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Assessing the resilience of circular water systems '
a simulation-based approach using the UWOT model ©
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INTRODUCTION

Context: circularity in water management

Conventional terrestrial water systems are linear:

produce (potable) water — use — dispose (as quickly as possible)
limitations of make-use-dispose model: Intensive source exploitation,
high cost of eco degradation, large infrastructure, capital intensity

restore/recover/
replenish
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Circular water management is proposed as alternative:

Emphasis on enabling loops (6R principle: Reduce, Reuse, Recycle, Restore-Replenish-Recover)
Water reuse/recycling: Greywater recycling at residential and commercial buildings

Water reduction: More proactive reduction of demands (water-smarter devices at households)
Stormwater management: Addition of local sources (rainwater harvesting), retention of stormwater
(Sustainable Urban Drainage Systems)

Recovery and reclamation of natural sources (Aquifer Storage Recovery)

Linear economy Circular economy

>
Z
™

NATURAL MAKE DISPOSE
RESOURCES

Technical & biological materials mixed up
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Context (Il): circularity and links with resilience

As a cyclic management practice similar to natural system behaviour, circularity has intuitive, conceptual links to both sustainability and resilience.

= Less waste means more a sustainable practice. WATER IN CIRCULAR -~
= Loops and parallel flows increase system redundancy (redundant -> resilient) ECONOMYAND

= Alooped system is (arguably) more tolerant against stresses. RESILIENCE
(WICER)

However, the literature shows few explicit links between circularity, Conceptualizing the circular economy: An analysis| s peigado, biego s. Rodrigue,
sustainability and resilience (Kirchherr et al. 2017) M e oo A Amedetandnideniatine
Circular economy as a key for industrial value chain resilience in a post-
= More (quantitative) examples linking the concepts are needed. ARTICLEINTO ARSTRACT COVID world: what do future engineers think?
= Demonstrators using natural (real) systems are needed. e A o B - Sfida“ij’b’* Froncors Cusel, Bermard Vannou® Harson Kin®
et cconomy concept.For this purpose, we have e e e e s Sert s o T 54

Content analysis aidan @illinois.edu

The circular economy, natural
Ins in industrial value chains, the adoption of circular economy (CE) principles

This work presents quantitative links between circularity capital and resilience in tourism
and resilience, with an application in a real, regional water and hospitality oo o couse “Creular sopoy & sl Syt th Cniversi

s to mitigate the impact of COVID-19 on industrial practices. Capturing and

. bn such a pressing issue is key to train and provide them with the suitable methods
SySte m . Peter JDHES a_'nd Martln GEGrgE W}Fm] It the end of their eight-week traming class, including theoretical background on
. , . , part of the final exam included a one-hour essay in which the students had to argue
SC;IOOE ﬂfBM?IﬁE';Q ﬂ}I[f Té'fkﬂﬂfﬂg}" Uﬂi Dersi f}‘ [}f Gﬂrﬂi{ﬂé’? fE‘?’S}H}’E‘* my as an answer to the COVID-19 erisis?” for the class of 2020, and (ii) “Circular
Gfﬂiﬁﬂé?fﬂ* LG{{ h resiliency in the COVID-19 context?” for the class of 2021. Interestingly. the
" ¥

ID-19 crisis (exam conducted in May 2020 for the first class) and one year after

scussed and illustrated. Also, the answers and insights provided by engineering

TOTC TS O TITC ST e S TToTTS e posTromen—wrrmrmme—stare-0f-the-art literature on the topic. Last but not least, key recommendations and
challenges on how CE could alleviate COVID-related disruptions and production shortages are synthesized in a SWOT (strengths, weaknesses,
threats, and opportunities) diagram.

