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SDM: System Dynamics Modelling

System Dynamics Modelling (SDM) or Systems Thinking
 Methodology for analyzing, studying and managing

« Complex Systems

«  When formal analytical methods do not exist

« (or are hard to apply)

« By linking feedback mechanisms (loops and iterations)

«  Breaking down the problem into sub-systems and sub-
models

 In a way similar to the conceptual thinking of non-
programmers (conceptual models)

 No analytical formal simulation model necessary
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SDM: System Dynamics Modelling

Based on conceptual/graphical representation of relations among
different system components.

. Visualisation using specialised software (interface)

Models built gradually starting with few components, adding
complexity interactively

-  Differential equation + Integration simulated in a “friendly”
way

«  Different time scales for different subsystems
Suitable for developing a model in participatory process

Acting as Decision Support Tools (DST) for stakeholders (non-
engineers) and experts for examining alternatives/scenarios
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SDM: System Dynamics Modelling

History/Applications

Industrial long-term management problems (Forrester 1961)
Business strategy and policy problems

Ecology / Complex environmental systems

Complex water systems

Participatory process

Several Specialised software tools for visualisation....
SIMILE (www.simulistics.com) (€ Used here)
. VENSIM (www.vensim.com) (€ Used here)

- STELLA (www.iseesystems.com)

«  SIMULINK(www.mathworks.com) (MATLAB)

- POWERSIM (www.powersim.com)

-  MODELMAKER (www.modelmakertools.com) (BORLAND)

27/02/2008 5



UNIVERSITY OF

EXETER

Centre for Water Systems

SDM: System Dynamics Modelling

Each SDM model consists of:
. Stocks/Compartments (Levels-State variables)

. Connectors (Arrows)

. Flows/Influences (Rates)
. Converters (Auxiliaries/Parameters)
. Decision processes (Priorities/Allocation/Relations)

Interest rate

Interest

Capital

27/02/2008

Flow diagram

+ Interest Capital

Interest rateo

Causal Loop diagram
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SDM: System Dynamics Modelling

Flow diagram: For quantitative (numerical) model/simulation
Causal Loop diagram: For qualitative (conceptual) model

. For each system, both Flow and Causal Loop diagrams can be
drawn

. Causal loop helpful for studying “causality”

Interest rate

Interest

Capital

Zapital

+ Intere S’[o

Interest rateo
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Causal Loop diagram
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SDM: System Dynamics Modelling

Analytical expression (i.e. C,=C_(1+a)!) NOT needed
Data needed:

Drawing “Capital” as Stock, “Interest” as Flow, “Interest
rate” as Parameter, “arrows” as influences

Initial value for “Capital” (e.g. 10000)
Interest rate (e.g. 10%)
Relation: Interest=Capital*Interest_rate

Interest rate

+ Interest,
+
Interest Capital

Interest rateo

Capital
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Flow diagram Causal Loop diagram
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SDM: Simple example

Interest rate

Fi)
&S Desktopl execution - Simile -3 x] Interest Capital
File Edt Add Window Help
D & B | = % & X &|H 0 O =]
Run control |Run settings | Page 1 |page 2 | Page 3 | Page 4|
O+-"&E0
= .
| — -lolxf
. Lapita ni L nterest rate File Edit Add Window Help
Execute far 20.0 unit
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SDM: Simple example-Causality

rIﬁrate

i
Interest Capital

(Capital)
> Interest

Interest rate

Capital

(Interest)

VY
Y

Interest rate,

+

Capital

)

Capital
> Interest

Interest rate
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éAQUASTRESS

SDM in AQUATRESS
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e

P
o ]
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AquaStress

(http://www.aquastress.net)

Mitigation of Water Stress through
new Approaches to Integrating
Management, Technical,
Economic and Institutional
Instruments

EC FP6 IP project (2005-2009)

€ 14 million budget

35 partners

8 (very) different test sites/case
studies
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éAQUASTRESS

