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NEXOGENESIS Deliverable 3.1

Abstract

This NEXOGENESIS Deliverable describes the methodological approaches to be
employed within the System Dynamics Models (SDMs) for each of the five Case Studies
regarding: scenario analysis; sensitivity analysis; what-if testing; and uncertainty analysis.
It outlines why these methods are essential for improved policy-relevant information. It
describes how data provided through Work Package 2 will be exploited to assist is these
analyses, how further work to be carried out in WP4 will utilise the uncertainty/sensitivity
analyses in the Machine-Learning techniques, and how the results can be communicated
to stakeholders via a visual decision support tool to be developed. The combination,
robustness, and comprehensiveness of the technigues to be used in NEXOGENESIS for
uncertainty and scenario analysis will lead to novel scientific and societal impact, and will
greatly advance the current state-of-the-art in nexus-relevant research, especially once
Machine-Learning methodologies are coupled with, and exploit, the analyses described in
this Deliverable.
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List of abbreviations

CS'i Case Study

RCP i Representative Concentration Pathway
SDM i System Dynamics Modelling

SLNAE T Self Learning Nexus Assessment Engine
SSP 1 Shared Socio-economic Pathway

WEFE i Water-Energy-Food-Ecosystems
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1. Introduction and purpose of the
Deliverable

Deliverable 3.5 introduces techniques and methods for scenario and uncertainty analyses
that will be implemented in the System Dynamics Models (SDMs) in Work Package (WP) 3
and in the Self-Learning Nexus Assessment Engine (SLNAE?) in WP4.

Sensitivity, scenario, and uncertainty analyses are essential when dealing with complex
systems, external model data, and future projections. Scenarios are used to define multiple
plausible futures. This is because it is not known exactly how the future will play out, and
therefore a suite of likely pathways is required to capture the most likely developments. In
NEXOGENESIS, the scenarios are captured by the Representative Concentration Pathways
and Shared Socio-economic Pathways (RCPs and SSPs, respectively). Sensitivity analysis
assesses relative output response to systematic changes in input variables. In this way, the
most sensitive input variables, in relation to changing the outputs, can be identified. This is
important in the NEXOGENESIS context as policy makers will have more information to
identify those leverage points in the WEFE nexus that will likely lead to the greatest system
response, positive or negative. Positive responses can be maximised, while negative
responses can be avoided. What-ifanal ysi s can help modell ers and
testd a system aomdutpst eesponsehhese tasps anaytnat be realistic per-
se, but can be instructive to determine potential thresholds in system states that should not
be approached or crossed. Finally, uncertainty analysis allows for the variability and
unknown knowledge in data to be characterised and quantified, including its impact on model
outputs. Coupled with stakeholder-relevant visualisation, such uncertainty analysis can be
highly beneficial in portraying the most likely system responses, but also the extreme
responses to, for example, precipitation or river flows. The combination of all these aspects
in NEXOGENESIS (scenario analysis, sensitivity analysis, what-if tests, uncertainty
analyses, and visualisation), will lead to novel scientific and societal information about policy
implementation in the WEFE nexus, and together with stakeholder assessment of results, will
help validate the implementation of NEXOGENESIS nexus models.

The rest of this Deliverable describes in detail each of these methods to be used (scenario
analysis, sensitivity analysis, what-if tests, uncertainty analyses), explains how the data from
WP2 will be leveraged in this regard, and explains how future work in the project,
predominantly in WP4, will make use of the analyses described here and largely
implemented in WP3.

1 Within the project, a new name for this doolbis being considered, making it less opague and more
marketable.
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2. Sensitivity, scenario, and
uncertainty analyses in
NEXOGENESIS

The objective of sensitivity analysis is to ascertain the relative response of specific output
variables of a model to changes in given input parameters. Due to the complex nature and
feedback inherent in the SDMs developed in NEXOGENESIS, some input variable changes
will elicit relatively large changes to certain output variables, whilst barely affecting output
variables. Changes to other input parameters may elicit relatively large responses in many
output variables, while yet others may have relatively negligible change to outputs. If output
variable changes are relatively large for a given input change, this is referred to as a
sensitive parameter. Likewise, if large input changes reveal little change in output
parameters, then this is an unsensitive situation.