© 2021 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)

Peer-review under responsibility of the scientific committee of the 9th CIRP Global Web Conference — Sustainable, resilient, and agile manufacturing
and service operations : Lessons from COVID-19 (CIRPe 2021)
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Methods: Quantifying resilience in water systems

re-sil-ience
Resilience (Makropoulos et al., 2018): ;2;5”3’9”3/
The degree to which a Water System (WS) continues to perform well 5 , , , L
1. the ability of a substance or object to spring back into shape; elasticity.
under increasing stress and distu rbance_ "nylon is excellent in wearability and resilience"

l ‘ l

(a) Deterministic approach (b) Probabilistic-stochastic approach

Resilience profile graph of a WS
WS resilience profile graph with stochastic scenarios

Research Article
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Methods (Il): simulation-based tools for circular systems

Resilience is system performance vs. stress

WS resilience profile graph A method is needed to quantitatively evaluate system performance

m' ST e o . under a variety of different scenarios (with different stressors).

_2 e — Evaluation through a stress-testing testbed called UWOT:

2 o b - UWOT is a simulation environment for arbitrary circular water systems. T

§ | - Able to quantify the performance of a system given daily scale forcing

9 (demands, inputs, local rainwater etc.).

o | | e - To calculate resilience, UWQOT is run recursively over an array of stressors
Stressors , ,

|-0- Mealsysemdosign 8- CirularWs @ Mikerusedispose WS and the system performance is assessed every time.

Melissa conference — 2022.11
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UWOT:
A modular simulation engine for
(arbitrary) circular water systems

N
modular g
Bottom-up, component based urban water cycle model

-y

simulation engine Ay
3uilt in C/Python, expandable, able to simulate daily/hourly flows ;'_:;,?,,J i .
Typical scenarios run for 5-50 years (~10* values) y?‘ o

S 2

ave

- Ao
'A

circular water system

able to model a range of circular interventions:

RWH, GWR, ASR, blue-green areas, water reducing appliances

arbitrargr systems
from appliance level and up, house/neighborhood/city

Can model water quantity, as well as a single conservative
pollutant in water quality (mg/L)

Bouziotas D., Assessing the resilience of circular water systems Melissa conference —2022.11


https://www.watershare.eu/tool/city-blueprint/

- MICTT-ECOLERICAL
# LIFE SUFPORT §RENEM

RLTERNATIVE

INTRODUCTION METHODOLOGY CASE STUDY RESULTS CONCLUSIONS

-

MNon Roof Buffer

MM Houses F_‘}%@_Lr;fﬂnim L — RWH Buffer Mix Runadlf to helIeatad
€ Wd WOIKS & et e
ou s (= g (- g -] [ catput (=) Sl (= - =1 1
i Rt R e A
i I Toroff (+ Bt o [+ Spi [~
Tremied = E

"1 |mm=_— Public and privale pervious

e T Parvious Runoff

H — hum ExpfHouses M
Signal-based, from demand nodes to sources. = e = =M

pistwashing GreyWW House Mum Houses
. . \E; — 3‘!//.(15 e — _-.@51,,
Add household appliances, mix them together under a i oo uatten
. WC D=t — M atp: L*D'J*‘Li)fub’x*'
different households. [} "ﬁ - — =
- “an omatiouse i s Treated Waler Buffer I }
. . Garden 1y _ househod drve Hovw [ %) L . RW Tank Spits Log
Include rainwater management, greywater recycling [ou = = R O s = =

Demard (4

components, or regional measures (ASR).

‘G_m{‘m Exp_House NumE xp_Houses dmato WalerUtkty dmd to WaterUtily Log
{ m :]] —
1 L e ey (R vy z St cugput Ioput -

Log stored water, covered demands, required energy at
each time step.

BlackW W Exp_House MumMExp_Houses

|“ Al cupus (+) Inpat (=1, X Jonspat (-

Food Grinder

View results for a specified topology (set of techs).

