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Systems Thinking and adequate modelling skills related to System Dynamics (SD) are
essential for sustainable functioning of human society. The process of learning these skills
can be considerably facilitated through hands-on experience with modern interactive tools
in a play-like activity. Here we present a concise hands-on course on SD Modelling and
Systems Thinking, give a brief description of its teaching materials (available online for
free download), and discuss its potential developments, overall relevance and further
implications. The course contains a session on ‘Systems Thinking’, and two hands-on
sessions aiming to provide basic and more advanced modelling skills. Central to the latter
are the examples of structural modifications for the Ebbsfleet Garden City water
management model. The model represents complex processes associated with a multitude
of interconnected social, technical and environmental issues. This publication provides
both an important update of this model incorporating a dimensional analysis and the hands-
on teaching support designed to aid knowledge transfer. It is envisaged that, with
modifications, this freely downloadable course could be of use for modules related to a
wide range of fundamental and applied disciplines, including e.g., Ecology, Geography,
Engineering, Social and Environmental Sciences. It is expected that University students
and other users will not only benefit from enhancing their understanding of the complexity
of the specific problems considered by the examples used, but will also gain valuable basic
system modelling skills through ‘learning by doing’. The teaching materials presented here
may be particularly useful for environmental projects involving participatory approaches.

1. INTRODUCTION

industrial ecosystems [5-11]. In ecology, SD helped to derive
the fundamental rule for regulation of consecutive

System Dynamics (SD) is a simulation-based methodology,
combining Systems Thinking with dynamic simulation. SD
provides meaningful understandings of real-world complex
problems [1]. SD was originally introduced by Forrester [2] as
a modelling technique for assisting corporations in
understanding the long-term impact of management policies.
Since then, the SD modelling approach has been extensively
applied to many problems in social, economic, technological
and ecological systems. In practice, SD has proven to be a very
powerful tool for analysing the non-linear behaviour of
systems over time [1]. For instance, Forrester [3] utilized the
SD approach to capture the life cycle dynamics of urban
growth and decay, considering the city environment as a
complex system that undergoes drastic changes over time.
Another well-known example of SD application outside the
business environment is the worldwide bestseller The Limits
to Growth [4], in which a team of researchers studied what
could happen to the global population and to the environment
if development is sustained by uncontrolled use of resources.
SD modelling is also widely used for analysis of natural and
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successional stages [12] and an innovative method to control
eutrophication [13, 14].

Although mathematical modelling is ubiquitously used in
most branches of modern science, good SD modelling skills
are in relatively short supply. On one hand, the lack of easily
accessible resources for introductory learning (e.g., Skaza et
al. [15] report on barriers and needs) and, on the other hand,
the unfeasibility for the average audience to attend a year or
term long SD course (e.g., Fisher [16] reflects on teaching a
long SD course), could represent some of the limits.
Acquisition of these skills is inseparably linked with the
process of learning Systems Thinking and may be greatly
aided through a short and hands-on experience with interactive
tools in a play-like activity. Here we present a concise
introductory course on SD modelling and Systems Thinking,
give a brief description of its teaching materials (available
online for free download), and discuss their potential
development, overall relevance and wider implications. The
development of the course and publication of this paper aim to
address the gap between the demand for modelling skills


https://crossmark.crossref.org/dialog/?doi=10.18280/ijei.060104&domain=pdf

related to Systems Thinking and SD, and the fact that those
skills are in relatively short supply.

The course presented here contains a session on ‘Systems
Thinking’, and two hands-on sessions aiming to provide basic
(Session 1, covering a simple population model) and more
advanced (Session 2, covering Ebbsfleet Garden City water
management model [17]) modelling skills. Central to the latter
are the examples of structural modifications for the Ebbsfleet
model previously described in detail in the conference paper
published in WIT transactions [18]. The model represents
complex processes associated with a multitude of
interconnected social, technical and environmental issues
related to water management. This publication provides an
important update of this existing model with the freely and
easily downloadable code immediately available for further
developments and applications by other users, and the hands-
on teaching methodology designed to aid knowledge transfer
and facilitate the learning process.

2. SD MODELLING APPROACH

SD modellers seek to analyse complex problems by
representing important system structures (including feedbacks,
accumulations,  delays, nonlinearities, etc.)  using
mathematical equations. As described in Ref. [1], an SD model
(SDM) describes a system through the use of feedback loops,
stocks and flows. Stocks characterize the state of the system,
and keep memory of it, enabling to monitor its status. Flows
affect the stocks via inflow or outflow and interlink the stocks
within a system. Feedback loops are key structures in SDM
and can describe mechanisms that tend to amplify whatever is
happening in the system, or that counteract and oppose change,
describing self-correcting processes that seek balance and
equilibrium [19]. SD modelling approach is both
qualitative/conceptual and quantitative/numerical. Qualitative
modelling (Causal Loop Diagrams, CLDs) can greatly
improve the conceptual system understanding.

