins ights  f rom the l i terature are valuable,  th is  thes is wi l l  

focus on more spec i f ic  and tangib le  aspects re lated to  the degradat ion and rep lacement  of  

c r i t ica l  components .  This  focus wi l l  a l low for  a  more manageable and pract ica l  s tudy that  can 

s t i l l  prov ide a cont r ibut ion to improv ing the res i l ience of  the water  supply  system at  the 

TREFOR ut i l i ty  company.  

 

Wi th gu idance f rom the thes is superv isor s,  three research papers were ident i f ied as s ign i f icant  

sources of  in format ion,  essent ia l  in  estab l ish ing the groundwork for  th is  thes is .  In the 

fo l lowing sect ions,  these papers wi l l  be summarized  in  bre i f  and the i r  appl icabi l i ty  to  the 

thes is top ic  wi l l  be d iscussed.   

 

• “An Exact Multiobjective Optimization Approach for Evaluating Water Distribution Infrastructure Criticality and 

Geospatial Interdependence” 

• “Towards resilience of offshore wind farms: A framework and application to asset integrity management” 

• “Probabilistic resilience model for management of road infrastructure systems subject to flood events” 

The papers of fer  cr i t ica l  ins ights  into  the pr inc ip les and methodologies used to assess and 

improve the res i l ience of  d i f ferent  inf rast ructure systems,  inc lud ing water  d is t r ibut ion,  road 

networks,  and of fshore wind farms.  Even though the papers focus on di f fer ent  types of  

in f rast ructures,  the fundamenta l  methodologies and concepts  d iscussed in  these papers can 

be adapted and appl ied to  the water  supply system at  TREFOR ut i l i ty  company.  

 

The f i rs t  paper ,  "An Exact  Mul t iob ject ive Opt imizat ion Approach for  Evaluat i ng Water , "  

in t roduces a mul t iob ject ive opt imizat ion approach for  evaluat ing the cr i t ica l i ty  and geospat ia l  

in terdependence of  water  d is t r ibut ion in f rast ructure.  The paper  ut i l izes a hydrodynamic model  

developed in  EPANET, which served as insp i rat ion  in the pursu i t  o f  model  coupl ing for  th is  

thes is.   

 

The second paper ,  "Probabi l is t ic  Res i l ience Model  for  Management  of  Road In f rast ructure 

Systems Subject  to F lood Events, "  presents a probabi l is t ic  res i l ience model  for  managing road 

in f rast ructure systems dur ing f lood events.  The paper 's  cont r ibut ion to  the thes is  is  twofo ld.   

 

F i rs t ly ,  i t  presents a comprehensive f ramework for  r isk and res i l ien ce model ing that  enables 

the rank ing of  d i f ferent  dec is ion a l ternat ives,  a concept  that  could be appl ied to the 

management  of  water  supply  systems at  TREFOR. Secondly ,  the paper 's  use of  Monte Car lo 

s imulat ions for  probabi l is t ic  model ing and funct ional i ty  metr ics  for  quant i fy ing res i l ience 
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prov ides usefu l  methods for  examining the res i l ience of  the water  supply  system in  Middel far t .  

A l though the context  of  the paper is  road in f rast ructure systems,  i ts  approach to  r isk  and 

res i l ience model ing can be appl ied to  water  supply  systems,  g iven the universa l  appl icabi l i ty  

o f  these concepts.  

 

A l though in re la t ion to the two ment ioned papers an Aquis model  was prov ided by Env idan  for  

s imulat ing the water  network  phys ica l  behav ior ,  i t  proved chal lenging to  establ ish i ts  

in tegrat ion wi th  a Monte Car lo  s imulat ion.  As a resul t ,  an adapted s imulat ion approach was 

developed through a probabi l is t ic  res i l ience model ,  which spec i f ica l ly  target ing the f inanc ia l  

costs  assoc iated wi th  systemic  fa i lures,  whi le  omi t t ing the in ter l ink ing of  the two models  ( i .e .  a 

hydrodynamic coupled wi th  the  res i l ience model ) .  

 

The th i rd paper ,  "Towards Resi l ience of  Of fshore Wind Farms:  A Framework and Appl icat ion to 

Asset  In tegr i ty  Management , "  of fers  a novel  f ramework for  model ing and analyz ing the 

res i l ience of  o f fshore wind farms.  This  paper 's  impor tance to  the thes is l ies in  i ts  proposal  of  a 

systemat ic  approach for  res i l ience assessment ,  which inc ludes fau l t  t ree analys is  (FTA),  event  

t ree analys is  (ETA),  and Monte Car lo  s imulat ion.  

 

The h ierarch ica l  system-of-systems model  used in  the paper ,  which captures the complex 

in terdependencies wi th in  in f rast ructure systems,  can be appl ied to understand the in teract ions 

wi th in  the water  supply system at  TREFOR.  

 

In  conc lus ion,  these papers prov ide methodologies,  pr inc ip les,  and perspect ives that  can 

guide the formulat ion of  the research quest ion for  the thes is ,  even i f  they need to  be adapted 

to  the spec i f ic  context  of  the water  supply  system at  TREFOR ut i l i ty  company.   

 

THEORY & METHODOLOGY 
Theory 

The theor ies  of  ecolog ica l  res i l ience by Hol l ing and res i l ience  of  engineer ing systems  of fer  

va luable foundat ions for  analyz ing and enhancing the res i l ience of  the water  supply system 

such as at  the TREFOR ut i l i ty  company.  

 

Hol l ing 's  eco log ica l  res i l ience theory (Hol l ing,  1973)  emphasizes the system's adaptabi l i ty  to  

d is turbances and the need for  f lex ib i l i ty  in  des ign and operat ion.  I t  inc i tes cons iderat ion of  

potent ia l  d isrupt ions and the i r  impacts on the system. In  re la t ion to  res i l ience of  engineer ing 

systems,  focuses on the system's  ab i l i ty  to susta inably adapt  to  long- term changes and 

emphasizes long- term planning and susta inabi l i ty .  

 

Hol l inger  suggests that  understanding the behav ior  of  ecolog ica l  systems can be usefu l  for  

des ign ing and managing engineer ing systems.  For  example,  i f  an engineer  is  des ign ing a 

dev ice to  per form spec i f ic  tasks under  predictable external  condi t ions,  they may be more 

concerned wi th  cons istent  cons istent  and stab le leve l  of  per formance that  does not  vary or  

f luctuate s ign i f icant ly  over  t ime.   

 

However ,  i f  the system is  intended to  operate  in a  more complex and unpredic tab le 

env i ronment ,  such as a natura l  ecosystem, then understanding the res i l ience and stab i l i ty  o f  

ecolog ica l  systems could he lp inform the des ign process .  By cons ider ing the potent ia l  for  

unexpected events and d is turbances,  engineers can des ign systems that  are bet ter  ab le  to 

adapt  and recover  f rom d isrupt ions.  The theory is  very  much appl icable when assess ing the 

operat ional  hazards as wel l  as external  which may ins t igate modes of  fa i lure in the water  

supply  system at  TREFOR. 
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F igure 9.  Interdependent  water  supply  system h ierarch ica l  model  insp i red by (L iu  et  a l . ,  

2022) .See appendix  I I  for  en largement .  

 

The System-of -Systems (SoS) theory  ment ioned in  (L iu  et  a l . ,  2022) ,  is  a  co l lect ion of  

ind iv idual  systems that  work together  to  achieve a common goal .   

 

In  f igure 9,  a  proposes a h ierarch ica l  system -of-systems model  proposed by(L iu et  a l . ,  2022)  

adapted as a theory  in th is  thes is  for  water  supply  systems,  which compr ises four  

in terconnected systems :  in f rast ructure system,  economic system,  env ironmenta l  system,  and 

management  system.  

 

The water  supply  system in th is  example may be seen as a compl ic ated network of  connected 

components a iming to prov ide a dependable source of  water .  I t  is  important  to consider  the i r  

in terdependence to  ef fect ive ly  manage the p ipes,  pumps,  and va lve s.  

 

On the management  system level ,  the organizat ion TREFOR is respons ib l e  for  cons ider ing 

system des ign,  cur rent  and future renewal  s t ra teg ies,  types of  components a long wi th  the i r  

re l iab i l i ty .  The s t ra teg ies developed cons ider ing d i f ferent  system scenar ios,  which may 

cons ider  d i f ferent  types of  operabi l i ty  or  system states su ch as modes of  fa i lure depending on 

the types of  hazards.  The management  system may have to cons ider  the requi rements in  terms 

of  legal  and l ive up to  consumer requi rements.  This  makes the management  system d i rect ly  

in terconnected wi th the other  ment ioned syste ms.   

 

The env ironmenta l  system cons iders  the types of  hazards that  may act  upon the system on a l l  

leve ls .  Hazards can mater ia l ize and cause negat ive ef fects to  the economic system in  terms of  

added damages to system const i tuents  as ment ioned by Hol l inger .  They can both be of  natura l  

or  anthropogenic  character .  
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The inf rast ructure system cons iders the system const i tuents and the i r  interdependence.  Such 

as i f  a contaminat ion at  a  water  t reatment  fac i l i ty  may resul t  in the downst ream pump to be 

shut  down,  resul t ing in d i f ferent  pat tern of  d is t r ibut ion water  through the system. This  change 

in  water  d is t r ibut ion may af fect  the phys ica l  proper t ies of  the p ipes,  i f  some are more 

vu lnerable to  change in pressure,  th is  may lead to  leaks of  p ipe bursts,  as ind i rect  

consequences of  the t reatment  fac i l i t ies be ing shut  down.   

 

The economic system cons iders  the generat ion of  benef i t  over  t ime,  in  th is  case the sa le of  

water  to the consumers in  Middel far t .  Management  s t ra teg ies a lso impose the need to make 

new investments  to the maintenance and renewal  o f  the sys tem.  Which then re late to  the 

operat ional  cost  o f  operat ing the system.   

 

As ment ioned,  the main focus wi l l  be to cons ider  the management  system and economic 

system wi th cons iderat ion of  the mater ia l  proper t ies on the system level  o f  the inf rast ructure 

system.   

 

The per formance of  the system wi l l  not  be assessed in terms of  modes of  fa i lure in  re la t ion  to 

the ef fects  on per formance .   

 

 

Methodology  

Bib l iometr ic  s tudy :  

This master 's  thes is u t i l izes b ib l iometr ic  techniques to analyze publ ished l i terature and 

ident i fy  key research areas in  the domains of  water  u t i l i t y  and normat ive dec is ion making.  By 

analyz ing the f requency and co -occurrence of  keywords,  the study uses network and 

b ib l iographic  coupl ing techniques to  ident i fy  pat terns in the l i terature.   

 

The goal  o f  th is  analys is  is  to  prov ide a comprehensive understanding of  the cur rent  s tate of  

research in  the context  o f  water  u t i l i t y  and normat ive dec is ion making,  and to ident i fy  the key 

research areas and d isc ip l ines re lated to  the study.  To achieve th is ,  the study uses c luster  

analys is  techniques and creates v isual  representat ions of  networks.   

 

These networks prov ide a mul t id isc ip l inary  perspect ive on the use of  keywords in  the l i terature 

and h igh l ight  c lusters and the st rength of  connect ions between them. I t  is  impor tant  to  note 

that  in terpret ing these v isual iz at ions is  subject ive,  but  the method is  be l ieved to of fer  an 

overv iew and quick screening of  the most  f requent ly  used keywords in cur rent  l i terature for  

each domain.  

 

The b ib l iometr ic  analys is  was conducted in the fo l lowing process.  The s teps for  a l i teratu re 

search and rev iew in the context  of  problem ident i f icat ion  are the fo l lowing (Jan van Eck & 

Wal tman,  2017;  Kess ler ,  1963;  Nielsen & Faber ,  2021) :  

 

Problem ident i f icat ion:  The f i rs t  s tep in  conduct ing a l i terature search and rev iew is  to  c lear ly  

def ine the research problem or  quest ion.  This invo lves ident i fy ing the spec i f i c  area of  in terest ,  

the gap in  knowledge that  needs to  be f i l led or  explored,  and the object ives of  the s tudy.  

Def ine the search boundary:   

 

Once the research problem has been def ined,  th e next  s tep is  to def ine the search boundary.  

This invo lves determin ing the scope of  the l i terature search,  inc lud ing the t ime f rame,  

language,  and databases to  be searched.  
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Ident i fy  re levant  search terms:  The next  s tep is  to  ident i fy  re levant  search terms  and keywords 

that  wi l l  be used to search for  l i terature.  These terms should be speci f ic  to the research 

problem and should be chosen f rom the t i t le ,  abst ract ,  and keywords of  re levant  ar t ic les .  

Categor ize search terms into groups:  The search terms can be grouped in to categor ies based 

on the i r  re levance to  the research problem.  This wi l l  he lp  to  re f ine the search and reduce the 

number  of  i r re levant  ar t ic les .  The groups should be mutual ly  exc lus ive and co l lect ive ly  

exhaust ive.  

 

Def ine quer ies:  Once the s earch terms have been ident i f ied and grouped,  the next  s tep is  to  

def ine the search quer ies.  These quer ies should be formulated in such a way as to ret r ieve the 

most  re levant  ar t ic les  f rom the databases.  

 

Create b ib l iometr ic  maps:  The next  s tep is  to create  b ib l iometr ic  maps of  the l i terature.  This  

invo lves creat ing a v isual  representat ion of  the l i terature,  such as a VOS map,  to ident i fy  

pat terns and t rends in the l i terature.  

 

Select  records for  rev iew:  Once the b ib l iometr ic  maps have been created,  the next  s tep is  to 

se lect  the records that  wi l l  be rev iewed.  This invo lves rev iewing the abst racts  of  the ar t ic les 

and se lect ing those that  are most  re levant  to the research problem.  

 

V isual ize data:  The next  s tep is  to  v isual ize the data f rom the se lected ar t ic les .  

 

Analyze resul ts :  The f ina l  s tep is  to analyze the resul ts  o f  the l i terature rev iew.  This  invo lves 

synthes iz ing the f ind ings f rom the ar t ic les ,  ident i fy ing pa t terns and t rends,  and drawing 

conc lus ions which help in form the research problem  (Jan van Eck & Wal tman,  2017;  Kess ler ,  

1963;  Nie lsen & Faber,  2021) .  

 

For  the l i terature rev iewed,  i t  was l imi ted to the Web of  Sc ience (WoS) database,  which of fers  

the opt ion to  export  search resul ts  as . tx t - f i les.  These f i les  inc lude a comprehensive record of  

the search,  such as the fu l l  name, author(s) ,  abst ract ,  DOI,  and other  re levant  publ icat ion 

in format ion,  exc lud ing the complete text  o f  the ar t ic les .  