— Num Exp_Houses
Bl dimd Exg House housahold amd Exp_House X

| ’—.{ — E[Aﬂ = Inpu --I\_)mw:--
Shower E/n"‘“' - i
| Tr—

i

ﬂ-p\u\vwln S wer Grey W W 10 Sewer Log
o
] L M outpra {+ Inprat

besign and simulation of circular water systems: the

BlackW W Apt Blackw w Total BlackW W 1 VacuunP ump Log
UWOT model Num Appartments |
b ot € m 1 M e Do 1o dapoee (-
. g . - - . - - . . Food Grinder Irgezt —-'ki,baw -}
Dimitrios Bouziotas 1, Dionysios Nikolopoulos 2, Klio Monokrousou 2, Jos Frijns ! and Christos &
Makropoulos 12 hum Appartments
X
Tpua e, ™ JOatpa () VacuumPump Exceedance Log
h Common Laundry Ca Wash
s L dg

GWR Tank

Bouziotas D., Assessing the resilience of circular water systems Melissa conference —2022.11



https://www.watershare.eu/tool/city-blueprint/

INTRODUCTION METHODOLOGY CASE STUDY RESULTS CONCLUSIONS

From simulation to resilience modeling o

/

Ny
/ CIRCULAR WATER STRATEGY -
\ 7 POST-PROCESSIN
b ¥ FOR A SPECIFIC REDESIGN !
1l I
| INTERVENTIONS | : Define :
: @ : : Load data in reliability/ [
| | uwoTt TR I resilience KPIs |
: | | {x1x2,.Xn} uwot i r”rl I
| AL N A ARy |
| technology o simulation Wy |
| o g . !
| —
: : I ‘ UWOT output — Calculate l
| | (time series) T »  KPIs '
| | :
\ ;N !
\ 7 Y _
___________________________ R ’:=== S E S S-S S S CECECECEECEECEECESECEEE=EESRE=E=====C =:\
/’ POSSIBLE FUTURES \\ / \\
] v
' 1 Calculate :
: STRESSORS 1! resilience ;
| I l
iet curve
M 0 i
: L @ l ;
, economy al System '
| I | ITERATE FOR DIFFERENT rfY |
: I STRESSOR VALUES performance
| Iy ®/ assessment |
I |
\ |
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Performance metrics for resilience

Resilience is system performance vs. stress A metric for the system performance is needed, able to be quantified through

WS resilience profile graph Si m u Iati O n *

7 e e A . | | o

§ . The classic performance metrics for water systems are based on reliability, R

‘3" —__ (Hashimoto et al., 1982).

° e

m L

gh Resilience : area und

3 1. event- (or time-)based reliability R, : the percentage of time (%) that a system operates well.

g nf

o | | | Lo Ry =1—-P =1-
Stressors Niotal

| —®- Ideal system design =@ - Circular W§ —® - Make-use-dispose WS

2. volumetric reliability R, : the ratio of delivered (serviced) water volume to the demanded
(requested) volume by the end users, over a specific simulation period (seasonal, annual,

decadal)

RV _ Zt Vsupply _1_ Zt Vdeficit

Zt Vdemand Zt Vdemand

Both metrics R lie in [0,1], with 1 denoting perfect service (100% coverage) and O denoting
fully failed service (0% coverage).
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Re;

ojonal case study: Delfland

= Region with a total area of c. 410 km?

¢ e~ ) - . o
- [')e‘lﬂGZmZZ"s:E = Features urban and industrial areas of high densities (Rotterdam, the
N and_

/W I Discontinuous Urban Fabric Hague), as well as extensive greenhouse complexes in the Westland
¢« I 1ndustrial/commercial ]
.~ | Road/rail region.
" I Ports
»-i :glurmﬂst = Renowned for its intensive greenhouse horticulture industry, with high
g mp sites
L 28 | Construction sites irrigation demands (3000-10000 m3/ha/year). Present system covers part
" | Green urban . . .
% I sport/leisure facities of the demands using Rainwater Harvesting.
g™ | Arable
Bl | Pastures = One of the most densely populated spaces in the Netherlands and
| Vegetation . . . .
b 1 Forests Europe, with approximately 1.2M inhabitants, 520,000 households.
b : || Mixed Forests
_J Grasslands
| Moors
: | Woodland-shrub
w 7] Dunes
: ‘.«"‘ | Inland marshes
7] Water courses

s O €5 || water bodies
= Sea
, o .’ —-— \;‘ ,.‘-_'@#“
: . .= '\)h‘ N s .
N ,«“‘5" amaya, s o S :