As stated by Sterman [19] [1, page 137], CLDs ‘are an
important tool for representing the feedback structure of
systems. They are used to represent the causal connections
between elements of the system in a static way. CLDs are also
used to visualise mental models, which are an internal
conceptual representation of an external dynamic system
(historical, existing, or projected). The internal representation
is analogous to the external system and contains, at a
conceptual level, variables, causal links, reinforcing and
balancing feedback loops, that in a simulation model are then
transformed into causally-linked stocks, flows and/or other
intermediary variables [20].

CLDs help to structure messy problems by combining
theories and knowledge about causality, to formulate dynamic
hypothesis of the behaviour of a system, identify feedback
loops and elicit potential unintended consequences.
Construction of a CLD is a standalone qualitative modelling
approach. Often, however, it is also the starting point for
quantitative SDMs.

On the other hand, quantitative SD modelling (stock-and-
flow models), allows researchers to investigate and visualise
dynamic hypotheses and simulate their consequences, relative
to a reference (e.g., business-as-usual) scenario, so making it
possible to evaluate the risks and benefits of alternative system
interventions. It is useful to mix different sources of
information and datasets, combining vernacular and scientific
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data. Sessions 1 and 2 of the course described here focus on
quantitative modelling using a model of water management in
Ebbsfleet Garden City developed previously [17] and its
subsequent modifications [18].

Sometimes variables which correspond to stocks are
designated by rectangles (without flows) in hybrid diagrams,
capturing both the static causal relationships of the CLD and
the dynamisms of the stock and flow simulation model. For
supporting readability of the figures, this paper does not use
the hybrid diagrams.

The development of a CLD and of a stock and flow model
can both be achieved through a participatory approach. The
outcome of this process is a participatory SDM whose
development is facilitated by Group Model Building - see e.g.
[21] and references therein. The Ebbsfleet city model is an
example of such a participatory SDM, as it was built and
validated in sessions with stakeholders and problem owners.
Participatory SDMs help building a shared mental model,
facilitating learning and creating a sense of ownership of the
model among stakeholders. The participatory approach
increases chances of adoption and implementation of model
results. The phases of the Ebbsfleet city SDM (used as an
example model in our teaching materials - see description of
Session 2 below) are described in Ref. [17].

SD modelling is facilitated by Systems Thinking. The
process of Systems Thinking represents a holistic notion, and
it can be subdivided into the following steps [1]:

¢ Problem definition: Formulating a problem.

e Key wvariables: Recognising central factors and key
variables.

e Behaviour over time: Recognising and anticipating the
behaviour of key variables over time.

o Feedback diagrams: Identifying cause and effect, drawing
feedback diagrams.

3. HANDS-ON SHORT COURSE ON SD

This paper presents a short hands-on course aiming to
address the gap between the demand and the availability of
modelling skills related to Systems Thinking and SD. All the
teaching materials described below are freely available to
download. This course has the following objectives:

e to introduce participants to the concept of ‘Systems
Thinking’.

e to give participants basic skills and knowledge on how to
use ‘stock-and-flows’ modelling software and create
simple SDMs.

e to provide participants with experience in running,
adjusting and (for advanced learners) further developing
more complex models, using the example of the Ebbsfleet
Garden City model.

The course consists of two core practical sessions on
quantitative modelling and a session on qualitative modelling.
All the course materials (including step-by-step instructions
and descriptions of the activities for specific sessions) are
available for download in the supplementary materials for this
paper
[https://www.researchgate.net/publication/365345624 Ebbsfl
eetSDMtutorialBundleNov2022].



Session on systems thinking

This tutorial session is designed to give the learners basic
skills and knowledge on how to apply Systems Thinking and
create a qualitative model. The session consists of two parts,
and can be used either as a standalone session, an additional
session of the course, or as a source of reference materials (e.g.,
Part A is most relevant for Session 1, Part B for Session 2).
The recommended time to complete this session is 1.5 hrs. It
is suitable for either classroom or online delivery, or for self-
study. The recommended preliminary reading for this session
is the study on [ 1] and many more helpful sources can be found
on the web. It is expected that by the end of this session the
learners should be able to understand the fundamental
principles of CLDs.

Part A introduces the typical components of a CLD [1]
using an example of a simple population model (Figure 1):

¢ Variables. These are quantifiable.

e Causal links. An arrow indicates a hypothesized causality.
A positive polarity of the arrow indicates that when the
cause increases (decreases) the effect will increase
(decrease). A negative polarity indicates that when the
cause increases (decreases) the effect will decrease
(increase).

o Feedback loops (clockwise or anti-clockwise). There are
two types of loops. reinforcing feedback loops reinforce a
change that is given into the system (represented with + or
R). Balancing feedback loops are self-limiting,
counteracting and goal-seeking (represented with - or B).

e Delays. Many effects only take place after significant
delays.