SDM in AQUATRESS

By ot
ol

P eniem

Within AQUASTRESS several Technical
Options are investigated for
mitigating water stress:

From the technical point of view each of
these options are separately

. Examined (State-of-the-art
methodologies, techniques)

. Assessed (Results, quantities,
costs)

. Considered for each test site (local
feasibility)

They are then combined using Conceptual and System Dynamics
Modelling to simulate the water systems for each case study

SDM models: low in detail, high in integration

27/02/2008

12



E ETER éAQUASTRESS

Centre for Water Systems

SDM : Method of application

R
| Defining and hli

boundaries of model [1)°

Testing alternative
fici

% ST For each case
) ./ study separately
(i vi__é/j
. Identify a problem/system within the case study
. Develop a dynamic hypothesis explaining the cause of the problem
(SDM -Conceptual model)
. Build a computer simulation model (SDM Quantitative model)
. Test the model (Validation)
. Use the model to produce and assess alternative policies
. With interactive process
»700200EXperts—>stakeholders>experts-> stakeholders...) 13
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SDM — AQUASTRESS: Component Types (1/2)

(1)

(2)

(3)

(4)

(5)

AQUASTRESS
terminology

Water Resources

Water Resources

Water losses

Water users

Type of water system

model Water bodies Resources Losses Water users
component
SDM Functional type Stocks Converters: Inflows Converters: Converters: Outflows
Outflows
Brief functional Storage/ Water Water inputs to the Losses Water users/ Water
description sources system consumption
Abbreviation S | L U
Dimension/Units Volume - Mass Volume/time Volume Volume/time

Precipitation

Component Reservoir (Raintall) Evapo-transpiration Agriculture
Abbreviation RES P ET AWU
Component Groundwater- Aquifer | Surface runoff Groundwater losses | Industry
Abbreviation GwW SR GL IWU
Component Sea Groundwater flow Domestic
Abbreviation SEA GF DWU

Component

Abbreviation

Urban Waste water

uww

Environment

EWU

Component

Abbreviation

Tourism/ Leisure
TWU
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SDM — AQUASTRESS: Component types (2/2)

AQUASTRESS

27/02/200%

(i () (3 ) ) )
AQUASTRESS terminalogy Options Optians Options
Cluantitativ
Type of water systern model component B Qual_itative ULEUEL.
manipulate | manipulatar (mass flow)
r
SOM Functional type Conwverters | Converters Converters
Option that Option far
AQUASTRES Abbreviati Option that | alters the Re-allacatian
Brief functional description S Option alters the guality (e.g. without
on - -
Code volurme concentratio altering the
]| volurme
Abbreviation K Q T
Dimension/Units Zulumemm SDHCEI‘IUEUD “Wolumedtime
Waste water re-use 03.1.1 O v v
Desalination 03.1.2 ODES v v
Drainage water re-use 03.1.4 ODWYR
Wyater table management 03.2.1 Oy Th v v
Groundwater rermediation 0322 OGRR v
Surface water control 0323 OSWC v v
Enhanced reservoir management 03.2.4 CERM v v v
Minimising water losses 03.3.1 OL v
Process optimisation in industry 0332 OPOI v v v
Domestic YWater Use and conservation 03.3.3 opuc v
Irrigation water management 03.4.1 QMM v v
Tailaring crop patterns 03.4.2 aTcpP
Less water intensive processes 03.4.3 OLW] v
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SDM — Conceptual model for technical

options- Example (1)

1—

<—

Costs, Energy,
demand,
acceptance
Urban 311 Environment
| waste » (V,Q) »| Groundwater
water
Treat Reservoir
ment ——| Rheservol
Domestic Tourism Industry Agriculture
I |
Option 3.1.1.
Waste water re-use
27/02/2008
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SDM - Conceptual model for technical options-
Example (2)

Energy, Costs

Reservoir /
Urban 3.1.1.
T *| Domestic [ Waste * (V,Q)
Water
Treat
ment

— Agriculture L

3.2.1. (V)