X R R ™
3 N "'L:‘;ﬁ\@"j. RN L T
w7 R 2R, Pl LY )
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0
M

ojonal case study: Delfland (Il

= A UWOT component model has been modeled for the region.

TR = Calibrated against real data and against other, sectoral studies against

water demands, horticulture, regional WW effluent.

(@)  bemand distribution pemand distribution Description Values/results Values/results
Water utility data uworT data P in COASTAR in UWOT model
Number of greenhouse
. 1291 1291
units (HUs)
Rainfall on GH roofs
; 21.6 21.3
[hm?3/year]
GH demand deficit,
X 3.70 3.84
covered by RO [hm?/year]
Overflow to surface
s 4.70 472
water [hm3/year]
m Regular customers = Residential water demands
= Commercial customers (>300 m3) Other water demands
Regional drinking water demands —
100.0 B Utility data
= (b) B UWOT data
% 80.0
13
£ 60.0
c
2
g 400
>
2
S 200
]
H
g 0o
Total demands 2018 Total demands 2019 Total demands - average Residential demands
WW effluent
140,
(c)

W Historical data WaterFabriek report average

Delfland circulaire report UWOT data
100.0 - L -

2015 2016 2017 2018 Average annual
Year effluent

Annual Consumption [hm3/year]
[
i
[

Bouziotas D., Assessing the resilience of circular water systems Melissa conference —2022.11



https://www.watershare.eu/tool/city-blueprint/

e

WICTD-ECOLBRICAL
ﬂ LIFE SUFPOET SHETEM

RLTERNATIVE

INTRODUCTION METHODOLOGY CASE STUDY RESULTS CONCLUSIONS

Re;

= Towards a circular water system: regional redesign scenarios

ojonal case study: Delfland (Il

= Four circular water strategies have been proposed and have their CE dimension of WM interventions

Redesign Parameter description Unit Parameter (referring to the redesign as a whole)
resilience calculated (along with the baseline) Reduce  Rewse  Recycle Rest/Rep/Rec
x1% of circular houses % 20.0%
CIRCN X
R 0 t x2% of circ. apartments! % 25.0%
alinwater
T x1% of circular houses % 20.0%
2]
x2%0 of circ. apartments 0 0%
(' reuse v % of circ. ap i % 25.0%
- Z
< < x3% of houses with DRMs? % 20.0%
= = . . .
@) ; x4% of apartments with DRMs % 25.0%
= x5% demand reduction for offices % 20.0%
§ number of waterbanking GHs ¢ = 600/1291
vy aStewater x1% of circular houses % 20.0%
reuse x2% of circ. apartments'* % 25.0%
Z y% of the commercial/industrial
55} % 20.0%
&J surface converted to green roofs X X
O o . .
2% of public impervious spaces
AAAC e . P % 20.0%
B | i x% of hh's have circular system converted to green spaces
dseline (RWH/GWR) and WDMs number of waterbanking GHs ¢ - 600/1291
Households (hhs) follow a% of water treated from WWTPs x1% of circular houses % 20.0%
linear WM returned to GHs .
x2% of circ. apartments! % 25.0%
Greenhouses (GHs) relyon . 91 x3% of houses with DRMs % 20.0%
s X X X X
RW basins SUStalnable § x4% of apartments with DRMs % 25.0%
® ° horticulture x5% demand reduction for offices % 20.0%
\N AT B A N K a% of WW effluent gets reused? % 5.0%
Present state o , Comments:
x% of hh’s have hybrid system . . . . . . .
(RWH/GWR) and WDMs 1t is technically easier to introduce household interventions in stacks of apartments, hence the increased uptake.
Waterbanking for c% GHs Ur‘b an 2 As a limitation to the model, two house types are considered (conventional and circular), each with a household and
C | R C N apartment template, where DRMs are applicable only in circular types. As such there is the topological limitation that xi=x3
x% of hh's have hybrid system ! water and x2=x4.
: S °
. (RWH/GWR) : 3 This refers to the effluent capacity of one large WWTP closer to the horticulture area (Krajenbrink et al., 2021).
(S5 E176.0 16 TR e 4 Circular households and apartments in the GREEN scenario feature only a RWH system, instead of a hybrid RWH/GWR
one.
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Operationalisation of reliability metrics for Delfland