Part B uses the published example of a larger model
describing the use of Potable Water in Ebbsfleet [17]. Using
the information provided, learners are encouraged to gradually
familiarise themselves with the Ebbsfleet city CLD and try to
answer a number of relevant questions (see Figure 2 and Table
1). This gradual introduction of the materials facilitates the
comprehension of the CLD structure and its building process,
and prepares the learners for subsequent use of the SDM of the
urban water management in Ebbsfleet Garden City.

Table 1. Example of questions related to the Ebbsfleet
Potable Water Use CLD (Part 1 shown in Figure 2)

. What are the variables influencing the variable Potable
water use?

. What does the different polarities on the arrow represent?

. What are the variables influencing the variable Water bills?

o Try to describe the loops 1B and 2B.

. What is the role of the variable Metered properties in the
loop 3B?

o N o\
I N

Figure 1. Cause-Loop Diagram (CLD) of a population
model. R = Reinforcing loop, B = Balancing loop. Delays are
marked by a perpendicular double strikethrough on the arrow

27

\\
" Polable water use
| §
Use of Water —_ } '\
Efficiency Devices /l sA
. e, |
7 |
/ N Water bills— ,11
2B
[ 4 /
Metered QB/‘
properties g™
\\\\ . Outdoor residential use

of potable water

Figure 2. Part 1 of the Causal Loop Diagram (CLD) for the

Ebbsfleet Potable Water Use (see training materials for Part

2). Adapted from the complete CLD that is described in Ref.
[17]

Session 1: Introduction to system dynamics modelling
using Vensim Software

This tutorial session is designed to give the learners basic
skills and general notions on how to use a ‘stock-and-flows’
modelling software and create simple SDMs. The
recommended time to complete this session is 3 hrs. It is
suitable for either classroom or online delivery, or for self-
study. The recommended preliminary reading for this session
is the study on [1] and many more helpful sources can be found
on the web. However, it is expected that with sufficient
enthusiasm, most learners should be able to complete this
session without any preliminary reading.

The session starts with a short video (Running models with
Vensim PLE and the Model Reader | Vensim), followed by the
introduction of the Vensim interface, SDM conventions and
diagramming notations. In the authors’ view, the best way to
get into grips with these concepts and terminology is to
consider a practical example. For the purpose of this session,
the learners follow the step by step instructions to build a
simple population model detailed on the Ventana web site. The
participants then run the model, and examine the model’s
behaviour and its changes due to changes in the input
parameters. As an optional exercise, the learners are
encouraged to compile a simple sensitivity analysis.

Following the successful completion of the initial exercises
with the simple population model, participants are then
encouraged to think of its possible modifications and
enhancements. The original model on the Ventana website
simulates the populations of rabbits (Figure 3), but similar
principles apply to a wide range of other organisms. The
learners are encouraged to adapt the population model in that
respect, and a number of references are suggested where
similar models have been used for algae, protozoa,
cyanobacteria and diatoms [8, 13, 14, 22, 23] and zooplankton
and fish [24]. Furthermore, it is emphasised that with certain
modifications this modelling approach could be applied to
human populations, and the learners are invited to introduce
the processes of emigration and immigration, and to adapt the
modified model to describe the processes relevant to the
population of Ebbsfleet Garden City (Figure 4). This exercise
(which would be attempted during the tutorial or otherwise
suggested as homework) provides a link between Session 1
and Session 2, devoted to the exploration of the Ebbsfleet
SDM using more advanced tools.



Rabbit - Session 2: Exploration of the Ebbsfleet SDM: designing

Q:Z:> Population = 0 and running scenarios, and making modifications
births deaths This tutorial session is designed to facilitate the learners
/ \—/ \——/ \ experience of running, adjusting and further developing more
birth rate average lifetime complex models, using the example of the Ebbsfleet Garden
City model. This model contains four differential and a
Figure 3. Diagram of a simple population model used to number of algebraic equations, and has previously been used
exemplify the basics of SD modelling and to build up the both as a research tool, and for teaching the SD modelling
understanding of the stocks and flows concepts techniques. The diagram and a brief description of the model
are given in Table 2. The increased structural complexity of
O = the model leads to the increased behavioural complexity, and
Immigration # session 2 is designed to facilitate the learners exploring this
& _ \'POPU?“O" complexity using more advanced tools available in the Vensim

ﬂ—ﬂ = ——— :

biihs | Ebbsfiect | deatns s interface. . ‘ .
‘. PN The recommended time to complete this session is 3 hrs. It
birth rate average lifetime is suitable for either classroom or online delivery, or for self-
- study. The recommended preliminary reading for this session
Emigration el are Refs. [17] and [18], as they are extensively referred to

during the tutorial. An important prerequisite for this session
is completion of Session 1 (or previous experience with ‘stock
& flow’ models and the Vensim-type software). Also, before
the session, the participants are expected to read the paper
describing in detail the original model [17] and the more recent
paper which gives an example of how to introduce changes to
the model structure [18].