 

Probabi l is t ic  model :  

(Faber et  a l . ,  2017)  propose the model ing f ramework which in  th is  case wi l l  be appl ied in  the 

context  of  dec is ion analys is  o f  the water  supply  system at  TREFOR.  

 

This model  focuses on the d i rect  and ind i rect  economic consequences of  spec i f ic  component  

fa i lure events,  the i r  probabi l i ty  of  fa i lure and expected va lue of  u t i l i t y ,  which is  based on 

Bayes ian dec is ion analys is  (Michael  H.  & Faber ,  2012;  Santamar ia -Ar iza et  a l . ,  2023) .   

 

As is  ment ioned in  the hazard ident i f icat ion the system may be exposed to d i f ferent  events  

wi th  fo l lowing negat ive consequences.  Fol lowing the pr inc ip les of  the system representat ion 

proposed by the Jo int  Commit tee on St ructura l  Safety  (M.  H.  Faber,  2008) .   

 

The model l ing of  the system can be broken down in to three par ts  namely ,  exposure events 

such as hazards and in  th is  case components subject  to degradat ion over  t ime and i ts  inherent  

r isk,  d i rect  consequences which are re la ted to  the damages of  fa i lures,  and i nd i rect  

consequences which re la te to  the loss of  serv ice prov ided by the system to the res idents  and 

bus inesses in  the area.   
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The model  cons iders  the network leve l ,  which re la tes to the  h ierarch ica l  model  ment ioned in  

the theory .  The network leve l  in  th is  case is  the in f rast ructure assets ,  namely  p ipe l ines,  

pumps,  and pressure reduc ing va lves  in  re la t ion to the management  s t ra teg ies appl ied  to the 

system.   

 

Hazard due to degradat ion or  fa i lure of  components 

The hazards  of  a  p ipe burs t  or  component  fa i lure  of  pumps and va lves,  t ime and locat ion need 

to  be cons idered a long wi th  the probabi l i ty  of  fa i lure types.  The scale of  the ef fects  on the 

water  supply  system per formance should s t i l l  be  cons idered and not  be neglected in  future 

s tud ies.   

 

In  terms of  model l ing the occurrence of  fa i lure of  p ipes leading to bursts as wel l  as  component  

fa i lure of  pumps and va lves,  a  non-homogeneous Poisson process  can be appl ied as a hazard 

funct ion as proposed in (Wagner et  a l . ,  1986) .  The shape parameter  of  the Poisson 

d is t r ibut ion,  represent ing the fa i lure rate is  known as λ .  Hence λ0  is  the in i t ia l  fa i lure rate at  

the beginning of  the s imulat ion.   

 

Pr[𝑁(𝑡) = 𝑛)] =
(𝜆0𝑡)𝑛

𝑛!
exp(−𝜆0𝑡) , 𝑛 = 0,1,2,3,4, …   (1) 

 

The Poisson process,  ra te of  fa i lure var ies wi th t ime (λ( t ) ) ,  the λ  va lues for  the d i f ferent  

const i tuents are presented in  the chapter  on the model .    

 

Vulnerabi l i ty  of  water supply infrastructure 

Vulnerabi l i ty  refers  to  how suscept ib le  or  prone a system is  to be ing negat ive ly  a f fected by 

hazardous events.  I t  captures the connect ion between the hazards themselves and the 

immediate ef fects  they have on the system. The concept  of  vu lnerabi l i ty  he lps  in  to understand 

the magni tude of  potent ia l  harm or  damage that  can occur as a resul t  of  exposures to  hazards.  

𝑅𝐷 quant i f ies the overa l l  r isk  or  suscept ib i l i ty  of  the water  supply  network to  hazards by 

cons ider ing a l l  the potent ia l  d i rect  consequences resul t ing f rom the system's inf rast ructure 

assets .  

𝑅𝐷 = ∑ ∑ 𝑃(𝐷𝑗|𝐻𝑖)𝑃(𝐻𝑖)𝐶𝐷,𝑖𝑗     (2)

𝑗𝑖

 

 

P(H i )  denotes the probabi l i ty  o f  hazard H i ,  which can be any number of  events ( i  =  1,2,3,4,…).  

𝑃(𝐷𝑗|𝐻𝑖) denotes the probabi l i ty  of  damage D j  g iven the hazard H i ,  w i th ( j  =  1,2,3,4 . . . )  as the 

poss ib le  set  o f  in f rast ructure damage states.  𝐶𝐷,𝑖𝑗 is  the expected consequences or  costs  of  

damage D j  due to hazard H i .  

 

Functional i ty  loss 

Funct ional i ty  loss refers  to  the impai rment  or  reduct ion in the abi l i ty  of  a wate r  p ipe network 

system to per form i ts  intended funct ions due to  one or  more in f rast ructure fa i lures.  When 

in f rast ructure assets wi th in  the system fa i l ,  i t  negat ive ly  impacts the system's funct ional i ty  and 

leads to ind i rect  consequences.  

 

The unsuppl ied demand and water  loss and assoc iated monetary loss resul t ing f rom a 

component  fa i lure can be expressed in  the fo l lowing way:  
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𝑅𝐼𝐷 = ∑ ∑ ∑ 𝑃(𝑆𝑘|𝐷𝑗⋂𝐻𝑖)𝑃(𝐷𝑗|𝐻𝑖)𝑃(𝐻𝑖)𝐶𝐼𝐷,𝑖𝑗𝑘     (3)

𝑗𝑖𝑘

 

 

The f i rs t  term,  denoted 𝑃(𝑆𝑘|𝐷𝑗⋂𝐻𝑖),  is  the probabi l i ty  o f  d i f ferent  s t ates of  the water  p ipe 

network system,  denoted as Sk .  When there is  damage to in f rast ructure assets (D j )  caused by 

a spec i f ic  hazard event  (H i ) .   

 

The second term,  deonted 𝐶𝐼𝐷,𝑖𝑗𝑘   refers to  the expected consequences or  costs of  ind i rect  

damages that  may ar ise due to  the system being in  a par t icu lar  s ta te (Sk) .  I t  quant i f ies  the 

potent ia l  negat ive outcomes or  expenses assoc iated wi th  ind i rect  damages caused by the 

system's state.  

 

To assess the hazard assoc iated wi th  ind i rect  consequences 𝑅𝐼𝐷,  i t  is  possib le  to ca lculate  the 

expected value of  the ind i rect  consequences .  

 

Resi l ience model ing  

Resi l ience refers to  the abi l i ty  o f  a  water  supply  network to wi thstand and recover  f rom 

d is turbances or  d isrupt ions  which re la tes to Hol l inger ’s  perspect ive in the theory  sect ion of  

th is  chapter .  The economic capac i ty  of  the water  supply ne twork over  t ime (denoted  𝑅𝑟)  

represents  the accumulat ion of  these reserves.   

 

I t  s ign i f ies the network 's  ab i l i ty  to generate and mainta in a f inanc ia l  cushion that  can be 

ut i l ized dur ing t imes of  d isrupt ions or  emergenc ies .  This reserve is  typ ica l ly  gener ated through 

the sa le of  water  to the consumers connected to  the network  (see f igure 10) .  

 

Hence,  res i l ience fa i lure  in  th is  context  means that  a water  supply  network is  not  on ly  capable 

of  recover ing f rom d isrupt ions but  a lso has a mechanism to generate an d accumulate f inanc ia l  

resources over  t ime.   

 

These reserves can be used to ef fect ive ly  respond to d is turbances and ensure the network 's  

ab i l i ty  to prov ide uninter rupted water  supply serv ices,  suppor t ing economic growth and 

meet ing consumer needs.  
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F igure 10,  benef i t  and economic capac i ty  generat ion over  t ime and pr inc ip le  of  res i l ience 

fa i lure due to  lack of  capac i ty .  

 

(K Nish i j ima & M H Faber ,  2009;  Santamar ia -Ar iza et  a l . ,  2023)  suggested that  the connect ion 

between invest ing  appl ied in  th is  case to  water  in f rast ructure  can be done by employ ing 

macroeconomic product ion funct ions.  

 

𝑅𝑟(Χ, 𝑎, 𝜒, 𝑡) = 𝑅𝑟
0 + ∫

𝜒𝑏(Χ, 𝑎, 𝜏)

(1 + 𝑟𝛾)𝑡

𝑡

0

𝑑𝜏    (4) 

 

The s tar t ing capi ta l  reserve 𝑅𝑟
0 in  a water  supply network is  a por t ion of  the expected be nef i ts  

generated by the system over  i ts  l i fe t ime.   

 

Th is reserve is  determined by a percentage χ  of  the benef i ts  saved.  The funct ion b(X,  a ,  τ )  

descr ibes how benef i ts  are generated over  t ime.   

 

The d iscount  ra te 𝑟𝛾 cons iders  the va lue of  money over  t ime.  F igure 10 shows how benef i ts  are 

generated,  and economic capac i ty  is  bu i l t  up in the water  supply  network.  However,  i f  a  

d is turbance event  occurs  and damages the inf rast ructure,  both benef i t  generat ion and the 

capac i ty  of  the system wi l l  dec l ine.  

 

𝑆𝑟(Χ, 𝑎, 𝑡) = ∑
𝐶𝑇(Χ, 𝑎, 𝜏)

(1 + 𝑟𝛾)𝜏
𝜏𝜖({𝑡𝐹∩(0,𝑡)}

    (5) 

 

When a d is turbance event  happens in  a water  supply  network,  i t  leads to  economic costs  

dur ing the recovery phase af ter  the event .  These costs,  denoted as C T (X,  a ,  τ ) ,  represent  the 

to ta l  expenses incurred dur ing the process of  restor ing the network 's  funct ional i ty .  
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Dis turbance events  occur  wi th in  the operat ional  l i fe  o f  the in f rast ructure system is  refer red to 

as 𝑡𝐹.   

 

I f  the economic resources or  reserves of  the water  supply network are not  enough to  br ing 

back i ts  normal  funct ioning,  i t  is  cons idered a res i l ience fa i lure event .  Th is means that  the 

network is  unable to recover  due to insuf f ic ient  f inanc ia l  capac i ty .  Hence,  the probabi l i ty  o f  

res i l ience fa i lure  is  denoted 𝑃𝑅𝐹 (Faber et  a l . ,  2017) .  

 

𝑃𝑅𝐹(𝑎, 𝜒, 𝑡) = 1 − 𝑃[{𝑅𝑟(Χ, 𝑎, 𝜒, 𝑡) − 𝑆𝑟(Χ, 𝑎, 𝑡)} > 0, ∀𝜏 ∈ [0, 𝑡]]    (6) 

 

Risk-informed decision-making and management system 

Monte Car lo s imulat ions and hydraul ic  model ing techniques of fer  va luable too ls for  analyz ing 

water  supply  systems.  By ut i l iz ing Monte Car lo s imulat ions,  i t  is  poss ib le  to  probabi l is t ica l ly  

represent  var ious fa i lure scenar ios for  components such as p ipes an d va lves.   

 

Th is fac i l i tates the means to  ca lcu late the expected d i rect  costs assoc iated wi th each scenar io  

by cons ider ing the number  of  fa i lures and the cost  o f  the af fected components .  

 

𝐶𝐷(𝑘) = ∑ 𝑈𝑟 · 𝑁𝐵𝐹(𝑘)  (7) 

 

When cons ider ing a water  supply system, the number  of  fa i led components  in each scenar io 

can be denoted as  𝑁𝐵𝐹(𝑘),  and the system scenar io  is  denoted (𝑘),  which represent ing the to ta l  

count  of  fa i led components.  The cost  assoc iated wi th repai r ing each fa i led component  is  

represented by the uni t  cost  𝑈𝑟 for  repai r .   

 

In  terms of  management  and dec is ion a l ternat ives,  the fo l lowing is  cons idered in the model  

(see chapter  on model ) .  

 

• Preparedness 

• Accumulation of benefit 

 

Severa l  aspects are cons idered for  managing a water  supply  system.  This  inc ludes dec is ion -

making could a lso re la ted to the target  des ign re l iab i l i ty  of  p ipes,  va lves,  and pumps,  where 

d i f ferent  fa i lure rates can be chosen to achieve vary ing levels  of  re l iab i l i ty .  Due to t ime 

l imi tat ions th is  has not  been analyzed in  great  deta i l .  

 

Another  model  is  a lso proposed and wi l l  invest igate renewal  p lanning ,  th is  was mean t  as an 

at tempt  to establ ish a tempora l  model  which could feed in to the probabi l is t ic  model .  More 

deta i ls  on th is  are found in  the  model ’s  chapter .   

 

Dec is ions regard ing preparedness measures are cruc ia l ,  w i th  the durat ion of  t ime requi red for  

f ind ing leak  or  p ipe bursts  and the assoc iated loss of  water  and potent ia l  damage ef fects  to  

nearby inf rast ructure.   

 

The impact  o f  sav ing a por t ion of  annual  benef i ts  for  f inancing repai rs  and rep lacements is  

explored and quant i f ied ,  wi th d i f ferent  dec is ion a l ternat ives cons ider ing var ious percentages 

of  annual  benef i t  sav ings  denoted χ .   
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In  conc lus ion var ious management  s t rateg ies can be appl ied,  however  on ly  few are 

invest igated in  th is  thesis ,  which leaves room for  expans ion  upon th is  thes is .   

 

I t  is  impor tant  to  note in  terms of  th is  thes is,  that  the event  o f  f a i lure is  not  condi t ioned on a 

spec i f ic  hazard even t  such as natura l  d isaster  events.  Therefore,  the hazard represents the 

probabi l i ty  o f  a fa i lure event ,  and achiev ing a s tate of  damage is  cons idered to  occur  when 

fa i lure happens.  In other  words,  once the fa i lure has mater ia l ized,  i t  is  assumed that  the 

damage wi l l  a lso  take p lace.  Calcu lat ing any types of  l imi t  s tates in re la t ion  to  the ment ioned 

components are beyond the scope of  th is  thes is.  

 

RISK ASSESSMENT 
Risk assessment  is  the systemat ic  procedure of  ident i fy ing,  examin ing,  and assessing 

potent ia l  r isks or  hazards that  have the potent ia l  to a f fect  an organizat ion ,  i ts  const i tuent  

systems or  pro jects.   

 

I t  enta i ls  evaluat ing the probabi l i ty  and poss ib le  outcomes of  a r isk mater ia l iz ing and 

determin ing su i tab le act ions to handle or  min imize those r isks  (Aven,  2015;  Nie lsen et  a l . ,  

2019) .   