Pumping of mine water

Groundwater | 3.2.1. (N

Recharge Option 3.2.1;
Water table management

27/02/2008 17
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SDM — Conceptual model for technlcal

AQUASTRESS

Reservoir

Groundwater

options- Example (3)

27/02/2008

Energy, Costs

/

— " Industry 2

Costs

A 4

— " Industry 4

3.3.2.
(V,Q)
> Industry 1 | Treat
ment
3.3.2.
. J (T)
Industry 3
Trans
fer
3.3.2.
(V)
Water " Industry 5
dema
nd
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AQUASTRESS SDM: Case studies

1. Kremikovtzi plant water system — (Bulgaria)

. Industrial (competitive) water use — limited water resources
. Improve the rate of water re-use

. Study operational policies for dry and very dry years

2. Merguellil catchment (valley) aquifer management — (Tunisia)
. Hydrological model (group of small dams+1 large dam)

. Study agricultural water use

. Improve aquifer recharge and management

27/02/2008 19
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Kremikovtzi system: Industrial water re-use

o Botevgrad

« The industrial plant of Kremikovtzi
consist on of the biggest water
consumers and water pollutants in
the Sofia region. .

- Water demands for the plant ~ sopua
amound to 550 million m3/ year, a
significant percentage of which is
recycled within the plant.

« The plant takes about 50-60 million
m3 /year fresh water from two
nearby reservoirs

The SDM model aims at defining operating scenarios, and
propose water saving measures, so as to:

1. Reduce the plant fresh water needs

2. Improve the rate of water re-use

3. Study operational policies for dry and very dry years

N2
<,
%,

Kremikovtzi

27/02/2008 20
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Case study: Kremikovizi water system

Buhovo
village

WWTP

(municipal)

Iskar

\

Lesnovska river

27/02/2008

—

\ 4

Sludge pond

(for sediments)

Gl

Kremikovtzi

Sgurootval

(waste from

SN

I~

burning process)

WWTP

(industrial and rain water)

.......

station

—"( Botunec
‘ ]

Pumping

Ognianovo

East irrigation channel

Pancherevo
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Kremikovizi conceptual model
initial-July 2006- (1)

Monitoring station (2) RES 3
WWTP 1 (T) Sludge pond
V,Q
Pump V RES 1
Pancherevo +
Kremikovtzi plant
(K} Buhovo village
Agricultre . Subsys:?rg Level 1 Waﬂmmer
AWU :
I RES 2 VWWWTP 1 VWWTP 2
. Boturletz ) gg%ﬁg'al Municipal
V.Q V.Q
 Waste disposal | | PumpV iz .l.
| site Sguroctval ! = Monitorning Monitonng
RES 4 |____———————————:————————I Sf’affon (3) Staﬂon (4)
Ognianovo : WWTP 1 (T) VWWTP 2 (T)
' Monitoring | l l Monitoring
START |—| station (1) ¥ » sfation (5) [+ END
Lesnovska Lesnovska
SR SR
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Kremikovtzi conceptual model

October 2006- (2)

27/02/2008

RES 4 Pum :
. e pV Agriculture
Kremikovtzi Mine AWU
A 4
Neighbouring Kremikovtzi plant Pump 1,2V RES1 11 . :
villages Waste (K) Pancherevo ! '
Water, UWW Subsystem Level 1 | r. Matiza
l V.Q < Pumpl,1V |
* «
e 2 WWTP 1 | Pump V ‘
Municipal i | RES 2
Industrial - [ Pumo v _ «
V,Q 03.3.2 RES 3 P Botunetz
V,Q Sludge pond 4 L
V,Q
| Pump V
A A y
Monitoring Monitoring Monitoring N e T i RES 4
station (5) | | station (4) | | station (3) neslchnesey [ Fump ¥ Ognianovo
WWTP2(T) | | WWTP1(T) | | WWTP 1(T) i-?.'t_‘?_?’_gff_‘??_ti’ﬁ'___i Start
|— Monitoring
tation (2
Mon_itoring \Tvzvfl")g 1( ()T) Monjtoring
station (6) station (1)
Lesnovska |< v Lesnovska
SR End SR
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SDM: Initial SDM models