Figure 4. Diagram of the modified population model adapted
to represent time series of changes in residents numbers in
Ebbsfleet Garden City. Note two additional flows
(immigration and emigration) affecting the dynamics of the
population compartment

Table 2. List of key variables included in the Ebbsfleet SD model. GWR = Greywater Reuse, RWH = Rainwater Harvesting, GW
= Greywater, CSOs = Combined Sewer Overflows

Variable Description
Cost of ngevy\\;\g)ter Reuse Cost of GWR systems, depending on unit cost and on the existence of economic subsidies
Cost of Ral?F\e/vV?/tEr)Harvestmg Cost of RWH systems, depending on unit cost and on the existence of economic subsidies
Combined Sewer Overflows . .
(CSOs) Yearly volume of water in combined sewer systems overflow events

It defines the yearly rate of the Urban Development, restricting the Urban Development transfer into the
Population. It is set to 0.15
It is mainly related to the rate of change set by ‘Inflow EA’. The maximum value of the ‘Environmental
awareness’ stock is capped at 0.8 (‘EA cap’) and no further increase takes place beyond this value
Greywater reuse (GWR) This variable describes the volume of Greywater (GW) reused on a yearly basis for residential purposes only
Greywater (GW) in combined
sewer system

GWR acceptability

Outdoor residential use of
potable water

Development rate

Environmental awareness

Defines the difference between the total GW produced and the volume that is reused

It defines the global level of acceptability and potential uptake of GWR systems, depending on cost and on the
environmental awareness

Volume of water that is needed on yearly basis for outdoor uses

It defines the evolution of the population in the area, with an ‘increase rate’ related to the progress of ‘urban
development’. An average of 3 persons per household is assumed (total number of 12,000 houses)

All inflows and outflows are considered. Negative values identify a potential water supply deficit. Positive

values instead represent the potential volume of water that can be saved in different scenarios
The volume of RWH, mainly depending on ‘RWH properties #°, an expected unit efficiency and rainfall
conditions

Regulatory policy instruments Global effectiveness of the selected policy instruments, calculated as their average value
Socio-Environmental

incentivising policy instruments

Population
Potable Water Balance

Rainwater Harvesting (RWH)

Defines a time delay in the impacts of the ‘Educational programmes and events for sharing best practices’

This component depends primarily on the difference between the ‘Potable water demand’ and the ‘Yearly water
(Water) Balance supply’. It is directly affected by the ‘Outdoor residential use of potable Water’, as well as by the ‘GWR” and
‘RWH’
Water bills Water bills (stock) is computed from the identification of a baseline unit value (initial value 0.8073 £I) and
potential causes for its increase

Water in combined sewer Total volume of water that flows (yearly) in the combined sewer system

systems
The diagram of the model version used for this course is variables, along with units, is provided in Appendix 2. In order
shown in Figure 5 and the diagrams of the specific submodels to support a better understanding of the diagram, it has been
are given in Appendix 1. The list of the most important structured using 4 sub-models, which focus on the key
variables (including stocks) is given in Table 1. A full list of dynamics related to the following specific themes, namely: (i)
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potable water balance; (ii) water availability and demand; (iii) considering an aggregated behaviour over the whole urban

rainwater harvesting (RWH) and grey water reuse (GWR); (iv) area (i.e., no individual or micro-behaviours are modelled).
environmental awareness. It should be noted that although the Following the inputs provided by the stakeholders, specific
model is based on the original research version of the model attention is given to the analysis of the role of sustainable
published in the study on [17], the version presented in this water saving/management strategies such as RWH and GWR.
paper includes modifications detailed in the study on [18] and Following the stock and flow diagramming notations, the
has been further enhanced with explicit representation of all model comprises stocks (i.e., accumulations related to real-
the constants and auxiliary variables, as well as their units. world categories such as material or knowledge, drawn with
Such a detailed explicit representation was deemed necessary rectangles), flows (rates of change in the value of stocks,
after the initial trials of this course following the feedback drawn with an arrow with a valve), variables (dynamic
from the learners who found that the units of the original variables, used to define intermediate concepts and changing
research version was, in places, somewhat difficult to follow. instantaneously according to a formula and numeric constants)

The model computes a basic hydraulic water balance at and links (arrows denoting a dependency between elements of
urban level (i.e., a comparison between water demand and a stock and flow diagram).
water supply) performed at a yearly time-scale, and
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Figure 5. Diagram used in the teaching version of the Ebbsfleet model
Balance changes to some of the parameter values and observe how that
would affect the dynamics of the modelled variables. For
500 M example, it is suggested to examine what would happen if the