 

Condi t ional  r isk assessments can be appl ied to quant i fy  the leve l  of  speculat i on regard ing the 

s t rength and adaptabi l i ty  o f  soc iety  or  system at  var ious leve ls .  Th is  enta i ls  conduct ing r isk 

assessments  on spec i f ic  leve ls  of  damage to the system . "What  i f "  scenar ios are a type of  

condi t ional  r isk assessment  that  is  used to evaluate t he potent ia l  consequences of  d i f ferent  

leve ls  of  damage to cr i t ica l  systems.   

 

These scenar ios invo lve ask ing quest ions l ike "what  i f  a  cer ta in  system fa i ls?"  or  "what  i f  a  

cer ta in event  occurs?"  (Nie lsen et  a l . ,  2019) .  In the context  o f  water  supply  syste m,  i t  could 

enta i l  the ident i f icat ion of  a spec i f ic  scenar ios  of  fa i lure and then s imulate the ef fects  of  those 

modes of  fa i lure  (see chapter  on model ) .   

 

The generic approach are the steps in  r isk assessment are:   

 

Problem Def in i t ion  and context :  Clear ly  out l ine the purpose,  scope,  and object ives of  the r isk  

assessment .  

 

Hazard Ident i f icat ion:  Ident i fy  and document  potent ia l  hazards or  threats  that  have the 

potent ia l  to cause harm or  damage.  

 

Risk  Analys is :  Assess and analyze the probabi l i ty  and potent ia l  impacts  of  each ident i f ied 

hazard.  

 

Risk  Evaluat ion:  Evaluate the s ign i f icance of  each ident i f ied r isk  by cons ider ing both i ts  

l ike l ihood of  occurrence and pot ent ia l  consequences.  

 

Risk  Treatment :  Develop and implement  s t ra teg ies to manage,  cont ro l ,  or  mi t igate the 

ident i f ied r isks.  
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Moni tor ing and Review:  Cont inuously  moni tor  and rev iew the ef fect iveness of  the implemented 

r isk management  s t ra teg ies,  making neces sary ad justments  as needed  and update knowledge 

as i t  becomes avai lab le such as by apply ing Bayes ian updat ing .  

 

Risk  assessments suppor t  dec is ion -making by prov id ing valuable in format ion and data for  

cons iderat ion in  inf rast ructure investments.   

 

They ass ist  in  managing r isks,  s t rengthening system res i l ience to wi thstand and recover f rom 

d isrupt ions,  and ensur ing a re l iab le  water  supply  even in  the face of  uncer ta int ies.  This 

chapter  focuses on establ ish ing the context  and conduct ing system ident i f icat ion to  

understand the problem's  scope and boundar ies.   

 

A hazard ident i f icat ion wi l l  be car r ied out ,  fo l lowed by the development  of  models to  quant i fy  

the extent  of  the ident i f ied hazards.  A r isk  analys is  wi l l  be conducted,  and the resul ts  wi l l  be 

evaluated.  The dec is ion -makers at  TREFOR wi l l  then be respons ib le  for  r isk t reatment  and 

moni tor ing based on the prov ided in format ion.  

 

CONTEXT 
Middelfart  

 

The town of  Middel far t  is  pos i t ioned in  cent ra l  Denmark,  on the is land of  Funen.  As of  January 

2022,  i t  was home to 16,277 people .  TREFOR is  the ut i l i ty  company  serv ic ing Middel far t ,  and 

cont r ibutes s ign i f icant ly  to the communi ty  by of fer ing necess i t ies l ike heat ,  power,  and c lean 

water  (Danmarks stat is t ik ,  2023) .   

 

Accord ing to  est imates ,  the populat ion is  ant ic ipated to  expand by a to ta l  of  8.4%,  f rom 39,970 

in  2023 to  43,319 in 2035.  This amounts  to an annual  r ise of  279 people on average  

(Middel far t  Kommune,  2023) .  

 

As Middel far t  exper iences gradual  growth,  i t  becomes impor tant  to  address the aging water  

p ipes and pr ior i t ize the maintenance and improvement  of  i ts  water  in f rast ructure for  fu ture 

system res i l ience .  The fo l lowing waterworks serve as the main water  supply  po ints  in  

Middel far t ,  a long wi th a p ipe l ine connect ion that  is  estab l ished to the town of  Freder ic ia  

across the l i t t le  o ld  be l t  br idge.  The in terdependence  between the two towns are not  expanded 

upon futher  in  th is  context .  

 

Staurbyskov water  t reatment  fac i l i ty ,  located at  Staurbyskovvej  15,  Middel far t ,  is  one of  the 

waterworks.  I t  was renovated in 1966 af ter  be ing f i rs t  constructed in  1900.  I t  pumps around 

300,000 m3  o f  water  annual ly  f rom three operat ional  producing wel ls  (TREFOR, 2023) .  Though 

i t  has been c losed s ince September  2017 due to  the presence of  the pest ic ide  contaminat ion,  

which poses a human heal th  hazard .  

 

Middel far t  Munic ipa l i ty  has g iven a concess ion to enabl ing i t  to  be used as an emergency 

water  supply  when there is  a  scarc i ty  o f  dr ink ing water .  

 

Svenstrup water  t reatment  fac i l i ty ,  located in Svenstrupvej  2 ,  Middel far t ,  is  the second water  

t reatment  fac i l i ty  in operat ion.  I t  was bui l t  in  1978,  and renovat ions were made in  1998.  I t  

pumps around 500,000  m 3  o f  water  year ly  f rom four  operat ional  produc ing wel ls .   
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TREFOR also looks af ter  a number of  water  towers in addi t ion to these waterworks.  TREFOR  

owns three water  towers,  severa l  s torage fac i l i t ies ,  and e leven waterworks  in  to ta l ,  inc lud ing 

the ones indicated above  which are connect ing the town of  Midde l far t  (TREFOR, 2023) .   

 

The focus in th is  thes is wi l l  be on the d is t r ibut ion par t  of  the water  supply  system in  operat ion 

in  Middel far t .  In  the fo l lowing chapter  a system ident i f icat ion wi l l  be conducted  to  descr ibe the 

system level .  

 

SYSTEM IDENTIFICATION 
The water  supply  system in Middel far t  is  essent ia l  for  the communi ty 's  secur i ty ,  weal th ,  and 

genera l  wel l -be ing.  In th is  chapter  the ident i f icat ion of  the system wi l l  be conducted.  

 

The system can degrade over  t ime due to d i f ferent  factors,  which can resul t  in  reduced 

per formance and loss of  func t ional i ty .  Regular  check -ups,  maintenance,  and repair  are needed 

to  ensure the in f rast ructure  cont inued funct ion ing wel l  throughout  i ts  l i fespan.  

 

The informat ion prov ided in  th is  sect ion has been acqui red through meet ings wi th TREFOR as 

wel l  as exper ts  at  Env idan,  as wel l  as consul ted re la ted l i terature (K im Br inck,  2014;  Torben 

Larsen,  2007) .   

 

As par t  o f  the system ident i f icat ion process at  TREFOR, the object ive is  to  present  a n 

overv iew of  the ex is t ing system.  The pr imary focus wi l l  be on the d i f ferent  types of  water  

p ipe l ines that  make up the d is t r ibut ion system. Addi t ional ly ,  at tent ion wi l l  be g iven to the 

water  supply  pumps located at  the two local  water  t reatment  fac i l i t ies  i n Middel far t .  

 

A  pr inc ipa l  i l lus t rat ion of  the system concerned wi th  th is  thes is  is  shown in  f igure 11.  And in  

addi t ion,  a  genera l  network d iv is ion st ructure of  the system is  i l lust rated in f igure 12.    

 

 
F igure 11,  System representat ion of  the d is t r ibut ion sect ion of  the  water  supply  system.  

 

As depicted in  f igure 11,  the system is  por t rayed as a component  of  the in tegrated 

in f rast ructure of  Middel far t .  Th is  v iew then narrows down to the p ipe network 's  e lements,  

cons ist ing of  d i f ferent  types of  p ipes,  va lves,  and pumps,  col lec t ive ly  re fer red to  as the 

system level .    

 

F ina l ly ,  the focus is  on the ind iv idual  e lements  of  a spec i f ic  pump,  va lve,  and p ipe.  The 

TREFOR water  supply network d iv is ion uses the fo l lowing terms  (TREFOR, 2023) ,  see f igure 

12:  
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F igure 12,  water  supply  network d iv is ion pr inc ipa l  components .  For  enlargement  see appendix  

I I .  P lease note Meter ing wel l  is  abbrev iated (MW).  

 

Main zone:  A se l f -suf f ic ient  operat ional  area in the water  network,  s t retch ing f rom the source 

s i te to the consumers.  Main zones don ' t  typ ica l ly  exchange water  but  can do so dur ing 

d isrupt ions.  Main zones may inc lude one or  more sect ions.  

 

Sect ion:  A d is t inct  par t  o f  the water  network wi th  i ts  water  ba lance and rea l - t ime moni tor ing  

prov is ioned by  meter ing wel ls  (MW).  

 

Valve zone:  The smal les t  hydraul ic  boundary in the network that  doesn ' t  requi re  d igg ing.  I t  

inc ludes the p ipe l ines and customers between two va lves or  between an endpoint  and the 

c losest  va lve.  

 

Pressure zone:  Th is term refers to areas wi th vary ing hydraul ic  pressures in the network,  

separated by va lves or  o ther  s t ructures that  fac i l i tate  water  exchange between them.  
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Structure :  A  st ruc ture is  a fac i l i ty  l ike a measurement /meter ing wel l  (MW) or  pressure 

regulat ion system, pressure increase  (PI )  fac i l i ta ted by a booster  pump,  or  pressure reduc ing 

va lve (PR) that  af fects  hydraul ics and enables water  exchange between areas  of  low and h igh 

pressure.  

 

Ring connect ion :  A p ipe system bui l t  as  a hydraul ica l ly  connected r ing wi th water  in f low f rom 

at  least  two s ides.  Clos ing a va lve in  th is  system won' t  cause a water  supply  fa i lure as water  

can be suppl ied f rom the other  s ide  in  th is  case.  

 

There is  a lso a  d iv is ion of  water  p ipe l ines  and va lves based on the i r  purpose and st ructura l  

in terconnect ions ,  hence the fo l lowing d is t inc t ions are made :  

 

• Transport and Transmission pipeline 

• Distribution pipeline 

• Supply pipeline 

• Service pipeline 

• Sprinkler Service pipeline 

• Ground pipeline 

• Shut off valves or Stopcock valve 

• Zone valves  

• Pressure reducing valves 

In  summary,  va lves are phys ica l  components used to regulate or  b lock the f low of  water  in  a 

p ipe l ine.  Thei r  purpose is  to  cont ro l  water  f low and manage pressure wi th in  the network.   

 

Valves are c lass i f ied based on the ir  funct ions,  such as stopcocks which are used to  

complete ly  shut  of f  water  supply  downst ream the p ipe l ine  f rom where the va lve is  f i t ted .   

 

Transmiss ion p ipe l ines t ranspor t  dr ink ing water  over  long d is tances f rom the source to the 

d is t r ibut ion network.  These normal ly  have a larger  d iameter .  They are not  d i rect ly  connected 

to  customers and are des igned to handle large vo lumes of  water .   

 

D is t r ibut ion p ipe l ines d is t r ibute dr ink ing water  wi th in  spec i f ic  sect ions of  the network.  They 

d i rect ly  connect  to customers and t ranspor t  smal ler  vo lumes of  water  over  shor ter  d is tances 

compared to t ransmiss ion l ines.   

 

Supply  p ipe l ines del iver  dr ink ing water  to  customers f r om the d is t r ibut ion network or  supply 

l ine.  Thei r  purpose is  to prov ide customers wi th water  for  the i r  use.   

 

Serv ice p ipe l ines establ ish a connect ion between the customer 's  proper ty  and the d is t r ibut ion 

network or  supply  l ine.  They del iver  dr ink ing water  d i rec t ly  to  the customer 's  proper ty ,  and 

customers are respons ib le  for  the i r  maintenance .   

 

Ground p ipel ines are pr ivate  p ipe l ine on pr ivate property .  Carr ies dr ink ing water  f rom the 

serv ice l ine to  the meter  and tapping point .  

 

In  f igure 12,  depic ts  that  water  p ipel ines can be st ructured as e i ther  r ing -connected or  one-

s ided.   

 

A va lve zone can be both r ing -connected or  one-s ided.  Ring connect ion means that  the 

p ipe l ine is  connected in a  loop,  whi le  one-s ided means that  the p ipe l i ne is  connected to on ly 

one other  p ipe l ine  which has a dead end  (TREFOR, 2023) .   
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Ring connect ions of fer  the advantage of  a l lowing for  se lect ive shutdowns in  the event  of  

inc idents such as p ipe burs ts .  By iso la t ing a por t ion of  the network,  the remain ing sect ions 

can st i l l  be suppl ied wi th  water  f rom a l ternate d i rect ions.  Middel far t ´s  water  supply  system is  

a t  large designed th is  way.   

 

One-s ided water  p ipe l ines are more suscept ib le  to vu lnerabi l i ty  s ince downst ream consumers 

are d isconnected f rom the point  o f  shutdown under  necessary  c i rcumstances,  l imi t ing the i r  

access to water  supply.  

 

There is  a  d i f ferent iat ion between sect ion  A and sect ion  B in  f igure 12,  which operate at  

vary ing pressures based on the i r  geographica l  locat ions and the re lat ive e levat ion d i f ference,  

commonly re fer red to as "head,"  between these areas.   

 

There are cur rent ly  three pressure zones in Middleford,  which are fur ther  d iv ided in to  

sect ions .  Two h igh pressure zones an one low pressure.  The d is t inc t ion is  made where the 

water  suppl ied at  the each level  should have a min imum pressure in the in terva l  of  2 .5 -5 bar  

o f  pressure  accord ing to TREFOR. 

 

The low-pressure zone is  ca l led “Harbor  Zone K45 ” ,  which const i tute  on ly  one sect ion .  

 

The h igh-pressure  zone is  ca l led “Zone K59 in Middel far t ” .  Th is is  the larger  zone of  the town,  

which is  subdiv ided in to 8 sect ions.  The last  h igh-pressure zone is  named “ "Staurby T-network 

K50 in  Middel far t " ,  which has only  one sect ion .  Middel far t  cur ren t ly  has a  to ta l  annual  

consumpt ion of  2 ,441,841 m3  of  water .  

 

 
F igure 13,  progress ive development  of  water  p ipe l ines d i f ferent ia ted on mater ia l  type and  

establ ished length [m]  put  into  serv ice  between the years 1900-2023 in  Middel far t .  
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In  f igure 13,  the progress ive development  of  water  p ipe l ines can be seen,  d i f ferent ia ted on 

mater ia l  type and estab l ished length [m]  put  into serv ice between the years  1900 -2023 in  

Middel far t .   