event- (or time-)based reliability R, : volumetric reliability Ry, :
Resilience is system performance vs. stress the percentage of time (%) that a the ratio of delivered (serviced) water
system operates well. volume to the demanded (requested)
Nl priiesrant n volume by the end users, over a specific
QL e T ) ) Re=1-F=1- Neoral simulation period (seasonal, annual,
= - decadal)
3 S
'8 o . RV _ Zt Vsupply _1_ Zt Vdeficit
gh Resilience : area und Zt Vdemand Zt Vdemand
3
~ '
8 I | I I > RCE = 1 — Pf,cap —1— P(Q > Qc) - 1— nQ>Qc PC = Vsupply.cap
~ Stressors | Ntotal DW, WW, SW Viemand totals
E— p RCE: Reliability against Capacity Exceedance £ PC: Present-day Coverage
% of time that the capacity is not exceeded =ro1= @ @ % of demand volume able to be covered by
RDD= 1—P, =1—P(Qpp>0) = 1— Npp>0 . the present-day supply capacity
Ntotal horticulture
RDD: Reliability against Demand Deficit o0 = Veurplysus
% of time that deficits were not observed  Watosisac ot

SC: Sustainable Coverage
% of demands able to be sourced sustainably
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INTRODUCTION

METHODOLOGY

Stressors for Delfland

ﬂ\»ﬁ CLIMATE

™y

e

CASE STUDY

External factors that might change and affect system performance, leading to

deterioration.

= Rapid deterioration of the system performance is reflected by a
steep, declining resilience profile.
= Aresilient system remains horizontal (performance unaffected by

stressor).

Abbreviation Stressor description

Defined as

WET
DRY

Population and
occupancy increase

Horticulture demand
increase

Regional climate regime
change

Wetness increase

Dryness increase

% increase in present-day occupancy

% increase in present-day horticulture demands

KNMI climate scenario and the corresponding
interpolated regional station timeseries
(precipitation, temperature).

% 1 mcrefasue (shift) in the values of nonzero daily
rainfa

% decrease (shift) in the values of nonzero daily
rainfall.

RESULTS

Resilience is system performance vs. stress

WS resilience profile graph

-
~——
-

Resilience : area under curve

duew.0449d wIsAg
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Stressors

=0 - Circular WS

—® - Ideal system design —®- Make-use-dispose WS
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Results

DW demands met, RCE

1.0 1 =
0.9
0.8
0.7
0.6
0.5
0.4

1.0 &

a0 b a0

t\ & D 0 ®

SW at outlets, RCE

0.86

8 N c® O a5 _® _gp o a4
??-@6‘%0@0@6‘/ A P S S S S )
e

INTRODUCTION

DW demands met, PC

0.90

0.85

0.80

0.75

& R / M) N % 3‘3 b0
. ?‘?‘%‘a?g,{)%%\ C!O 000 «-' OOO - OGO ~ OOG - OOCJ - OC' OOCJ -
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0.90
0.85
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CASE STUDY

Individual stressor analysis.