‘investment in leakage reduction’ were changed from the
default value. The results for the water balance are displayed
in Figure 6. It is obvious that good investment in tackling
-500 M leakages results in water savings and hence the healthier
2019 2035 balance, whilst ignoripg the. problem would lead to water

Time (Year) wastages and the deficit of thl'S 1mportaqt resource.
In the next part of the tutorial the participants are suggested
Balance : InvestL.eaks10 to introduce changes into the model’s structure and simulate a

Balance : InvestLeaks90

Balance : TryOriginal BAU —————— set of scenarios detailed in the study on [18] whilst trying such

techniques as ‘SyntheSim’, ‘Causes strip’ and ‘Runs Compare’

Figure 6. Exploring changes in water balance due to tools, among others. This process helps the learners to acquire

different levels of investment in leakage reduction. skills of searching for the causes of the observed patterns, and

‘TryOriginalBAU” refers to the scenario ‘Business as Usual’, to unc.lers.tand why a given behaviour emerges from specific
whilst ‘InvestLeaks90’ and ‘InvestLeaks10’ refer to the combinations of parameters.

The modified model links the pricing policy with the
maximum possible investment in tackling the leakages increase in ‘environmental awareness’ of the public. Although
The learners start by running the model with the already the model’s behaviour is complex, the expected patterns are
entered default inputs. Then they are encouraged to make intuitive and described in detail in the teaching materials

scenarios corresponding to, respectively, 90% and 10% of
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supplied. Whilst completing these exercises the participants
are ‘learning by doing’ and ‘learning by example”’ (sensu [25]).

4. APPLICATIONS AND LIMITATIONS

Initial trial runs of the SDM course presented here were
offered to the members of the EPSRC Urban Flood Resilience
(UFR) research consortium
http://www.urbanfloodresilience.ac.uk/. The teaching
materials were subsequently modified based on this
experience, and the course was offered to a British
Environmental Consultancy and to staff of the Ecology
Department in Karazin University (Ukraine). Following that,
an online feedback form was used to gauge the perception of
the learners on the overall usefulness of the course and the
specific sessions, and to collect ideas on potential
improvements. The constructive positive feedback received
from participants was encouraging, and helped to introduce
further modifications aiming to facilitate knowledge transfer
and enhance the learners’ experience. Specifically, the session
on system thinking was introduced partly in response to the
feedback provided by the participants. This valuable session
was, however, made optional reflecting on the fact that the
initial delivery of the course did not have such a session. It
should be noted that more advanced participants were able to
complete the main exercises without prior supplementary
reading; however, all the participants (including those who
studied the Systems Thinking materials after completing the
other sessions) commented highly on its usefulness and merits.

It should be noted that the course described in this paper has,
to date, been applied only in a limited number of trial, pilot
studies. In all the applications the course was optional, and
there was no formal assessment. Currently, there is an
intention (subject to logistics) to offer the course in the Royal
Botanic Garden Edinburgh (RBGE) for the master students
studying plant sciences; discussions are also under way for
potential delivery to the students of environmental and civil
engineering at the Imperial College. Furthermore, having
attended the course presented here, staff of Karazin University
have been inspired to compile their own course in SD and
ecological modelling; they are currently adapting the teaching
materials presented here and aiming to develop them further
for an in-person delivery of an enhanced course to their
ecology students.

It should also be noted that this course is introductorys; it
provides the learners with basics and initial practical
experience, but does not cover many of the more advanced
topics. However, by applying the ‘learning-by-doing’ strategy,
the course stimulates the learners to develop their skills further
through self-learning and practical applications. During the
initial trial sessions it has been observed that the participants
were gradually developing their skills whilst transitioning
from the rabbit population model to the considerably more
complex Ebbsfleet water management model. Typically, the
important qualitative change in the participants’ systems
thinking and modelling skills becomes apparent after the
exercise when they come back to the population model to
adapt it for representing temporal changes in the number of
Ebbsfleet residents. This qualitative change tends to become
particularly obvious when the participants start trying to
develop their own application.

Furthermore, the content of the course is generic. The
specific model examples used in our course are relevant to
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ecology, engineering and social sciences. Consideration of the
simple population model is relevant to many applications and
disciplines; that will facilitate the knowledge transfer for
learners with a wide range of backgrounds and help them to
gain the initial basic modelling skills. Application of the
Ebbsfleet SDM considers the complex interlinked problems of
urban water management (UWM). These problems are
pertinent not only for the Ebbsfleet case study, but are
characteristic for UWM in general, and similar modelling case
studies are currently being conducted elsewhere. The ability to
understand this complexity is indispensable for finding
successful solutions to interrelated environmental and social
issues [17, 18, 26-28], and is key to the sustainable
development of modern cities [17, 29-31]. System dynamics
studies are very useful in that respect and have a potential
added value of engaging practitioners and the public in further
developments of the resulting models [17, 18, 32]. The
research presented here has practical implications in helping
to achieve and promote the multiple benefits of blue-green
infrastructure including its intangible societal values, and is
therefore contributing to the ongoing development of the Blue-
Green Cities conceptual framework [28, 30, 33-35].