 

The to ta l  length of  the combined water  supply system is  ~464 km d iv ided in to 25 ,659 

segments  of  p ipe l ine .  The data was prov ided by TREFOR through the E nv idan data sc ience 

depar tment .   

 

Data was processed f rom the ent i re p ip l ine database at  TREF OR to sor t  out  the p ipes which 

are p laced in  Middel far t .  Th is was done by geo-coord inates and import ing the data in to  QGIS   

(A geographic  informat ion system),  in  order  to make a se lect ion  of  the re levant  assets in  

Middel fa r t .  Then once the correct  assets  where ident i f ied,  the f igure 13 was created.  See 

appendix  I I I  for  QGIS f i le  and appendix  IV for  re t r ieved data.  

 

There are paced two pressure reduc ing va lves  in  the system between the pressure zones to 

a l low water  f low between them. In add i t ion,  two booster  pumps are p laced in  the system, 

which fac i l i ta tes the pressure change between the pressure zones,  hav ing the oppos i te ef fect  

o f  the ment ioned va lves.   

 

In  the fo l lowing sect ion the d i f ferent  proper t ies of  the p ipe mater ia ls  wi l l  be rev iewed as 

shown in  f igure 13.  A shor t  explanat ion of  the ment ioned va lves and pumps wi l l  be g iven.  

 

Materials  and system component  types 

Water  p ipes  

PE 

PE pipes,  made f rom polyethy lene (PE) p last ic ,  are commonly  used in  water  supply systems.  

They are chosen for  thei r  durabi l i ty ,  f lex ib i l i ty ,  leak res is tance,  l ightweight  nature,  and long 

l i fespan.  PE p ipes can wi thstand var ious env ironmenta l  condi t ions,  res is t  cor ros ion,  and 

requi re seamless fus ion weld ing for  leak - f ree jo in ts .  Thei r  f lex ib i l i ty  enables easy ins ta l la t ion 

around obstac les,  whi le the i r  l ightweight  nature s impl i f ies t ranspor tat ion.  PE p ipes are used in  

water  d is t r ibut ion networks  in  Denmark ,  connect ing ind iv idual  propert ies ,  i r r igat ion systems,  

and underground water  mains  in c i t ies   (Dansk Standard,  2011;  K im Br inck,  2014) .  

 

PEL 

The PEL is  made f rom polyethy lene (PE) p last ic  as wel l ,  however  main ly  used for  agr icu l ture 

and wi th the only  d is t inct ion remain ing  that  i t  is  not  cer t i f ied for  d i rect  water  consumpt ion uses 

in  Denmark  (Dansk Standard,  2011) .   

 

PE-Kappe 

The PE-Kappe p ipe,  which is  a  po lyethy lene (PE)  p last ic  p ipe which has a protect ive coat ing 

made of  PP.  The PP is  p last ic  made f rom polypropy lene ,  which are res is tance to chemicals,  

have h igh impact  s t rength .  

 

Hence,  making the PE-Kappe composi t  p ipe mater ia l  h igh ly res is tant  to damage on i ts  sur face 

and i t  doesn' t  eas i ly  develop cracks when under  pressure.  I t  can handle heavy loads,  water  

pressure changes,  and even wi thstand s t rong impacts .  These propert ies  are essent ia l  for  

s i tuat ions where the p ipe may exper ience in tense pressure,  ins ta l la t ions in  hazardous 

env i ronments ,  or  p ipe rep lacement  us ing no -d ig methods (Dansk Standard,  2011 ;  K im Br inck,  

2014;  Uponor ,  2023) .   
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PVC 

PVC pipes,  made f rom Polyv iny l  Chlor ide,  are commonly used in  water  supply systems.  PVC 

p ipes are l ightweight ,  cor ros ion -res is tant ,  and have a smooth inter ior  sur face for  e f f ic ient  

water  f low.  They are cost -ef fect ive and res is tant  to chemicals  found in ground or  in water  (K im 

Br inck,  2014) .  

 

Cast  I ron 

Cast  i ron p ipes have been h is tor ica l ly  used in  water  supply systems of  c i t ies.  These p ipes are 

chosen for  the i r  s t rength,  durabi l i ty .  They can wi thstand the h igh pressures and demands of  a 

c i ty 's  water  d is t r ibut ion network whi le  de l iver ing c lean and safe dr ink ing water  to  consumers.  

Wi th a long l i fespan exceeding 100 years,  cast  i ron p ipes prov ide a re l iab le  and long - term 

solut ion for  c i ty  inf rast ructure  (K im Br inck,  2014) .  

 

Asbestos (Eterni t )  

Asbestos cement  “Etern i t ”  pipes can break eas i ly  when there are d igg ings or  movements in  the 

ground.  This  means that  i f  these p ipes are in  areas wi th  a lo t  of  t ra f f ic ,  they are more l ike ly  to 

get  damaged.  They can a lso fa l l  apar t  and develop leaks,  espec ia l ly  i f  they are in so i l  that  is  

ac id ic  and disso lves the cement  ins ide the p ipes  (Vandcenter  syd,  2023) .   

 

Pumps 

Centri fugal  pumps 

In  a water  supply  system, a cent r i fugal  pump is  a type of  pump used to  move water  f rom one 

p lace to another .  I t  has a rotat ing par t  ca l led an impel ler  wi th  curved blades.   

 

When the impel ler  sp ins,  i t  creates a force that  pushes water  outw ard.  This force draws water  

in to  the pump through a suct ion por t .  Ins ide the pump, the impel ler  speeds up the water  and 

conver ts  i ts  energy into  pressure.   

 

The pressur ized water  is  then d ischarged through another  por t  in to the water  supply  system,  

where i t  can be d is t r ibuted to users  (Torben Larsen,  2007) .  Cent r i fugal  pumps are commonly 

used because they are ef f ic ient ,  re l iab le ,  and can handle large amounts of  water .  

 

In  Middel far t ,  cent r i fugal  pump s are used as a booster  pump to increase water  pressure 

between the low- and h igh-pressure zones ment ioned ear l ier .  By connect ing the booster  pump 

in  th is  way,  i t  ensures that  water  is  de l ivered at  adequate pressure throughout  the town,  

overcoming any pressure def ic i ts  and prov id ing c ons istent  water  supply  to  res idents,  

bus inesses,  and other  users.  

 

Valves 

Pressure reduct ion valve  

A valve type known as a pressure lower ing va lve a ids in regulat ing the pressure of  water  

f lowing through p ipes.  The pressure lower ing va lve works by automat ic a l ly  a l ter ing the va lve 

opening to  rest r ic t  the f low and lower  the pressure when i t  senses the incoming water  

pressure.  Only  a set  maximum pressure may get  through due to the adjustable spr ing - loaded 

system that  counteracts the water  pressure in the dev ice .  The va lve typ ica l ly  cons ists  o f  an 

in le t  por t ,  an out let  por t ,  a cont ro l  mechanism ( such as a diaphragm or  p is ton) ,  and an 

adjustable spr ing.   

 

The incoming water  f lows into the va lve through the in le t  por t ,  and the cont ro l  mechanism 

responds to changes i n  pressure to regulate the va lve 's  opening.  As the water  passes through 

the va lve,  the adjustable spr ing opposes the pressure,  ensur ing that  the downstream pressure 

remains wi th in  the des ired range.  
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Pressure reduc ing va lves have severa l  funct ions.  They sh i e ld  appl iances and  water  supply  

systems f rom ext reme pressure,  aver t ing harm or  leakage.  They a lso a id  in  extending the l i fe 

o f  the system's p ipes,  f i t t ings,  and other  par ts  by br ing ing the pressure down to a safe leve l  

(Env idan,  2023b;  Torben Larsen,  2007) .   

 

In  summary the d i f ferent  types of  mater ia ls  are used in  the water  supply system,  each wi th 

the i r  own unique advantages and purposes.  The mater ia l  types and components in a  water  

supply  system in Middel far t  must  be chosen and conf igured carefu l ly ,  tak ing into cons iderat ion 

factors l ike durabi l i ty ,  res is tance,  pressure handl ing,  and env i ronmental  condi t ions .  This  leads 

to  the next  chapter  on hazard ident i f icat ion.  

 

HAZARD IDENTIFICATION 
When performing a hazard ident i f icat ion,  i t  is  wor th cons ider ing th at  d i f ferent  types of  hazards 

pose vary ing leve ls of  threat .  Some requi re spec i f ic  s t rategies to  mi t igate the i r  impacts .  

Genera l ly ,  there are four  types of  hazards  which are wor th cons ider ing  (Nie lsen et  a l . ,  2019) .  

 

Hazards of  Type 1:  These are events are large-scale events  and may be rare.  However ,  they 

have  s ign i f icant  consequences.  These types of  hazards  could be natural  catast rophes which 

are rare and which don’ t  f requent  the same locat ions necessar i ly .  

 

Hazards of  Type 2:  These hazards are known as unknown or  emerg ing hazards,  such as new 

technologies being presented to  society such as A. I . .  The scale of  the consequences 

assoc iated wi th  th is  type of  hazard and the probabi l i ty  of  i t  f rom happening are at  large 

unknown in  terms of  t ime and space .   

 

Hazards of  Type 3:  These hazards are  compr ised of  the in terdependence between systems or  

system const i tuents,  which have c o l la tera l  ef fects .  These hazards of ten happen in  complex 

systems such as water  in f rast ructure or  power  gr ids .   

 

Hazards of  Type 4:  These hazards encompass the manipulat ion of  informat ion wi th  malevolent  

in tent  in  the context  of  in format ion systems.  This  haz ard type can both be re la ted to  cyber,  

spread of  fa l ls  informat ion wi th in tent  to  cause harm.  

 

In  the context  o f  a  water  supply system,  the Type 3 hazard might  invo lve a fa i lure in  the 

e lect r ica l  gr id  that  powers the pumps and t reatment  fac i l i t ies  that  supp ly  water  Middel far t .  I f  

the e lect r ica l  gr id  were to fa i l ,  and there is  no backup power  supply,  i t  could cause a 

cascading fa i lure in  the water  supply  system,  leading to widespread water  shor tages .   

 

The focus in th is  hazard ident i f icat ion wi l l  be re la ted to  Type 3 hazards .  

 

To manage th is  type of  hazard,  dec is ion -makers might  use "what  i f "  scenar ios to  model  the 

potent ia l  impacts of  d i f ferent  leve ls of  damage to  cr i t ica l  systems.  For  example,  they might  

ask what  would happen i f  the e lect r ica l  gr id were to fa i l  for  severa l  day s or  weeks,  and then 

model  the potent ia l  impacts on the water  supply  system and other  cr i t ica l  inf rast ructure.  The 

occurrence of  these scenar ios  is  model led in  the probabi l is t ic  res i l ience model  wi th  respect  to 

operat ional  hazards def ined by the boundary of  the systems re l iab i l i ty  (see f igure 14 and 

chapter  on model ) .  

 

Type 3 hazards re la te to the overa l l  re l iab i l i ty  o f  a  system over  t ime.  The bathtub curve is  a 

v isual  depict ion of  the fa i lure rate of  a system or  component  can be seen in  f igure 14.  I t  is  
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ca l led a "bathtub curve" due to  i ts  resemblance to the shape of  a  bathtub (L iu  et  a l . ,  2022;  

Torben Larsen,  2007) .  

 

The curve is  d iv ided into three phases.  The f i rs t  phase is  known as the " burn in  per iod" .  

Dur ing th is  phase,  the system exper iences a re la t ive ly  h igh rate of  fa i lures at  the beginning of  

i ts  operat ional  l i fe.  These fa i lures of ten occur  due to  manufactur ing defects,  des ign f laws,  or  

o ther  issues assoc iated wi th  the in i t ia l  s tages.  

 

 
F igure 14,  System phases depicted as the bathtub curve  (L iu  et  a l . ,  2022;  Torben Larsen,  

2007) .  

 

The second phase is  refer red to  as the " constant  fa i lure rate per iod" .  In th is  phase,  the fa i lure 

ra te stab i l izes at  a re lat ive ly  low and constant  leve l .  The system operates smooth ly  wi th a 

cons istent  fa i lure rate over  an extended per iod,  ind icat ing a re la t ive ly  s tab le per formance.  

 

The th i rd and f ina l  phase is  the "w ear -out  phase." .  As the system ages or  undergoes long - term 

usage,  i ts  fa i lure rate begins to increase gradual ly .  Th is  increase can be at t r ibuted to wear 

and tear ,  component  degradat ion,  or  ag ing - re lated factors .  The fa i lure ra te in th is  phase r ises 

s teadi ly ,  indicat ing a h igher  l ike l ihood of  fa i lures as the system approaches the end of  i ts  

expected l i fespan.  

 

The systemat ic  renewal  and rep lacement  of  components cont r ibute to  mainta in ing the water  

supply  system in a stable state,  where the fa i lure rate is  constant  and managed to min imized 

fa i lure events.  Th is is  the assumed phase for  the ex is t ing system in  Middel far t .   

Par ts  of  th is  hazard ident i f icat ion has been per formed together  wi th Env idan,  as wel l  as 

re la ted l i terature was consul ted  (K im Br inck,  2014;  Raspat i  e t  a l . ,  2022;  Tang et  a l . ,  2019b;  

Torben Larsen,  2007) .   
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To i l lus t ra te the hazards posed to the system, the pr inc ip les of  events and the i r  d i rect  and 

ind i rect  consequences is  presented in  f igure 15 (M.  H.  Faber ,  2008) .  

 

 

F igure 15,  events  and the i r  d i rect  and ind i rect  consequences ,  for  en largement  see appendix  I I .  

 

In  th is  par t  the d i f ferent  types of  hazards are e laborated upon,  both in terms of  mater ia l  and 

component  types as wel l  as the i r  d i rect  and ind i rect  consequences.  

 

The interdependencies wi th in  the water  supply syst em create a web of  cause-and-ef fect  

re la t ionships that  are essent ia l  for  the overa l l  system's funct ional i ty .  

 

Cent r i fugal  pumps p lay a cruc ia l  ro le  in  mainta in ing a consis tent  f low and appropr ia te water  

pressure throughout  the p ip ing network.  However ,  p ipe degradat ion or  fa i lure could lead to  an 

increase res is tance wi th in  the system due to the red i rect ion of  the water  f low.  This  he ightened 

res is tance  could resul t  in  leaks or  p ipe bursts,  thereby tax ing the pumps as they st ruggle to 

mainta in  water  f low and pressure.  Conversely,  the fa i lure of  a  cent r i fugal  pump could ha l t  the 

water  f low in  the p ipes,  reduc ing water  pressure or  potent ia l ly  d isrupt ing the water  supply 

ent i re ly .  