AQUASTRESS

Initial SDM models for water quantities using different software
tools (WB3-WB4-JWT-November 2006)

Kremikovtzi
total water
{blue and purple)

wasted clean water 20

Kremikovtzi
water needs)

waste water’
“Iiromuced

Clean water to
Kremikovizi (Mue)

<

ater to KP
Kr kovizi S
total red
inflow
fromKP
redto sludge wasted water from sludge pond
pond
—@
|— Purple flow Purple flow
Buffer to KP buffer to Botunetz from
waste Hremikowtzi from sludge sludge pond
aler used water pond
1o WWTPI {purple) Tow from
To KP buffer {ﬂncllerevo
re-use 0 Botunetz
ql om WWTPI
purple Inflow to KP buffer
purple from
Botunetz
Botunetz RES2
| 1
WWTP Industrial purple flow
to Botunetz from Botunetz
from WWTPI
wasted
treated
water
from WWTPI
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River Lesnovska SR

River Matitza SR

SIMILE

Vaste water % to
| wwer
\

\

water from WWTPI

Pancherow
—— Water nesds clean water to
KP
Kremikowzi |
/ < mine mine water \
[ Glean water naeds Y o
| KP wasted total, Gloan Water o kP
\ water from mine. - evaporation
= i water fom Tosses
\ yda fancherevo to
\_F Kremikowzi fotal Kremikowzi Kromikowzi Pancherewo
‘ water (blue and lean neher
a o | puple) Cloan water Node A nflow o
g A— infowtokP Pancherevo
drinking water \
\ Used water fow Inflow series
S arinking
[ \ tokP water o KP.
Delay buffer Buffer Kremikowzi Used waler
parameter (purple) \
| |
\ |
Flow from
rom KP 10 Purpl inflow for Sludge A
udge pond (red) pond to KP bufer Panchereto to
e pond (re Botunetz
1
Sludge pond
~ Wast ¥ water from
~_— sludge pond
-
Purple flow fom
Purple flow fom
L Botunetz to P buter _whl sludge pond o
otunetz
" Flow from WW'}% Evaporation/Losses
KP buffer (purpe) rom Botunetz
Botunelz RES? |
~_pa¥eionto
___—Botunetz from
— WWTP
wasted treated
River Lesnowskalffl BdRiver Maitza

VENSIM
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(November 2006- (3)

AQUASTRESS

Pancherevo
clean water to
KP

Kremikowzi
mine mine water

o Clean Water to KP
I from mine

Water needs

oY)

Clean water needs

KP wasted total
water

evaporation
losses

Clean water from

ancherewo to
i i i i i Kremikowzi
Kremikowzi Kremikowzi total Kremikowzi . [Fensimes
total waste water (blue and Clean Water e
water (red) KP\waste water purple) Clean water Node Inflow to
inflow to KP Pancherevo
drinking water
|} Used water flow drinking Inflow series
toKP water to KP
<Time>
Delay buffer Buffer Kremikowtzi used water
aste water % to parameter (purple)
WWTPI
Flow from KP to Purple inflow ffom Sludge Flow from
Waste water flow from sludge pond (red) buffer ¥ Pancherew to
KP to WWTPI (red) Botunetz
Sludge pond
water from
sludge pond