5. DISCUSSION AND CONCLUDING REMARKS

Simulation modelling is helpful for understanding the
patterns of interactions between and within complex social and
environmental systems [2, 4]. SD modelling is particularly
useful in that respect as it provides a convenient tool for the
analysis of interactions between system components and the
assessment of a wide range of potential scenarios related e.g.,
to technological innovations, policy interventions, climate
change and meteorological variability, as well as social and
economic issues, among others [4, 17].

Adequate modelling skills are essential for modern science,
and can also be of good use for a wide range of professional
practitioners, politicians and general public. However, outside
physics and math departments, modelling is often perceived as
daunting and tedious activity. Nevertheless, the process of
learning basic notions of Systems Thinking and SD modelling
skills can be considerably facilitated through hands-on
experience with modern interactive tools in a play-like activity.
The concise course on SDM and Systems Thinking presented
here provides a useful example in that respect.

Our teaching materials utilise the Vensim software which
has proved convenient for building basic ‘stock and flow’
models. Importantly, this software is free for non-commercial
use, which is an obvious advantage and has been a major factor
determining the choice. However, there is no reason why
interested users could not re-implement the models used in
other interactive modelling software such as Stella, Madonna
or Simile. It would also be fairly straightforward to compile
both the population model and the Ebbsfleet SDM in most
programming languages (e.g., Fortran, Visual Basic, C,
Matlab) given that all the equations have been explicitly
documented. In our opinion, Simulink and Matlab might be
particularly convenient for that. By approximating ordinary
differential equations by difference equations, the model could
be sufficiently simplified for an easy implementation in a
spreadsheet, such as e.g., ‘Calc’ (for Linux), ‘Numbers’ (for
Mac) or ‘Microsoft Excel’ (for Windows). The latter software
in addition to the spreadsheet capabilities also has a built-in
version of BASIC (i.e., VBA), and may, therefore, be



particularly useful for debugging the spreadsheet model and
comparing its output with the version based on differential
equations. Hence in addition to Vensim, further extended
versions of the course should aim to use a number of other
software packages, subject to logistical and financial
constraints.

The course presented here has been designed for
parsimonious delivery and is, therefore, based on a limited
number of examples. Nevertheless, it should be noted that the
teaching materials presented here are, of course, open to
adjustments and further development. They could, therefore,
be easily expanded to incorporate more case studies, more
complex modelling functions and modelling techniques.
Addition of case studies describing environmental dynamics
in continental shelf seas [36, 37], water quality in rivers [38,
39], hydrology and ecology of lakes [7] and urban ponds [40,
41], and energy budget in waste management operations [5, 10,
42, 43] are all currently being considered. It should also be
noted that although the concise course presented here has been
based on only two SDMs, it has, however, been designed to
give the learners important skills for approaching SD
modelling and drafting their own basic models. Typically,
short environmental modelling courses focus on ‘what if’
scenarios investigating changes in the input data and
uncertainty of parameter values. Such activities are invaluable
for the developing learners understanding, and have been
incorporated fully in the teaching materials of the course
presented here. In addition, however, our course contains a
number of exercises aiming to introduce changes in the
model’s structure, followed by subsequent observations of
changes in the simulated patterns and discussion of further
potential modifications. The examples of simple structural
changes clearly demonstrate that both the processes
represented in the models and their interlinkages can be easily
adjusted, and the system boundaries can be easily broadened.
Consequently, a combination of the course activities prepares
the learners for developing their own models representing any
processes of their choice. A logical extension of the course
may, therefore, contain detailed information on other widely
used modelling functions and tools, and also ‘student projects’
sessions, where participants would have an opportunity to
create and present their own models, and to receive feedback
from their classmates [44] and the tutors, which is an essential
part of the education process [45].

Currently, all the teaching materials for the course presented
here are compiled in a distribution bundle, available from
https://www.researchgate.net/publication/365345624 Ebbsfl
eetSDMtutorialBundleNov2022. As described above, the
course is suitable for either online or in-class delivery, or for
self-study. The training materials are centred on the
development of key modelling skills, and incorporate an
interdisciplinary modelling case study [17, 18]. To date, the
participants of the trial runs came from a variety of
backgrounds and levels of experience, including those
completely new to mathematical modelling.