 

Pressure reduct ion va lves and p ipes are another  cr i t ica l  pa i r  in the system. These va l ves are 

des igned to regulate and mainta in a cons is tent  pressure wi th in  the p ipes.  However,  the 

degradat ion or  fa i lure of  p ipes could unbalance the system's  pressure,  increas ing the load on 

the pressure reduct ion va lves as they work to  mi t igate these f luc tu at ions.  On the other  s ide of  
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the equat ion,  should a pressure reduct ion va lve mal funct ion and fa i l  to regulate h igh pressure,  

th is  could increase s t ress on the p ipes,  leading to  potent ia l  damage,  leaks,  or  even burs ts .  

 

F ina l ly ,  centr i fugal  pumps and pressur e reduct ion va lves share a symbiot ic  re la t ionship.  These 

two components  co l laborate to cont ro l  the pressure wi th in  the water  supply  system.  A 

mal funct ion in  a  cent r i fugal  pump could reduce the pressure wi th in the system, decreas ing the 

operat ional  load on the pressure reduct ion va lve.  In  contrast ,  i f  a  pressure reduct ion va lve 

mal funct ions and fa i ls  to  curb h igh pressure,  the pumps would face increased res is tance,  

s t ra in ing to mainta in  water  f low against  the h igh pressure.  

 

Regard ing the hazards af fect ing these in terdependencies,  in ternal  and external  threats can 

cause d i rect  d is turbances.  Internal ly ,  wear  and tear ,  fat igue,  corros ion,  jo in t  fa i lures,  and 

mal funct ion due to minera l  depos i ts  can d i rect ly  impact  the p ipes,  pumps,  and va lves.   

 

External ly ,  phys ica l  damage f rom const ruct ion act iv i t ies,  ground movements,  f ros t ,  human 

er rors dur ing operat ion,  insta l la t ion,  or  maintenance,  and incorrect  insta l la t ion or  ad justments 

can pose s ign i f icant  threats .   

 

These hazards can lead to  fa i lures in  any of  these componen ts,  caus ing a domino ef fect  that  

d isrupts the ent i re  system.  

 

This complex interp lay h igh l ights  the s ign i f icance of  regular  maintenance,  inspect ion,  and 

updat ing of  the water  supply  system to ensure i ts  ef f ic iency and re l iab i l i ty ,  thereby avoid ing 

potent ia l  d i rect  and ind i rect  consequences.  A hydrodynamic model  such as one created in 

EPANET could prov is ion such ins ights  (see chapter  on d iscuss ion) .  

 

The mater ia l  the spec i f ic  hazards are e laborated upon in  th is  par t :  

Pipes: PE and PEL and PE-Kappe PCV, Cast i ron: 

Operat ional  Hazards:   

Over t ime,  these p ipes may undergo mater ia l  fa t igue due to  cont inual  exposure to var iab le 

pressures or  temperatures,  leading to  eventual  degradat ion.  Addi t ional ly ,  the p ipes '  jo in ts ,  

typ ica l ly  connected by fus ion weld ing,  may weaken and lead to leaks i f  not  proper ly  insta l led 

or  mainta ined.  L ike PE p ipes,  the PE-Kappe p ipes may exper ience mater ia l  fa t igue or  jo in t  

fa i lures over  t ime.   

 

PVC p ipes can become br i t t le  over  t ime .  Pressure t rans ients  can pose in ternal  hazards to  

these p ipes ,  however th is  a lso ev ident  for  a l le  other  p ipe mater ia l  types .  Pressure t rans ients 

are sudden changes in  pressure w i th in  the p ip ing system, typ ica l ly  caused by events such as 

water  hammer,  pump star t /s top cyc les,  or  va lve operat ions.  These t rans ients can subject  the 

PVC pipes to  s ign i f icant  s t ress and s t ra in,  potent ia l ly  leading to p ipe fa i lure,  c racks,  or  leaks.  

 

Cast  i ron can corrode,  par t icu lar ly  in  the presence of  aggress ive water  condi t ion s that  could 

erode the in ternal  l in ing.  Scal ing and rust ing can a lso occur ,  reduc ing the ef fect ive in ternal  

d iameter  o f  the p ipes and consequent ly  the f low rate.  P inhole fa i lures occur  when smal l  ho les 

develop in  a p ipe due to corros ion or  other  factors .  Jo int  fa i lures occur  when the connect ions 

between p ipes fa i l ,  e i ther  due to poor  insta l la t ion or  deter iorat ion over  t ime.   

 

Asbestos (Etern i t )  is  hav ing  cement  in  these p ipes  which can be d isso lved by ac id ic  so i l ,  

lead ing to  p ipe fa i lure.   
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External  Hazards:   

Phys ica l  damage f rom const ruct ion act iv i t ies,  ground m ovements  due to  env i ronmenta l  

condi t ions  could compromise the p ipes  caus ing c i rcumferent ia l  or  longi tud ina l  fa i lures .  P last ic  

mater ia l  p ipes  i f  exposure to  h igh temperatures could cause deformat ion  before insta l la t ion.   

 

Fur thermore,  improper ins ta l la t ion or  mishandl ing dur ing const ruct io n can a lso lead to cracks 

and f ractures.  In terms of  Etern i t  p ipes are more vu lnerable to breakage dur ing ground 

movement  or  construct ion act iv i t ies.  In addi t ion,  i f  the p ipe is  damaged,  there is  a r isk  of  

asbestos f ibers  be ing re leased,  which poses a s ign i f icant  heal th  hazard.  

 

Human er rors  can happen dur ing wie ld ing,  p lac ing p ipes,  and foundat ion work in  const ruct ion ,  

which  a l l  cont r ibute to  compromised p ipe l ine integ r i ty .  These er rors may resul t  in  

misa l ignment ,  weak jo in ts,  or  insuf f ic ient  suppor t ,  making the p ipes more suscept ib le  to leaks,  

cracks,  or  s t ructura l  fa i lure.  

 

No-d ig methods,  such as hor izonta l  d i rect ional  dr i l l ing or  p ipe burst ing,  can be advantageous 

for  p ipe l ine ins ta l la t ion due to min imal  excavat ion.  However ,  dur ing the process of  press ing 

new p ipes through the ground,  unforeseen obst ruct ions or  excess ive forces can cause 

unintended damage to ex is t ing p ipe l ine .  

 

Acc identa l  h i ts  on ex is t ing water  p ipe l ines dur ing excavat ion act iv i t ies ,  such as d igg ing for  

construct ion pro jects or  u t i l i ty  ins ta l la t ions,  can lead to immediate damage.  The impact  f rom 

excavat ion machinery or  too ls can cause p ipe deformat ion,  cracks .   

 

Heavy vehicu lar  t raf f ic  pass ing over  bur ied p ipe l ines,  espec ia l ly  in areas wi th h igh vo lumes of  

commerc ia l  or  indust r ia l  vehic les,  can exer t  s ign i f icant  pressure on the p ipes.  Over  t ime,  

excess ive t ra f f ic  loads can weaken the s t ructural  in tegr i ty  of  the p ipe l ines .  

 

In  co lder  c l imates,  f rost  can penet rate the ground and cause so i l  expans ion .  Ground 

movement  due to geolog ica l  fac tors,  such as soi l  set t l ing,  or  s lope instab i l i ty ,  can pose r isks 

to  the s tab i l i ty  and funct ional i ty  of  the p ipe l ines.  

 

Centri fugal  Pumps:  

Operat ional  Hazards:  Wear  and tear  due to  constant  rotat ion can degrade the impel ler  over  

t ime,  reduc ing pump ef f ic iency.  Moreover ,  poor maintenance or  lubr icat ion can lead to pump 

fa i lure.  High f requency in  s tar t  and s top intervals  a lso lead to  overheat ing whic h may damage 

the pump.  

 

V ibrat ions can  a lso impact  the per formance and in tegr i ty  of  centr i fugal  pumps.  V ibrat ions can 

ar ise f rom factors  such as misa l ignment  o f  pump components,  unbalanced impel lers,  or  

cav i tat ion.  

 

External  Hazards:  Human er rors  dur ing operat ion,  insta l lat ion,  or  maintenance can resul t  in  

pump damage.  Improper  e lect r ica l  connect ions or  unstable power  supply  can a lso pose a 

threat .  

 

Pressure Reduct ion Valve:  

Operat ional  Hazards:  The va lve can mal fun ct ion due to wear and tear  or  a  bu i ldup of  minera l  

depos i ts ,  which can impede the cont ro l  mechanism and af fect  i ts  pressure regulat ing capac i ty .  
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External  Hazards:  Incorrect  insta l lat ion or  ad justments can lead to  an improper  pressure 

set t ing,  potent ia l ly  r esul t ing in h igh pressure that  can damage the downst ream system.  

 

Next  the potent ia l  d i rect  and ind i rect  consequences wi l l  be addressed due to component  

fa i lure which has been ment ioned :  

 

Pipe Degradation or Fai lure:  

Direct  Consequences:  I f  the p ipes degrade or  fa i l ,  i t  can lead to leaks or  burs t  p ipes.  This  

would not  on ly  waste the suppl ied water  but  a lso reduce the water  pressure downst ream, 

potent ia l ly  d isrupt ing the water  supply  to  homes,  bus inesses,  and publ ic  fac i l i t ies  in  

Middel far t .   

 

In  a r ing connect ion,  where mul t ip le  sect ions are interconnected,  cut t ing of f  one sect ion can 

cause a red is t r ibut ion of  pressure wi th in  the system. The pressure in  the remain ing sect ions 

may increase or  decrease,  depending on the f low character is t ics and the re la t ive res is tance to 

f low in each sect ion.   

 

When a p ipe degrades or  exper iences a fa i lure,  the f low of  water  is  red i rected through the 

remain ing p ipes in  the r ing,  leading to  an increase in  pressure wi th in  those p ipes.  This  

increased pressure creates addi t ional  res is tance for  the remain ing p ipes,  which can 

exacerbate the potent ia l  for  leaks or  burs t  p ipes.  

 

Ind i rect  Consequences:  Frequent  p ipe fa i lures can resul t  in  cost ly  repai rs  and replacements,  

which could eventual ly  lead t o increased water  b i l ls  for  consumers .  A lso,  d isrupt ions in  water  

supply  can af fect  da i ly  act iv i t ies and operat ions wi th in  the c i ty .  Leaks could a lso cause so i l  

eros ion or  other  env i ronmenta l  damage.  Can cause consumers being cut  of f  f rom water  supply 

for  a  per iod.  

 

Centri fugal  Pump Fai lure:  

Direct  Consequences:  I f  a  pump fa i ls  at  the water  works,  i t  could d isrupt  or  reduce the water  

supply  to  the ent i re c i ty .  I f  a booster  pump fa i ls ,  i t  could af fect  the water  pressure,  espec ia l ly  

in  h igh-pressure zones that  depend on these pumps to e levate water  pressure.  

 

Ind i rect  Consequences:  Water  supply  d isrupt ions due to pump fa i lures can s ign i f icant ly  impact  

da i ly  l i fe ,  bus inesses,  and publ ic  fac i l i t ies.  I t  could a lso lead to customer  d issat is fact ion and 

reputat ional  damage for  the water  supply  company.   

 

Pressure Reduct ion Valve Fai lure:  

Direct  Consequences:  A mal funct ioning pressure reduct ion va lve can resul t  in  excess ive ly h igh 

pressure.  High pressure can lead to  p ipe damage,  leaks,  and even bursts.   

 

Ind i rect  Consequences:  High pre ssure can lead to  more f requent  p ipe fa i lures and increased 

maintenance costs.  When the pressure reduct ion va lve fa i ls  and h igh pressure pers is ts ,  the 

overa l l  s t ress on the p ipes increases.   

 

In  summary w i th  more f requent  p ipe fa i lures,  the maintenance requi rements  of  the system 

increase.  Repai rs ,  rep lacements,  an d t roubleshoot ing become necessary ,  leading to h igher 

maintenance costs.  Addi t ional ly ,  the assoc iated costs of  address ing leaks,  restor ing damaged 

in f rast ructure,  and potent ia l  env i ronmenta l  impacts can fur ther  contr ibute to  the increased 

maintenance expenses.  
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Pattern recognit ion of  external  hazards to the pipel ines in Middel fart  

The data f rom TREFOR was sor ted h owever  the resul t ing data was very  l imi ted.  Despi te  that  a  

few d i f ferent  ML methods have been appl ied to  the data in  an at tempt  to make predic t ions.  

The resul t ing accuracy scores are shown in  tab le  1.  

 

Model  Accuracy  

Logis t ic  Regress ion  0.4615 

Suppor t  Vector  Class i f ier  0 .5000 

Random Forest  0 .3462 

Table 1,  ML model  accuracy based on external  hazard data  (TREFOR).  

 

The ut i l izat ion of  the suppor t  vector  c lass i f ier  is  employed to  assess damage caused by 

ground movement  in a l l  reg istered d imension s izes exceeding 110mm in d iameter  across 

var ious Mater ia l  types.   

 

Th is observat ion  re lates  to  d imensions  which fa l l  w i th in the ca lcu lated range in the res i l ience 

model ,  imply ing a h igher  vu lnerabi l i ty  to ground movement  hazard,  compared to  other  external  

hazards such as  human er rors ar is ing f rom excavat ion impacts,  f rost ,  or  weld ing inaccurac ies.  

I t  is  possib le  that  conduct ing thorough geo logica l  surveys ,  could potent ia l ly  improve or  

mi t igate th is  issue ,  which seems predominant  in Middel far t  in  th is  range of  p ipe d imensions .  

For  fur ther  deta i ls  on the models and ca lcu lat ions ,  p lease refer  to  appendix  V.  

 

 

MODELS 
 

Modell ing the Water Supply System in Middel fart  

In  th is  chapter  two d i f ferent  model l ing approaches wi l l  be appl ied .  The f i rs t  wi l l  be the 

ment ioned appl ied probabi l is t ic  res i l ience model ,  which can be used for  dec is ion analys is  

ment ioned in  the methodology .  The mode l  so le ly  focusses  on the degradat ion processes  of  

water  p ipe l ines and mean t ime between fa i lure (MTBF)  of  va lves and pumps wi th in  the system. 

Hence the model  does not  cons ider  any external  hazards that  could inf luence i ts  per formance 

or  i ts  condi t ion.  The second model  wi l l  invest igate d i f ferent  renewal  s t ra teg ies and the i r  

assoc iated costs .  The in tent ion was to  combine the two,  however  due to  t ime l imi ta t ions wi l l  

not  be done in  th is  thesis .   