We test different domains (and reliability metrics) against individual stressors
= Different system redesigns

(HORTI demands, OCC, WET/DRY)

Horticulture water coverage, RDD

Horticulture water coverage, SC

1.00
0.95
4
0.90 ¢ d
0.85
0.80
0.75
e R a0 sl ® ) Y R a9 A 25 N )
o ﬁ_g-,\ ?:ﬂ - -g\/ A N -g\, 1\, 1\, AN ot ,{__g,\ o AP A -f\\/ -(\,. «\, >
oo g N N N S PP SN LG BN S LN
Horticulture water coverage, RDD Horticulture water coverage, SC
100 ————————d e e 1.0 SR e e s
® @
."'--. i ¢ » i *
095 /T . 0.95 et *—
} ‘\.\- , ! f b - L .
L )
090 { o . o 090 - I
0.85
0.80
N 6 40 o P P W c,\% . o P (P P P
Stressor
— BAU e WATBANK & BAU & WATBANK
=== CIRC WW2G ® CIRC o WW2G
== GREEN === |deal system ® GREEN
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R e S u ‘ tS ‘ ‘ = A probabilistic methodology accounting for random change in multiple stressors.

year of =  Exploring the effect of multiple stressors changing simultaneously.
reference 2030 2040 2050 2060 2070 2080 2090 2100
= User assumes the stressor bounds per decade, as well as the type of distribution.
stressor ’
DRY/WET %
[30%,  [-30%, [-40%, [-50%,
change : [10%,10%]  [-20%,20%]  [-20%,20%]
30%] 30%] 40%) 50%]
climate 2050 2050 2085 2085 2085 2085
] 2030 2030
scenario (1 of 4) (1 0of 4) (1 0of4) (1 of 4) (1 of 4) (1 of 4)
occupancy %
) [0,5] [0,10] [5,15] [5,20] [10,30] [10,30] [15,40] [15,50]
increase
horticulture
demands % [0,5] [0,10] [5,15] [5,20] [10,30] [10,30] [15,40] [15,50] 0.94 0.84 084 i
increase N 1. : ¢
9 082 i 0e2 4Ei‘i?§
WATBANK WW2G GREEN g EREERS
1.0 1.0 -z 10 se=w 10 ——gmmg-c--—--—--—-=: = 79 1 ! M
. ) —‘“i_-'.,r‘lx-i . 3 . . §-! = 0.90 f p.o0 : Pl
SR AN R ° B30 ¢}
w 4 ! | SN " ¢ g L
Qo8 08 B i os N1 oos e E $ z T 088 P i § oss P b
e 4 bt H SO @ P I
] A it : P
Eos 06 Y oos e £\ 0.86 : 0.86 "
8 | ' : i P .
[ = : .
EM 0.4 0.4 04 i z i B A AL G B L L
S A%
= 5 a
0 o2 02 02 2 f B 10 mmmmmee e 1.0 R N 1.0 3 10 10 ey T & S
; T § ¥ Yo
g | el
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= We have presented a framework to quantify the resilience of both linear K/

and circular water systems. oy

o . oge o . - * h\\:\\ -

= Resilience is based on the so-called resilience curves/profiles: a projection N e

of system performance over gradually worsening stressors. \

-

= The framework is based on recursive simulation using UWOT, and able to o S

quantify the resilience of arbitrary terrestrial systems (local — neighborhood,

regional, whole-city). The application shown here is regional (Delfland, ~410
km?).

" The case study of Delfland demonstrates, in a quantitative way, that
introducing circularity to a regional system affects its resilience positively,
in multiple water cycle domains (DW/WW/SW/horticulture).

= The positive influence (and domain specificity of it) depends on the
circular measures, but in general: the more elaborate the circular strategy
is, the more profound the influence towards resilience (multiple loops in
multiple domains, multiple ‘R” in a 6R circularity strategy covered). D L

DW demands met, RCE
= = < o
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