We expect that, with simple modifications, this concise
course should be of use if integrated in undergraduate and
master level modules related to a wide range of fundamental
and applied disciplines, including e.g., Ecology, Geography,
Engineering, Social and Environmental Sciences. As our
experiences show, it will also be useful for training in
ecological and environmental consultancies, as well as for a
wider range of practitioners including private businesses,
politicians and government officials. The teaching materials
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presented here may be particularly useful for horticultural and
green infrastructure projects involving participatory approach
[17, 28, 46]. Even more widely, the freely downloadable
concise course giving the learners hands-on experience in
Systems Thinking and the basic ‘do-it-yourself” skills of
ecological and environmental modelling, is likely to be of
value for the interested members of general public. It is
expected that University students and other SDM users will
not only benefit from enhancing their understanding of the
complexity of the specific problems considered by the
examples used but will also gain basic system modelling skills
through ‘learning by doing’; ultimately, the whole society
benefits from the increased level of knowledge and analytical
thinking skills of its members.
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APPENDIX
Appendix 1. Diagrams of Submodels Constituting the SDM Presented in Figure 5
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Appendix 2. Description of variables used in the updated Ebbsfleet urban water management model. See text and supplementary
materials for further information.

The model’s diagram is displayed in Figure 5 and the submodels in Appendix 1.

For clarity the following acronyms were used in the table below: GWR = Greywater reuse, RWH = Rainwater Harvesting, GW =
Greywater, CSOs = Combined sewer overflow:

Variable Units Description
It describes the level of ageing of the infrastructural system. It ranges between 0 (new) and

Ageing Dimensionless [0-1] 1 (very old/out of service)
Average yearly rainfall mm/Year Provides a value of the average Yearly rainfall over the area (Measured)
Conversion coefficient I/(m?*mm) Converts the mm of rainfall per unit area (m?) to litres
Cost of GWR £(house*Year) Cost of GWR systems, depending on unit cost and on the existence of economic subsidies
Cost of RWH £(house*Year) Cost of RWH systems, depending on unit cost and on the existence of economic subsidies
CSO ratio Dimensionless [0-1] Ersaétslon of the water flowing into combined sewer system that ultimately contributes to
CSOs litres/Year Yearly volume of water in combined sewer systems overflow events
Days per year days/Year Defines the number of days (365) in the time step considered (year)

Defines a delay (currently 5 years) for the transfer of Educational programmes into Socio-
Delay factor Year - - P )

Environmental incentivising policy instruments
Development rate persons/(houses*Year)It defines the yearly rate of the Urban Development, restricting the Urban Development

transfer into the Population. It is set to 0.15
EA cap Dimensionless [0-1] Upper limit of the Environmental Awareness
Educational programmes and
events for sharing bestDimensionless [0-1] Effectiveness/frequency of implementation of the selected policy instrument
practices
Effectiveness of local
planning policy
Efficiency Dimensionless [0-1] Efficiency factor of the sewer system (currently 0.85)

It is mainly related to the rate of change set by ‘Inflow EA’. The maximum value of the
Environmental awareness Dimensionless [0-1] “Environmental awareness’ stock is capped at 0.8 (‘EA cap’) and no further increase takes
place beyond this value

Dimensionless [0-1] Effectiveness/level of implementation of the selected policy instrument

Expected unit RWH litres/(house*Year)  Reference value of yearly water harvested per house, currently set to 1,000

Fraction of GWR Dimensionless [0-1] It defines a reference value for the houses equipped with GWR systems

Garden size m? Reference size of the garden (currently 50)

Greywater reuse litres/Year This variable describes the volume of Grey Water (GW) reused on a yearly basis for
(GWR) residential purposes only

Sy\;\t/emm combined SEWeN itres/Year Defines the difference between the total GW produced and the volume that is reused

GWR acceptability Dimensionless [0-1] It defines the global level of acceptability and potential uptake of GWR systems, depending

on cost and on the environmental awareness

Houses w. garden houses Fraction of new households with a garden

It defines how the Urban Development produces an increase in population (it has an upper
limit of 35000, i.e., approx. 3 persons/house)

It depends on the potential future developments of the water supply system, and is activated

Increase rate persons/Year

Infiltration-storage  recharge

litres/Year . .
volume for a scenario analysis only
Inflow litres/Year Positive yearly contribution to the Potable Water Balance
Inflow EA 1/Year Yearly increase rate of the Environmental Awareness
Investment in leakage.. . It quantifies the investment performed to preserve system conditions. It ranges between 0
: Dimensionless [0-1] - L .
reduction (no investment) and 1 (significant investment)

Investment in WWTPs Dimensionless [0-1] Level of investment in WWTPs, from 0 (absent) to 1 (full)
It computes an expected ratio of leakages depending on the age of the system and the