 

Probabi l ist ic  resi l ience model  

This scenar io -based model l ing  approach (Faber,  2018) ,  groups d i f ferent  fa i lure events and 

ca lcu lates the i r  expected va lue which is  a  s tat is t ica l  concept  that  represents the average 

outcome of  a  random var iab le over  many t r ia ls  and is  appl ied in  Bayes ian dec is ion making 

(Michael  H.  & Faber ,  2012) .  Hence the outcome wi th  the h ighest  expected va lue,  appl ied to 

th is  model ,  is  the ident i f icat ion of  scenar ios which has the highest  economic impact .  Given the 

probabi l i ty  o f  the scenar io  event  and the scale of  i ts  consequences.   

 

In  f igure 16,  the procedura l  s teps of  the model  are i l lust rated.  
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F igure 16,  procedura l  s teps of  the probabi l is t ic  res i l ience model .  For  enlargement  see 

appendix  I I .  

 

Probabi l i ty  of  fai lure  

To determine the  probabi l i ty  o f  fa i lure for  the d i f ferent  components of  the system, inc lud ing 

p ipe types,  va lves,  and pumps,  re levant  informat ion has been co l lected and incorporated into 

the model .  

 

For  the est imat ion of  probabi l i ty  of  fa i lure for  the p ipes in the system,  burs ts  f requency 

funct ions have been developed by Env idan and members of  D ANVA which is  an interest  

organizat ion that  represents  professionals  work ing in  the f ie ld  of  water  and waste water .  I t  

operates as a separate nonprof i t  assoc iat ion,  funded by i ts  members (DANVA,  2023;  Env idan,  

2023b) .  

 

The parameters 'a ' ,  'b ' ,  ' c ' ,  'd ' ,  and 'e '  in  the 4 t h  degree polynomia l  funct ion resul t  in  d i f ferent  

burs t  f requency funct ion wi th respect  to mater ia l  type depicted in  f igure 17,  (see Appendix  IV 

for  funct ion deta i ls  in re la ted to  mater ia l  type ) .  The f requency of  fa i lure for  each p ipe mater ia l  

wi th  respect  to i ts  age  and length,  is  then used as the shape parameter  𝜆,  for  the non-

homogenous Poisson  d is t r ibut ion  to account  for  the probabi l is t ic  nature of  fa i lure .   
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F igure 17,  deter iorat ion rates of  p ipe mater ia l  types prov ided by Env idan,  which is  appl ied to  

the model  as the shape parameter  for  Poisson d is t r ibut ion over  t ime.  See Appendix IV for  

deta i ls  on the prov ided parameters .  

 

In  the context  o f  pumps in  the water  supply system of  Middel far t ,  the "mean t ime between 

fa i lure"  (MTBF) refers  to  the average durat ion between two consecut ive fa i lures of  the pumps.  

I t  prov ides an est imate of  the re l iabi l i ty  and per formance of  the pumps by quant i fy ing the 

average t ime they operate wi thout  exper ienc ing a fa i lure  (Torben Larsen,  2007)  A lso see 

f igure 14.  

 

MTBF can also be cons idered for  pressure reduc ing va lves in  the  water  supply system. I t  

represents  the average in terva l  between fa i lures of  these va lves,  ind icat ing the i r  re l iab i l i ty  

and per formance in  mainta in ing appropr ia te water  pressure.  

 

MTBF is  a  cr i t ica l  parameter  in evaluat ing the re l iab i l i ty  and maintenance re qui rements of  

pumps and pressure reduc ing va lves in  the water  supply system. I t  helps guide dec is ions 

regard ing maintenance schedules,  spare par ts  management ,  and system des ign .  

 

In  the water  supply system of  Middel far t ,  the pumps undergo b iannual  serv ic ing by Grundfos  

(Grundfos,  2023) .  As a resul t ,  i t  is  assumed that  the probabi l i ty  o f  fa i lure is  l imi ted to 

occurr ing between the serv ice per iods and is  for  s impl ic i ty  o f  the model  assumed reset  a t  the 

beginn ing of  each serv ice in terva l .   
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Data in th is  regard was requested at  TREFOR, howev er  the data was inconc lus ive  and 

therefore assumed va lues have been used based on se lected components f rom the OREDA 

data (DNV -   OREDA, 2002) .  OREDA (Of fshore Rel iab i l i ty  Data)  is  a  database that  prov ides 

comprehensive informat ion on the re l iab i l i ty  and  fa i lure character is t ics of  var ious types of  

equipment  used current  operat ions.   

 

Th is database is  wide ly used in re l iab i l i ty  engineer ing and r isk  analys is  to est imate fa i lure 

ra tes and per formance parameters .  

 

In  th is  case,  the OREDA fa i lure data has been u t i l ized to se lect  the d iaphragm valve as 

su i tab le for  the pressure reduct ion va lve in the water  supply  system.  The d iaphragm valve is  

assumed to have s imi lar  operat ional  character is t ics and fa i lure pat terns to the pressure 

reduct ion valve being analyzed.  

 

The mean va lue of  breakdown used for  the va lves are 38.05 per  10 6  hours .  Wi th the assumed 

t ime between serv ice being one year  (DNV -   OREDA, 2002) .  There is  a tota l  of  2  va lves 

p laced in  Middel far t .  

 

As for  the pumps a mean va lue of  breakdown  of  5 .08 per  10 6  hours is  used.  The va lue is  

der ived f rom the o i l  expor t  pumps (DNV -   OREDA, 2002) .  In Middel far t  the known serv ice 

in terva l  o f  pumps are  every  6 months  as ment ioned.  There are cons idered a tota l  of  6 pumps 

in  Middel far t  who per form the funct ion ing of  d is t r ibut ing the water  around the c i ty  and between 

low-  and h igh-pressure zones.  For  s impl ic i ty  o f  model l ing no other  modes of  fa i lure have been 

appl ied.   

 

Because they operate in pa i rs  (one for  redundancy) ,  i t  is  assumed that  one wi l l  be in constant  

operat ion,  and when i t  fa i ls  on ly then wi l l  the other  respond and take over .   

 

In  conc lus ion a l l  the ment ioned rates of  fa i lure are used in  the res i l ience models Monte Car lo 

s imulat ion .  This is  done to est imate the probabi l i ty  o f  d i f ferent  fa i lure events wi th in  the 

system.   

 

Direct consequences 

The model  focuses on the d i rect  consequences re lated to  repai r  costs for  p ipe l ine burs ts ,  

pump fa i lure  repai r  cost ,  and va lve fa i lure  rep lacement  cost .  When i t  comes to repai r ing water  

p ipes,  the average cost  o f  11,210 DKK based on 33 burs t  events in  2022 is  used as a 

basel ine,  as deta i led in format ion regard ing sur face types and excavat ion depth  was not  

s t ressed.  Ef for ts  were made to gather  data f rom th e bookkeeping depar tment ,  but  due to a 

new system implementat ion in  2020,  on ly  records f rom the past  three years  were access ib le ,  

wi th  the most  complete data be ing f rom 2022.  

 

Regard ing va lves,  the est imated tota l  cost  for  rep lac ing pressure reduc ing va lves  is  set  at  

10,000 DKK per component .  However ,  for  pumps,  the informat ion prov ided only  inc ludes the 

to ta l  pr ice of  the pump system,  making i t  chal lenging to  d i f ferent iate between fa i lure types 

ment ioned in  the hazard ident i f icat ion chapter .  

 

Refer r ing to (Torben Larsen,  2007),  i t  is  assumed that  the repai r  or  rep lacement  cost  for  

pumps can be s tandard ized as a percentage of  the gross l is t  pr ice based on pump type and 

age.  Consequent ly ,  the cost  for  repai r ing or  replac ing a pump engine is  assumed to be 80% of  

the or ig ina l  pr ice.  S ince complete data for  a l l  pumps was uncer ta in ,  a pr ice of  158,267 DKK is  



PROBABILISTIC RESILIENCE MODEL FOR MANAGEMENT OF WATER SUPPLY SYSTEMS.  

 

 

 

49 

used as an approx imat ion for  a l l  pumps in the model  making the event  of  fa i lure t rans late in to  

a tota l  cost  o f  126,613 DKK.  

 

Indirect  consequences  & response t ime 

To model  the ind i rect  consequences of  a fa i lure event ,  both the response t ime and the loss of  

benef i t  due to  the fa i lure event  is  cons idered.   

 

TREFOR response t ime data was analyzed us ing s tat is t ical  methods to determine the most  

appropr ia te probabi l i ty  d is t r ibut ion that  could model  the data  as shown in  f igure 18.   

 

A method of  moments was used to approx imate a t runcated normal  d is t r ibut ion.  The method of  

moments  is  a  sta t is t ica l  technique used to est imate the parameters  of  a probabi l i ty  d is t r ibut ion 

by equat ing the sample moments  wi th  the theoret ica l  moments of  the d is t r ibut ion  (Michael  H.  & 

Faber,  2012) .  Given that  the lower  l imi t  for  the data is  0 (as ind icated by the var iab le a) ,  a 

t runcated normal  d is t r ibut ion seems to be a reasonab le choice,  par t icu lar ly  s ince the  reasons 

is  that  the data cannot  assume negat ive va lues  (s ince one cannot  have negat ive response 

t imes to  events) .   

 

A h is togram of  the data a long wi th the PDF of  the est imated t runcated normal  d is t r ibut ion is  

p lo t ted,  prov id ing a c lear  v isual  compar ison of  the data and the f i t ted d is t r ibut ion.  See 

Appendix  V,  prov id ing the ca lcu lat ion.  

 

 
F igure 18,  h is togram wi th  est imated t runcated normal  d is t r ibut ion for  response t imes used in  

the model .  

 

Whi le  the response t ime may vary,  so wi l l  the consumpt ion of  the c losed of  area under  

invest igat ion  whi le  search ing for  the water  leakage.  The average household uses around ~140 

m 3  /year  in  Middel far t .  
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I f  the burs t  happens in  the per iod of  consumpt ion whi le  a lso adding the loss of  water  f rom the 

p ipe l ine the fo l lowing model  assumpt ion used  that  the usage is  spent  in  1 /3 of  the 24-hour  

day,  evenly spread throughout  the year .  TREFOR has a pol icy  that  they do maximum al low for  

up to 100 households to  be c lose of  at  a ny g iven t ime.   

 

Th is  resul ts  in  an assumed combined water  loss  to  consumers of  ≈ 0.079 m3  /minute .  The sa le 

pr ice of  1 m 3  of  water  is  66 DKK. This  resul ts  in 5 ,21 DKK per  minute ,  an addi t ional  45 DKK is  

added to  account  for  any damages,  however  th is  va lue is  assumed and should be cor rected 

when data becomes avai lab le.  Hence,  the tota l  cost  per  minute is  50,21 DKK as the ind i rect  

cost  due to loss of  income and co l la tera l  damages.   

 

To get  c loser  to  a rea l is t ic  resul t  would requi re the feedback f rom a hydraul ic  model  for  the 

spec i f ic  area  af fected.  Other  cons iderat ions could be made in  terms of  water  los t  f rom 

resul t ing burs t  as wel l  as  cost  incurred by water  damage .   

 

The ind i rect  cost  due  to va lve or  pumps fa i lure wi l l  not  be cons idered in th is  case.  The 

assumpt ion of  reduced benef i t  generat ion  dur ing a fa i lure s tate  is  a lso not  appl ied to th is  

model  as was depicted in  f igure 10.    

 

Accumulat ion of  benefi t  

The to ta l  water  sa le in Middel far t  is  est imated at  2,441,841 m3 ,  which t rans lates to  a to ta l  of  

161,161,506 DKK in  income a year .  The prof i t  covers s ign i f icant  serv ices at  TREFOR other  

than the so le product ion of  water  and i ts  d is t r ibut ion.  Current ly  there  is  no budget  spec i f ica l ly  

for  the coverage of  p ipe bursts and the components  ment ioned so far .  The main argument  

be ing that  i t  must  be f ixed no mat ter  what .   

 

Af ter  d iscuss ing th is  mat ter  wi th TREFOR, the accumulat ion of  benef i t  is  analyzed in  the range 

of  0.15-0.25 % of  the tota l  income f rom Middel far t ,  and then conduct  a  sens i t iv i ty  analys is  o f  

the budget  over  t ime.  This  means the accumulat ion  of  benef i t  𝜒 w i l l  range f rom (0.15 -  0 .25%).  

The d iscount  ra te 𝑟𝛾 w i l l  be assumed to be 5%.  The in i t ia l  ava i lab le capi ta l  wi l l  equal  

1 ,611,615 DKK or  1% of  the tota l  income .   

 

Renewal  model  

A second model ing approach was at tempted to evaluate the rate of  renewal  o f  the water  

supply  system. The pr imary ob ject ive was to co nduct  a sens i t iv i ty  analys is  on a proposed 

management  s t ra tegy.  The s t ra tegy focuses on determin ing burst  f requenc ies for  the system 

and pr ior i t iz ing the rep lacement  of  p ipes based on the i r  age,  wi th  the o ldest  ones being 

renewed f i rs t .  Key parameters  assessed inc lude burst  f requenc ies,  average p ipe age,  and 

system value  as is  considered in  (DANVA,  1995) .  

 

To i l lus t ra te th is ,  t he steps invo lved in  the model l ing approach are out l ined in f igure 19.  
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F igure 19,  model l ing approach for  est imate the renewal  s t ra tegy  based on choice of  burst  

f requency.  

 

Data Acquis i t ion and Preprocess ing:  The f i rs t  s tep invo lves loading the re levant  p ipe data,  

which inc ludes deta i ls  such as the establ ishment  date,  length,  renewal  pr ice,  l i fespan,  and 

parameters  'a ' ,  'b ' ,  ' c ' ,  'd ' ,  'e '  re lated to the burs t  f requency funct ion  as shown in f igure 18.   

 

The cur rent  year  is  ca lcu lated,  and the age of  each p ipe is  determined by subt ract ing the year 

o f  the p ipes establ ishment  f rom the current  year .  

 

Model  In i t ia l izat ion:  The data is  loaded and copied in to a dataf rame which store the burst  

f requency resul ts ,  and empty d ic t ionar ies are created to store resul ts  for  to ta l  burst  

f requenc ies,  average ages,  and cost  over  the years .  

 

Model  I terat ion:  The model  i terates over  a per iod of  25 years .  For  each year ,  the model  

per forms severa l  ca lcu lat ions  namely :  

 

• Age Calculation: The age of each pipe for the current year is calculated. 

 

• Burst Frequency Calculation: The burst frequency for each pipe is calculated using a polynomial 

function of the pipe's age (see figure 18).  

 

 

• Summary Statistics: The total burst frequency and average age of the network for the current year 

are calculated and stored for each year over the period of 25 years. 

 

• System Value Calculation: The total value of the pipe network for the current year is calculated. 