Purple flow from
sludge pond to

| Purple flow from
Botunetz to KP buffer
Botunetz

Flow from WWTPI
KP buffer (purple)

|
fple flow to
Botunetz from

WWTPI
wasted treated
water from WWTPI

||, Evaporation/Losses
from Botunetz

Botunetz RES2

River Lesnovska River Matitza

L
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-:] Yensim:KR 1.mdl ¥ar:Kremikovtzi total waste water (red) ;Lr
File Edit Yew Insert Model Options Windows Help
BEH & LB | FHe ok B * &R O
pe[@ [t B W€ w1
CCREIETSN=] Kremikovizi total waste water [red): Causes Tree ol x|
@
o (Kremikovtzi total waste water (red))
= > Flow from KP to sludge pond (red)
Waste water % to WWTPI
Kremikovtzi total water (blue and purple) KP waste water produced Kremikovtzi total waste water (red)
- (Kremikovtzi total waste water (red))
' > Waste water flow from KP to WWTPI (red)
(Waste water % to WWTPI)
=T -] Kremikovizi total waste water [red]: Uses Tree o x|
Delay bufter parameter
Flow from KP to sludge pond (red) (Kremikovtzi total waste water (red))
Kremikovtzi total waste water (red) Sludge pond
(Kremikovtzi total waste water (red))
Waste water flow from KP to WWTPI (red)
WWTPI
- H=1EL=] Kremikovtzi total waste water [red] : Loops Ol x

Loop Mumber 1 of length 1
Ererrilcovtz total waste water (red)
TWaste water flow from EP to WWITI (red)
Loop Mumber 2 of length 1
Eremikovtz total waste water (red)
Flow from EP to sludge pond (red)
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Causalities with VENSIM

Kremikovtzi total waste water (red)

>F10W from KP to sludge pond (red)
Waste water % to WWTPI
Delay buffer parameter Purple flow from sludge pond to Botunetz Sludge pond

(Delay buffer parameter) Purple inflow from Sludge pond to KP buffer

(Delay buffer parameter)

Evaporation/Losses from Botunetz
Time Flow from Pancherevo to Botunetz
Water needs Purple flow from Botunetz to KP buffer
Delay buffer parameter Purple flow from sludge pond to Botunetz Botunetz RES2

Wasted water from sludge pond

WWTPI Purple flow to Botunetz from WWTPI
River Lesnovska

River Matitza
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Causalities with VENSIM

WWTPI—— How from WWTPI to KP buffer (purple)

Water needs — Purple flow from Botunetz to KP buffer
Buffer Kremikovtzi used water (purple)

Delay buffer parameter Purple inflow from Sludge pond to KP buffer

(Water needs) — Used water flow to KP

(WW TPI)
(WW TPI)

Flow from WWTPI to KP buffer (purple)

Purple flow to Botunetz from WWTPI
Kremikovtzi total waste water (red) WWTPI
>Waste water flow from KP to WWTPI (red)

Waste water % to WWTPI

(WWTPI) wasted treated water from WWTPI

Buffer Kremikovtzi used water (purple)

Flow from WWTPI to KP buffer (purple) <
(WWTPI)

WWTPI Botunetz RES2
Purple flow to Botunetz from WWTPI <

(WWTPI)
wasted treated water from WWTPI —— (WWTPI)
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SDM: Intermediate SDM Models

(May 2007-July 2007)
fresh water

Window _Help

AQUASTRESS

Separate models for higher and lower quality
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Water Costs
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Tt SIMILE- May 2007-(4)
Clean industrial water model (2 sub- models)

@Elean Industrial Water-May2007 {Simile model: Clean Industrial Water-May2007_sml) = ﬁ'
File Edit Wew Model Tools wWindow Help

D@ 2 S| ol wla @@ al = p|lw owle

me b ~|2 |l ~ 0 p 2 T[]~ 0 &

o
4
|

Kremikovtzi Plant Kremikovtzi Plant

Clean Fresh Industrial Water Internal Submodel High Quality Clean Fresh
Industrial Water
\ Conceptual Model

ﬁ(remikovtzi plant
Chemical Central (demandS)
-

Water boratory
Treatment

Computing centre

o J/ Clean Fresh Industrial
Water Submodel

Industrial Water Submodel
sh Industrial Flow to KP /K
o =
|

Flow from Panchereve Pancherevo
to Clean Fresh Reservoir
Industrial
Water Submodel