Leakages ratio Dimensionless [0-1] investments performed. It ranges between 0 (no leakages) and 1 (system out of service)
Metered properties Dimensionless [0-1] Ratio of the Metered properties out of the Total properties
National regulations Dimensionless [0-1] Effectiveness/level of implementation of the selected policy instrument
Occupancy persons Average occupancy of the properties (3)
Outdoor residential - use OfIitres/Year Volume of water that is needed on yearly basis for outdoor uses
potable water
Outflow litres/Year Negative yearly contribution to the Potable Water Balance
It defines the evolution of the population in the area, with an ‘increase rate’ related to the
Population persons progress of ‘urban development’. An average of 3 persons per household is assumed (total

number of 12,000 houses)
All inflows and outflows are considered. Negative values identify a potential water supply

Potable Water Balance litres deficit. Positive values instead represent the potential volume of water that can be saved in
different scenarios
Rainfall mm/Year Provides a value of the Yearly rainfall over the area for the simulation
Rainwater . The volume of RWH, mainly depending on ‘RWH properties #’, an expected unit efficiency
- litres/Year . o
Harvesting (RWH) and rainfall conditions
Ratio of GW Dimensionless [0-1] Fraction of drinking water becoming GW (currently set to 0.7)

Unit reference cost of GWR system, representing the upper limit over which it might become

*
Reference GWR cost £(house*Year) uneconomic. Currently the value is set to 15000
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Reference RWH cost f(house*Year)

Regulatory policy instrumentsDimensionless [0-1]
Runoff coefficient Dimensionless [0-1]

RWH fraction

RWH properties #
RW in combined
Socio-Environmental
incentivising
instruments

Southern Water availability

Dimensionless [0-1]

houses

litres
policyDimensionless [0-1]

litres/Year

SuDS effectiveness Dimensionless [0-1]

SW ratio Dimensionless [0-1]
Tariff/Tariff BAU Dimensionless
Thames Water availability  litres/Year

TW ratio Dimensionless [0-1]
Unit area m?/house

Unit daily water availability litres/(person*day)
Unit potable water demand  litres/(person*day)
Upper WB limit Hlitre

Urban Development # households

(LjJse_ of water eff|C|encyDimensi onless [0-1]
evices

(Water) Balance litres/Year

Water bills flitre

Water-energy efficiency auditDimensionless [0-1]

Water in combined sewer,.
litres/Year

systems

Water Tariff BAU flitre

WB change rate
WD threshold

£(litre*year)
Dimensionless [0-1]

WWTPs litres/Year
Yearly water availability litres/Year
Yearly Water supply litres/Year

Yearly increase £(litre*Year)

Unit reference cost of RWH system, representing the upper limit over which it might become
uneconomic. Currently the value is set to 5,000

Global effectiveness of the selected policy instruments, calculated as their average value
Average fraction of impervious area in the study area. Currently 0.5

Defines a target/reference value of properties equipped with RWH systems. Currently set to
0.7

The number of households that are equipped with RWH systems

Volume of RW that flows into the combined sewer system

Defines a time delay in the impacts of the ‘Educational programmes and events for sharing
best practices’

Water volume that is needed on a yearly basis, provided by Southern Water

Provides a global estimated effectiveness of the SuDS over the area, ranging from 0 (not
effective) to 1 (fully effective)

Ratio of the water volume that is needed on a yearly basis, provided by Southern water.
Currently it is set to 1/3

It defines in a simplified form the structure of the tariff with respect to ‘Business as Usual’
(BAU) conditions

Water volume that is needed on a yearly basis, provided by Thames Water

Ratio of the water volume that is needed on a yearly basis, provided by Thames Water.
Currently it is set to 2/3

Unit reference area drained for each property

It defines the reference/expected daily water availability for domestic use. The BAU
considers 120 litres/(person*day)

It defines the reference/expected daily water demand for domestic use. The per capita value
is set as 120 litres/(person*day)

It defines the upper limit of the Water Bill

Total number of households that are going to be built in the area throughout the development
period. The value is set to 12000

Identifies the use of water efficiency devices, combining metered properties, environmental
awareness and regulatory policy instruments

This component depends primarily on the difference between the ‘Potable water demand’
and the “Yearly water supply’. It is directly affected by the ‘Outdoor residential use of
potable water’, as well as by the ‘GWR’ and ‘RWH’.

Water bills (stock) is computed from the identification of a baseline unit value (initial value
0.8073 £I) and potential causes for its increase

Effectiveness/level of implementation of the selected policy instrument

Total volume of water that flows (yearly) in the combined sewer system

It defines the current value of the Water tariff

It defines the yearly change rate of the water tariff

Defines the upper limit of potable Water Demand that does not activate an increase in water
tariff

Volume of water in WWTPs

Calculates the volume of water that should be made available on yearly basis, given the unit
daily water availability and the population

The water supply depends on the availability from ‘Thames Water’ and ‘Southern Water’,
and on the ‘Infiltration-storage-recharge volume’

Yearly increase level of the Water Bill
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