This is done by taking into account the lifespan and current age of the pipes, and the increment 

for each year is added to reflect the depreciation of the network. The total value of the network is 
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calculated as the cost of renewal (which is the product of the renewal price per length and the 

length of the pipe) minus the depreciation. The depreciation is calculated by, the cost of renewal is 

divided by the life expectancy of the pipe, and this result is multiplied by the current increment in 

years. This is to account for the decrease in value as the pipe gets older. As time goes on (i.e., as 

the increment variable increases), the total value decreases. 

 

 

After this, the renewal cost is added to the total price. This gives the total value of the network for 

each year. This calculation is done for each strategy and for each year, considering the renewal 

operations performed according to the strategy's condition.  

 

However, this model uses a simplification, and it does not account for the time value of money or 

the detailed calculation of depreciation. 

 

It also assumes that the cost of renewing a pipe is constant over time, which might not be the 

case in real scenarios. However, the pipes that get replaced can be extracted by the time of 

replacement from the model, hence enabling for later corrections in price.  

Final ly  the p ipe renewal  s t rategy  and cumulat ive  cost  is  appl ied as a proact ive p ipe renewal  

s t rategy is  implemented where o lder  p ipe segments  can be rep laced to  mainta in  a set  

maximum burs t  f requency.  

 

Th is invo lves i terat ing over  the p ipes sor ted by age and replac ing the o ldest  p ipes unt i l  the 

maximum burs t  f requency is  no longer  exceeded.  The renewal  cost  is  ca lcu lated based on the 

renewal  pr ice and length of  the p ipes rene wed.  The pr ices for  renewal  are prov ided by POLKA 

index (see Appendix  IV) .  POLKA stands for  Pr ice and L i fe t ime Cata log  (Pr is  og levet idskata log  

in  Danish) ,  which is  used to determine the tax va lue of  water  companies '  assets  (Konkurrance 

of  forbrugsstyre lsen,  2023) .  

 

V isual izat ion:  F ina l ly ,  the ca lcu lated tota l  burst  f requenc ies,  average ages,  and to ta l  va lues of  

the p ipe network are p lot ted over  t ime  a long wi th  cumulat ive  costs .  These p lo ts  prov ide a 

v isual  representat ion of  how the parameters of  the water  supply  system evolve over  t he years  

under  the implemented management  s t ra tegy.  

 

Through th is  model l ing approach,  the a im is  to ga in ins ights  into  the future state s of  the water  

supply  system in Middel far t ,  understand the cost  impl icat ions of  d i f ferent  management  

s t rateg ies .   

 

The assessment  re la t ing to the rep lacement  of  p ipes can be employed and t ransferred to  the 

probabi l is t ic  model  ment ioned ear l ier .  Funct ion ing as a se lect i on funct ion,  for  scenar ios in 

which p ipes are renewed,  and the change in  f requency is  made  in  the res i l ience model  (see 

f igure 20) .   
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F igure 20,  Use case for  model  connect ion of  renewal  s t ra tegy and probabi l is t ic  res i l ience  

model .  

 

RISK ANALYSIS 

MODEL ANALYSIS - RESILIENCE & RENEWAL MODEL 

In  th is  chapter  a  r isk analys is  and model  resul ts  wi l l  be shown and expanded upon.   

 

Resi l ience model  

The res i l ience model  const i tu tes a 3-par t  analys is ,  ( i )  the model  invest igates the to ta l  r isk and 

expected values of  a l l  s imulat ion resul ts .  ( i i )  the model  ident i f ies the scenar ios and assoc iated 

components wi th the h ighest  expected va lue.  ( i i i )  a sens i t iv i ty  analys is  is  per formed by 

var ia t ion in  benef i t  sav ings,  and a f ixed star t ing capi ta l  of  1% of  tota l  income f rom water  sa le.  

 

The Monte Car lo  s imulat ion was executed wi th  100,000 i terat ions  spanning a t imef rame of  10 

years .  Consider ing the substant ia l  computat ional  requi rements ,  on ly p ipe l ines wi th a d iameter  

exceeding 110mm were cons idered,  encompass ing a to ta l  o f  1 ,574 components  ins tead of  the 

ent i re  25,659 p ipe l ine segments  which const i tu te  the ent i re ty  of  the system. Addi t ional ly ,  the 

pumps and va lves were incorporated in to the model .  The computat ion t ime was 7+ hours per  

s imulat ion  (see appendix  V) .  

 

Then the scenar ios are grouped,  and probabi l i ty  of  the event  is  ca lcu lated a long wi th  d i rect - ,  

ind i rect  cost ,  response t ime,  number of  p ipe bur s ts,  and fa i led va lve and pumps.  A lso,  tota l  
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cost ,  net  present  va lue and expected va lue is  ca lcu lated for  every scenar io ,  which const i tu te 

co l lec t ive ly  const i tu te the fa i lure  scenar io  wi th in  one year .   

 

 
F igure 21,  His togram of  tota l  r isk wi th  upper 90 t h  percent i le  marked by the red dot ted l ine.  

 

F igure 21  represents the tota l  r isk and upper  90 t h  percent i le  o f  expected va lues .  This  upper 

range would be interest ing to analyze s ince the scenar ios here have the greatest  impact  on 

the system.   

 

The ident i f icat ion of  which comp onents  contr ibute to  these modes of  fa i lure in  th is  area can 

th is  way be ident i f ied,  and dec is ions can be made regard ing how to reduce the probabi l i ty  of  

fa i lure for  those components .  Such as reduc ing the MTBF of  se lected pumps,  va lves or  change 

of  p ipe l ine mater ia l .    

 

Scenario with highest expected value 

Scenario:  PIPELINE ID:  [18017,  18031,  18032,  19891,  20819,  20862,  

20944,  21002,  21023,  21534,  21564,  104737,  107596,  108117,  

108134,  168707,  172607,  198885,  213393,  240956,  349631,  1013695,  

1013697] ,  PUMP ID: P3  

Expected Value:  6.74  

Net  present total  value of  event:  674,515 DKK  

Number Of Bursts:  30  

Probabi l i ty  of  Fai lure:  1e-05  

Table 2,  Scenar io  wi th h ighest  expected va lue  f rom s imulat ion shown in  f igure 21 .  

 

Table 2  displays the scenar io  wi th the h ighest  expected va lue.  The p ipe l ine id ’s  which 

cont r ibuted to  th is  fa i lure event  are l is ted a long wi th  which pump fa i led.  As ment ioned,  before 

i t  would be usefu l  to invest igate these components fur ther  and cons ider  how change s to  the i r  
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vu lnerabi l i ty  might  change the outcome of  new calcu lat ions  by reduc ing the ir  probabi l i ty  o f  

fa i lure .   

 
F igure 22,  probabi l i ty  o f  res i l ience fa i lure sens i t iv i ty  analys is  wi th  var ia t ion in  benef i t  sav ings ,  

and a f ixed s tar t ing capi ta l  of  0.1% of  to ta l  income f rom water  sa le .  

 

In  f igure 22,  the probabi l i ty  o f  r es i l ience fa i lure  is  represent ing  the range of  var iat ion in  

benef i t  sav ings between 0.15% -  0 .25% and a f ixed star t ing capi ta l  of  0 .1% of  tota l  income 

f rom water  sa le.  At  a benef i t  sav ings rate of  0 .15%, the probabi l i ty  of  r isk amounts  to  10%.  

When benef i t  sav ings increase to 0 .2%,  the r isk of  res i l ience fa i lure decreases to 6.5%. 

Furthermore,  wi th a benef i t  savings rate of  0 .25%,  the r isk  d imin ishes fur ther  to 1%. 

 

These are the  cost  assoc iated  wi th r isk  reduct ion over  the evaluated t ime hor izon wi th  respect  

to  the spec i f ic  conf igurat ion of  system components  chosen for  analys is .  Consequent ly ,  

dec is ion-makers at  TREFOR can assess and determine the i r  des i red leve l  o f  r isk acceptance 

based on the avai lab i l i ty  of  budgetary  resource (see appendix  V for  model ) .  

 

Renewal  model  

The model  analyzes the present  and future condi t ions of  the system for  a l l  p ipe segments 

which const i tu te a tota l  o f  25,659 components.  The model  evaluates  three dec is ion opt ions 

that  the ut i l i t y  company TREFOR, regard ing the maximum permiss ib le burs t  f requency for  the i r  

water  supply  system in  Middel far t .  
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F igure 23,  to ta l  burs t  f requency over  a 50 year t ime-per iod of  the water  supply system. 

 

The renewal  model  seemed to f i t  wel l  s ince there in 2022 was reg istered 33 burs t  due to 

mater ia l  factors,  and the model  which was ca lcu lat ing f rom 2023 had a star t  ra te of  36 bursts.  

 

As depicted in  f igure 23,  the cumulat ive  burst  f requency of  the in tegrat ed water  supply  system 

is  pro jected to exper ience a substant ia l  fa i lure ra te due to  the escalat ing inc idents  of  p ipe 

burs ts .  Th is assessment  encompasses a t ime span of  50 years ,  assuming no renewals  are 

car r ied out .  

 

 
F igure 24,  the average age of  the water  supply system over  a 50-year  t ime-per iod.  

 

The average age of  the water  supply  system shows a cons is tent  upward t rend  as shown in  

f igure 24.  The pro jected l i fespan for  a l l  p ipes is  75 years,  whi le  spec i f ica l ly  for  s tee l  p ipes,  

the i r  operat ional  l i fe expectancy extends to 100 years .  
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F igure 25,  the tota l  va lue of  the p ipe network over  a 50-year  t ime per iod.  

 

In  f igure 25,  is  showing the to ta l  va lue of  the p ipe network over  a 50 -year  t ime.  The 

deprec iat ion funct ion ca lcu lates the to ta l  va lue of  the p ipe network by subt ract ing the 

accumulated deprec iat ion  f rom the in i t ia l  cost .  Th is prov ides an est imate of  the remain ing 

va lue at  each year  for  the combined system.   

 

The funct ion cons iders  the length of  each p ipe and appl ies  a deprec iat ion rate based on i ts  

l i fespan.  The ut i l i t y  company was involved in the d iscuss ion and dec is ion -making process 

regard ing th is  approach .   

 

In  fo l lowing par t ,  a set  target  for  maximum burst  f requenc ies in  the system is  se lected.  Three 

opt ions are cons idered here.  Namely  a maximum of  50,  75 and 100 burs t  per  year  for  the 

system,  which are ca lculated over  the per iod of  25 years .   

 

 
F igure 26,  the system burs t  f requency over  a  25-year  t ime per iod of  the water  supply  system. 
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F igure 26 i l lus t rates the three d is t inc t  burst  f requenc ies observed as the system approaches 

i ts  target  l imi ts .  As  prev ious ly s ta ted,  the p ipes chosen for  rep lacement  to reduce the system's 

burs t  f requency are determined by the i r  h ighest  age.   

 

Th is process cont inues unt i l  the f requency reaches or  fa l ls  be low the des i red threshold.  

Occas ional ly ,  there may be var iat ions around the threshold because cer ta in  p ipe segments 

se lected for  renewal  could be longer  in length.  

 

 
F igure 27,  the average age of  the water  supply system over a 25 year t ime-per iod.  

 

When the p ipes in  the system are renewed,  the average age,  depicted in  f igure 27,  is  

ad justed,  and becoming younger .  However ,  over  t ime,  the average tends to sh i f t  back towards 

an upward t rend as the newly  rep laced components  age and the components  that  haven ' t  been 

renewed cont r ibute more to the overa l l  age.  
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F igure 28,  the tota l  va lue  of  the water  supply system over a 25-year  t ime-per iod.  

 

As depicted in  f igure 28,  i t  is  ant ic ipated that  the overa l l  va lue of  the system wi l l  r ise or  move 

counter  to i ts  rate of  deprec iat ion dur ing per iods of  new investments.   

 

However ,  as t ime progresses,  the s ign i f icance of  o lder  p ipe components begins to exer t  a 

downward pressure on the remain ing va lue of  the system, a longs ide the prev ious ly 

deprec iated p ipes.  

 

 

F igure 29,  the cumulat ive  renewal  cost  over  a 25-year  t ime-per iod of  the water  supply  system. 
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Over t ime,  i t  is  expected that  the cumulat ive  cost  o f  renewal  wi l l  s teadi ly  increase  as shown in 

f igure 29.   

 

Th is outcome ar ises natura l ly  due to  the requi rement  for  the rep lacement  of  addi t ional  or  

larger  p ipe sect ions.  By the year 2048,  the accumulated renewal  costs are pro jected to reach 

96,076,052 DKK when adopt ing  a burs t  f requency of  50 burs ts per  year  s tar t ing f rom the year  

2027.  A l ternat ive ly ,  a  burs t  f requency of  75 bursts per  year  leads to costs  amount ing to 

80,777,423 DKK star t ing f rom year 2032 .  Fur thermore,  an a l ternat ive burs t  f requency of  100 

burs ts  per  year  cor responds to costs  to ta l ing 67,893,812 DKK  star t ing in  year  2036  (see 

appendix  V for  model ) .  

 

EVALUATION 
The model ing of  the Water  Supply System in Middel far t  as ment ioned ut i l izes two dis t inct  yet  

in terconnected approaches ,  the probabi l is t ic  res i l ience model  and a renewal  model .   

 

The probabi l is t ic  res i l ience model  is  scenar io -based and focuses on internal  degradat ion 

processes of  water  p ipel ines,  and the mean t ime between fa i lure (MTBF) of  va lves and pumps.  

I t  cons iders the stat is t ica l  concept  o f  expected va lue,  a l lowing i t  to iden t i fy  scenar ios wi th  the 

h ighest  economic impact  based on the scale of  the i r  consequences and the i r  probabi l i ty  o f  

occurrence.   

 

The model  is  ef f ic ient  in  ident i fy ing scenar ios and assoc iated components that  could be the 

root  cause of  fa i lure,  which serve as  a star t ing point  in opt imiz ing the overa l l  system 

res i l ience .  For  instance,  by reduc ing the MTBF of  pumps or  va lves,  or  by a l ter ing the p ipe l ine 

mater ia l .  

 

However ,  one drawback is  that  th is  model  does not  cons ider  external  hazards that  could af fect  

the system.  Addi t ional ly ,  i t  is  computat ional ly  intens ive and t ime -consuming,  wi th s imulat ions 

running for  over  seven hours  each,  l imi t ing the scope of  i ts  appl icat ion for  th is  thesis  to  

p ipe l ines wi th  a d iameter  of  over  110mm.  