Water needs

KP industrial clean water use

(e *
g S
PS Rugdnik PS I uplift

Kremikovtzi plant
Clean Fresh

Pancherevo2
Clean water buffer

i Industrial .
_PS Rudnik Water Buffer chereve direct
unit water costs nit water costs
(bought water) ) (bought water)
PS Rudnik Pancherevo

\ Water Costs direct Water Costs J
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Re-used and waste

AQUASTRESS

water model

B kP-May2007 (Simile model: KP-May2007.sml)
_Elle | Edit Wiew Model Tools Window Help
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@ ow

/ o o
Kremikovtzi plant

@ | &
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Final Model (Causal Loop Diagram)

. /./' -\"'\-\..\
Domestic //'/ iy
Surfaca runoff . Waste water / \\\\\
Ed ~. \
o .,
7 \\, Lossas o KP Frash water
. Y hY == = WO]_del_'nandg
. N \ o= el /NS
s \ | | .7 S
’ N § — T ~
’ - . KP Recycled water o '
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Generating scenarios with SIMILE
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Generating scenarios with SIMILE
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) 431634452 151704000 512204257 | 49817.3250 575689395 344525635 217051151 215517225 12747 4455

43736,0985 151535805 540721321 | 511095735 58205, G305 34501 35974 217358803 21615.0434 127655170
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0 43447 5661 15256, 9550 784452598 | 57576.4655 02707027 346579570 218597361 217239330 12635, 2564

) 43461 5230 15301 8167 513391444 | 566735135 B0351.1144 34723.2721 Z1673.4414 217407615 126438307
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KP Results-Alternatives

Ognjanovo reservoir volume-Very dry scenarios - SP gradually reduced
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Very dry|All on 0.6276
95%|0OP stops 0.6230
OP stops+ Other water users (Priority 0) 0.6374

OP stops+ Non permanent units (Priority 1) 0.6298

OP stops+ Non permanent units (Priority 2) 0.6299

OP stops+ Non permanent units (Priority 3) 0.6010

OP stops+ Non permanent units (Priority 3)+ SP 5/6 0.5906

OP stops+ Non permanent units (Priority 3)+ SP 4/6 0.5793

OP stops+ Non permanent units (Priority 3)+ SP 3/6 0.5671

OP stops+ Non permanent units (Priority 3)+ SP 5/6+Lesnovska releasel 0.5661

OP stops+ Non permanent units (Priority 3)+ SP 4/6+Lesnovska release 0.5539

OP stops+ Non permanent units (Priority 3)+ SP 3/6+Lesnovska release 0.5405

Dry Recycle 90%+ Return WQ3 0.6224
Recycle 90% 0.5785

Normal [Recycle 75% 0.5330
Recycle 70% 0.5045

Recycle 65% 0.4759

Recycle 60% 0.4474
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AQUASTRESS SDM: Case studies

1. Kremikovtzi plant water system — (Bulgaria)

. Industrial (competitive) water use — limited water resources
. Improve the rate of water re-use

. Study operational policies for dry and very dry years

2. Merguellil catchment (valley) aquifer management — (Tunisia)
. Hydrological model (group of small dams+1 large dam)

. Study agricultural water use

. Improve aquifer recharge and management
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Merquellil conceptual model
(Tunisia)
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Merguellil SDM (Tunisia) Initial model
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7 AQUASTRESS

Merquellil SDM (Tunisia) final model
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27/02/2008 catchment dam
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Merquellil SDM (Tunisia) detail
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SDM: Advantages/Disadvantages

Advantages

« Easy to build models for complex, “non-specific”’ systems

« Good graphics environment

« Easy to make others understand and get involved

« Easy to run and compare scenarios

«  SDM: Modelling by “afterthought”

- Especially useful for “time series” runs

Disadvantages

« lterative procedures within the same time step to be avoided
 Need for special “simulation schemes”/logic (e.g. continuity)

«  Multiple variables for the same component need to be

separated
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Time for demo display...
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