 

To reduce the r isk level  of  the system in terms of  resi l ience fai lure to 1%, an in i t ial  

investment of  1 ,611,615 DKK wi l l  be made in  year 0,  fo l lowed  by annual  investments of  

402,903 DKK over a 10-year period.  Al ternatively,  a  6.5% r isk of  resi l ience fai lure 

requires an annual  investment of  322,323 DKK.  Final ly ,  accept ing a 10% risk of  resi l ience 

fai lure would require annual  investments of  241,742 DKK over the same 10 -year period.  

 

The renewal  model ,  on the other  hand,  focuses on evaluat ing d i f ferent  s t rateg ies for  renewing 

the water  supply  system and the i r  assoc iated costs.  I t  o f fers  ins ights into  the system's present  

and future condi t ions and prov ides dec is ion opt ions to the ut i l i ty  company TREFOR concern ing 

the maximum permiss ib le  burst  f requency for  the i r  system.  

 

The model  presents a predic t ive analys is  o f  the cumulat ive burs t  f requency,  the average age 

of  the water  supply system, and the tota l  va lue of  the p ipe network over  a 25-year per iod ,  

cons ider ing the a l ternat ive  of  not  conduct ing any maintenance .  I t  prov ides a v iew of  the 

escalat ing inc idents of  p ipe bursts,  the cons is tent  upward t rend in the system's average age,  

and the deprec iat ion of  the p ipe network 's  tota l  va lue.  
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In  terms of  cost -benef i t  analys is ,  the model  projects the cumulat ive cost  o f  renewal .  Th is wi l l  

ass is t  the ut i l i t y  company in dec id ing the acceptable burst  f requency based on the avai lab i l i ty  

o f  f inanc ia l  resources.   

 

Despi te  the model 's  cont r ibut ions,  i t  should be noted that  var ia t ions around the chosen burst  

f requency threshold could occur ,  owing to the var iab le lengths of  the p ipe segments se lected 

for  renewal .  

 

The annual  cost of  renewal var ies between the optional  strategies ,  however on average 

the strategies sum up to the fol lowing:  

 

• Strategy with 50 bursts per year: 4,574,574 DKK* per year 

• Strategy with 75 bursts per year: 5,048,589 DKK* per year 

• Strategy with 100 bursts per year: 5,657,817 DKK* per year 
 

* )  Need to be adjusted to  NPV. 

 

In  conc lus ion,  the combinat ion of  these two models  prov ides a n at tempted evaluat ion of  the 

water  supply  system in  Middel far t .  Whi le  the probabi l is t ic  res i l ience model  focuses on r isk  

management  based on in ternal  degradat ion pro cesses,  the renewal  model  o f fers opt ions for  

system renewal .  

 

Both models could prov ide even more ins ights  i f ,  model  assumpt ions were invest igated fur ther ,  

as  wel l  as  i f  external  hazards were cons idered.  Future stud ies could focus on overcoming 

these l imi tat ions.  

 

DISCUSSION 
The res i l ience model  has made severa l  assumpt ions regarding the operat ional  features of  the 

water  supply  system and the f inancia l  impl icat ions of  system fa i lures.  To enhance these  

assumpt ions and advance fu ture research,  severa l  key st ra teg ies should be considered .  

 

By incorporat ing a hydraul ic  model ,  i t  would prov ide more rea l is t ic  resul ts  by bet ter  est imat ing 

the impact  of  a burst  on the system.  This model  would s imulate the f low and pressure changes 

wi th in  the system due to  a burs t ,  thus improv ing the accuracy of  the assumed water  loss.  Or 

coupled wi th  other  operat ing interdependent  system as ment ioned in  (Santamar ia-Ar iza et  a l . ,  

2023) .  

 

An EPANET model  (Center  for  Env i ronmenta l  Solut ions and Emergency Response,  2023) ,  was 

made to invest igate th is  opt ion at  the beginning of  the pro ject  shown in f igure 30.  (See 

Appendix  V for  model  f i le ) .  
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F igure 30,  EPANET model  for  test ing sof tware and Python extens ion  WNTR. 

 

The Python extens ion WNTR (WNTR, 2023)  is  des igned to be a f lex ib le p la t form for  model ing 

and analyz ing water  d is t r ibut ion system res i l ience,  and i t  is  compat ib le  wi th  widely used 

sc ient i f ic  comput ing packages for  Python.   

 

WNTR al lows for  the s imulat ion of  var ious hydraul ic  met r ics  that  are based on var i ab le f lows 

and/or  pressure.  These metr ics  can then be  used to evaluate the res i l ience of  water  

d is t r ibut ion networks under  normal  or  abnormal  condi t ions .   

 

The types of  metr ics const i tu te:   

- Topographic metrics 

- Hydraulic metrics 

- Water quality metrics 

- Water security metrics 

- Economic metrics 

The topographic  metr ics  they descr ibe the phys ica l  character is t ics of  a water  network,  such as 

the number  of  nodes and l inks,  the length of  p ipes,  and the e levat ion of  nodes .   

 

Complement ing these,  the hydraul ic  met r ics ,  can s imulate pressure and water  f low and 

d i f ferent  demands as wel l  as energy usage by pumps.  

 

The water  qual i ty  metr ics  which moni tor  the qual i ty  o f  the water  f lowing in  the network.  I ts  

measures aspects  l ike temperature and ch lor ine concent rat ion.  In  ad di t ion to these,  the metr ic  

on water  secur i ty  assesses how secure the network is  f rom any form of  contaminat ion,  be i t  

in tent ional  or  un intent ional .  One such metr ic  is  the vu lnerabi l i ty  index,  which i s  impor tant  in 

ascer ta in ing the vu lnerabi l i ty  o f  d i f fere nt  segments of  the network to  contaminat ion.  

 

F ina l ly ,  the  economic metr ics  come prov id ing valuable ins ights in to the cost  o f  operat ing and 

mainta in ing the network.  This  metr ic  was one of  the intended use cases explored for  th is  
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thes is.  I t  a l lows for  the s imulat ion of  leaks in  p ipes  and s ize of  the leak can be spec i f ied .  I t  

a lso measures the  ef fect  on the hydraul ic  per formance of  the network .  In  th is  way i t  can be 

evaluated us ing var ious hydraul ic  met r ics ,  such as pressure and f lowrate  due to  leaks.   

 

Another  economic metr ic  is  the energy cost ,  which helps est imate the monetary requi rement  

for  pumping water  through the network.  

 

Whi le  future work could invo lve a more pr inc ipal  example wi th  a s impler  model .  I t  would s t i l l  

necess i tate to  conduct  a more deta i led cost  analys is  which would hopefu l ly  lead to more 

prec ise cost  est imates.  Perhaps wi th  a cross reference to other  u t i l i t y  companies.   

 

Gather ing more spec i f ic  data on the cost  o f  water  damage,  c leanup,  and loss of  serv ice would 

enhance the understanding of  ind i rect  costs.  A c loser  examinat ion of  the d i f ferent  costs 

assoc iated wi th  var ious types of  fa i lures and the i r  subsequent  repai r  or  rep lacement  would 

a lso be benef ic ia l .  I t  was at tempted through the database operated by Env idan named 

EnviPorta l  (Env idan,  2023a) .  

 

Another  aspect  worth to  cons ider  is  the actual  fa i lures of  va lves and pumps  in Middel far t ,  

which are not  cur rent ly  accounted for  in the analys is ,  but  assumed va lues by the (DNV -

  OREDA, 2002) .  Future research should invest igate the ef fects of  these fa i lures,  inc lud ing the 

assoc iated costs  and impacts  on system re l iab i l i ty .  

 

Improv ing the fa i lure data used in  the model  would enhance i ts  accuracy.  This could be 

achieved by co l lect ing long - term data f rom the Middel far t  water  system and potent ia l ly  

co l laborat ing wi th other  water  ut i l i t ies  to  gather  a  larger  dataset .  

 

Rather  than assuming a d is t r ibut ion for  the  response t ime,  fu ture models  could s imulate 

vary ing response t imes  re la ted to  spec i f ic  locat ions,  and scenar ios account ing for  t ra f f ic  and 

tempora l i ty  o f  the events .  Th is  approach would prov ide more rea l is t ic  est imates of  the 

consequences of  system fa i lure.  

 

To address the unpredic tab i l i ty  o f  component  fa i lures,  i t  might  be advantageous to establ ish  a 

spec i f ic  budget  for  p ipe burs ts  and other  component  fa i lures  at  TREFOR. This dedicated fund 

could be adjusted based on h is tor ica l  data and predic ted fa i lure rates  as assessed in  th is  

thes is.  

 

Conduct ing a thorough analys is  of  the prof i tab i l i ty  o f  the system and how the income 

generated can be re invested into maintenance and improvements would prov ide more robust  

f inanc ia l  assumpt ions.  The cur rent  analys is  cons iders  the accumulat ion of  benef i ts  in a  range 

of  0.15-0.25% of  the to ta l  income.  

 

Cons ider ing seasonal  var ia t ions in  water  usage could a lso be of  in terest .  The model  current ly  

assumes an even d is t r ibut ion of  water  usage throughout  the year,  but  incorporat ing var iat ions 

based on weather  and other  factors  would lead to more accurate est imates of  water  loss 

dur ing system fa i lures.  Espec ia l ly  cons ider ing the nature of  more ext reme summers,  which 

might  lead to  future rest r ic t ions on consumpt ion.  

 

Last ly ,  a comprehensive study of  redundancy mechanisms ,  inc lud ing standby pumps,  the i r  

e f fect iveness,  and assoc iated costs should be conducted.  This  would prov ide a bet ter  

understanding of  the backup systems and the i r  ro le  in  mainta in ing system re l iab i l i ty .  
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By implement ing these s t rateg ies and cont inual ly  ref in ing the model  wi th  new data and 

ins ights,  the assumpt ions used in  the analys is  can become more accurate and re levant .  Th is  

would u l t imate ly  resul t  in  bet ter  outcomes and more informed dec is ion -making regard ing the 

maintenance and operat ion  of  the water  supply  system.  

 

CONCLUSION 
To answer  the main problem formulat ion on "What  economic measures can be under taken to 

enhance the res i l ience of  TREFOR ut i l i ty  company 's water  supply  system in the c i ty  o f  

Middel far t ,  spec i f ica l ly  focus ing on se lect ed cr i t ica l  components ” .  The  research has st ressed 

the v iab i l i ty  o f  both the probabi l is t ic  res i l ience model  and the renewal  model  in  advanc ing 

TREFOR ut i l i ty  company 's economic measures towards enhanced res i l ience of  the i r  water  

supply  system in Middel far t .   

 

The probabi l is t ic  res i l ience model ,  prov ides a pla t form for  ident i fy ing fa i lure  scenar ios ,  

enabl ing ef fect ive opt imizat ion of  system res i l ience.  By concent rat ing on in terna l  degradat ion 

processes,  th is  model  a l lows to  exper iment  wi th  d i f ferent  Mean T ime Between Fai lure (MTBF) 

for  system components l ike pumps and va lves.  

 

I t  is  impor tant  to  acknowledge that  th is  model 's  u t i l i t y  could be s ign i f icant ly  extended through 

fu ture research that  integrates external  hazards cons iderat ions .  This  wi l l  be cruc ia l  in  c reat ing 

a more hol is t ic  and robust  s t rategy for  system res i l ience.  In terms of  the renewal  model ,  i ts  

s t rength l ies  in i ts  ab i l i ty  to explore and evaluate d i f ferent  renewal  s t ra teg ies and the i r  

assoc iated economic impl icat ions.  I ts  predict ive capabi l i t ies  present  a  depic t ion of  the future 

condi t ion of  the water  supply  system and the f inanc ia l  requi rements  needed for  susta ined 

res i l ience.  

 

Notably ,  the study has revealed that  despi te the annual  cost  var iat ions between d i f ferent  

renewal  s t rateg ies,  t here are pract ica l  economic thresholds that  can guide TREFOR in the i r  

dec is ion-making processes.  For  instance,  ad just ing the burs t  f requency in  re la t ion to  avai lab le 

f inanc ia l  resources.  Nonetheless,  i t  should be recognized that  the model  has potent ia l  

inaccurac ies due to the var iab le lengths of  p ipe segments se lected for  renewal .  

 

Cons ider ing  these f ind ings,  i t  is  recommended that  TREFOR combine both models  to  opt imal ly  

improve the ir  system's res i l ience.  However ,  fur ther  explorat ion and ref inement  of  these 

models ,  such as the inc lus ion of  external  hazards and a thorough invest igat ion of  model  

assumpt ions,  are v i ta l  for  bet ter  predic t ive accuracy and more comprehensive st rateg ic  

dec is ions.   

 

Overa l l ,  the research i l luminates a pathway towards more res i l ient  ut i l i t y  in f rast ructures,  

underp inned by a sound economic rat ionale.  

 

A system ident i f icat ion was conducted to assess w hich components  const i tu te TREFOR's 

water  supply  system in  Middel far t .  In  terms of  def in ing  the potent ia l  economic consequences 

in  case of  the i r  fa i lure ,  the data was unfor tunate ly  lack ing due to updat ing at  TREFOR 

admin is t ra t ive systems.  However assumpt ions where made  based on d iscuss ions wi th  

TREFOR.  

 

The cur rent  ra te of  degradat ion of  p ipes wi th in  the water  supply  system ,  was determined by 

ca lcu lat ing the received degradat ion curves provided by Env idan.  This ins ight  prov ided usefu l  

in  assess ing the rate of  fa i lure wi th in  the system.  
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In  re la t ion to  determin ing what  the types of  r isk are imposed on system ,  burst  data was 

prov ided by TREFOR. Here the reg is t ry  prov ided in to what  burs t  occurred in  re lat ion to 

mater ia l  factors as wel l  as  external .  The ML models  seemed vague at  best .  The renewal  model  

seemed to f i t  wel l  s ince there in 2022 was reg istered 33 burs t  due to  mater ia l  factors ,  and the 

model  which was ca lcu lat ing f rom 2023 had a s tar t  rate of  36 bursts.  

 

The response t ime to  fa i lure events  was a lso ca lcu lated based on assessed data f rom 

TREFOR, th is  knowledge was used in  the probabi l is t ic  res i l ience model  to  he lp determine the 

ind i rect  consequences of  loss of  prof i t  in  terms of  water  sale due to  a p ipe burst  event .  

 

The s tudy underscores the need for  fur ther  re f inement  of  these models ,  to in corporate 

cons iderat ions l ike external  hazards and improve predict ive accuracy.  

 

Despi te  data l imi ta t ions,  va luable ins ights about  system degradat ion,  r isks,  and response 

t imes were assembled.  Ul t imate ly ,  the research charts  a  course towards economical ly -sound,  

res i l ient  u t i l i t y  in f rast ructures,  and h igh l ights  the importance of  ongoing research and model  

re f inement .  
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