There exist many techniques to perform sensitivity tests. Sensitivity analysis tends to
proceed by changing one variable at a time to differing magnitudes and observing the
response in specific (critical) output variables of interest. Those outputs that change the most
are sensitive to changes in the input conditions of the model, and vice-versa. Within
NEXOGENESIS, it may not be possible to test every multi-parameter sensitivity test that is
possible due to the high dimensionality of the models, however for select variables or
sectors, this will be considered. Identifying sensitive parameters in a model is important for a
number of reasons:

1) If outputs are seen to be highly sensitive to the value of specific input parameters,
then it is critical to ensure that those input parameters are as accurate as possible.
Small changes in those inputs (e.g. due to inaccuracies in data collection) could lead
to large responses in model output variables, with outputs potentially no longer being
representative or reasonable for a given variable. As such, it can be seen where to
focus effort in ensuring that model inputs are as accurate as possible;

2) For identifying the potentially most effective policy levers for systemic change.
Identifying the most sensitive output variables in response to changes in inputs can
help in highlighting which potential policy changes may lead to the greatest impacts
on the system state, and can also indicate if there may be significant unintended
consequences on other system variables that were not anticipated. The nature of that
impact can also be assessed i is the impact on the system as desired (a positive
impact) or not (a negative impact)? As such, if negative impacts are noted, then the
policy changes leading to that impact could be reconsidered. Alternatively, if a
potential policy action is seen to have a great positive impact on output parameters
(due to them being highly sensitive to input changes), then this could indicate that
those policies should be focussed on to leverage potential WEFE nexus improvement
gains. This process may lead to a dine-tuningéof policies themselves.
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NEXOGENESIS Deliverable 3.1

Sensitivity analyses are widely used in modelling studies for the purposes described above.
Bakhshianlamouki et al. (2020) conceptualise, develop, and run a system dynamics model
(cf. Ford, 2009) of the Urmia Lake Basin, Iran. The model is designed to test the
effectiveness and explore potential unintended consequences of implementing a suite of lake
restoration activities. As part of the study, a sensitivity analysis on model input parameters
was performed. In the study, the sensitivity of the area of Urmia Lake, and the inflow from
rivers to Urmia Lake was explored by changing various input parameters. Results (Figure 1)
showed that lake level for example is not sensitive to changes in precipitation volumes, but is

very sensitive to changes in the area of the lake.
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sensitivity analysis on Urmia Lake level (a) and Urmia Lake river inflow volumes (b)
to changes in various input parameters. Figure from Bakhshianlamouki et al. (2020).

Similarly, Purwanto et al. (2021) also develop and run a system dynamics model of the
water-energy-food-societal nexus in Karawang Regency, Indonesia. The sensitivity of the
availability of water, energy, and food resources per-capita was tested by changing a wide
range of model input parameters (Figure 2). Full details of the parameters adjusted are given
in Purwanto et al. (2021) i a similar approach of selecting a reasonable range of parameter
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values will be considered in NEXOGENESIS. As with Bakhshianlamouki et al. (2020; Figure
1), a wide range of output responses was observed, with some variables being very sensitive
to certain changes and others showing very low sensitivity.
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Figure 2: sensitivity of the availability of water (a, d), food (b, e),
per-capita in response to changing various model input parameters. See Purwanto et al.
(2021) for full modelling details.
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Scenario analysis aims to assess system response, or the response of key system state
variables, to widespread changes in system inputs (e.g. due to climate change that may alter
many variables) rather than in isolated parameters as in sensitivity tests. These changes
may be forced from external (exogenous) factors such as global climate change (e.g.
represented by the RCPs) and socio-economic development (e.g. as given by the SSPs), or
by internal (endogenous) factors such as imposed policy changes due to changes in policy
ambitions.Di f f erent 6é6futuresd of a system, represente
implementations, etc., are referred to as scenarios. The reason for running such scenarios is
that the future is not known with certainty. Therefore, a range of (plausible) futures is
simulated i these are the scenarios. The setup envisaged in NEXOGENESIS is as follows.
Until 2015, there is a singular observed history (i.e. based on known and established driving
factors and system conditions together with data observations and statistics). This known
past i s bast é kndNEE@GGENESIS. In NEXOGENESIS, 2015 marks the
departure point from the known history, to multiple unknown futures. For the futures,
NEXOGENESIS will consider two scenario sets (Figure 3):

1) T h eefeéence scenariosd The reference scenarios in NEXOGENESIS refer to the
widely-accepted and globally used RCPs and SSPs. In NEXOGENESIS, RCP2.6 and
RCP8.5 (consistent with low/high end for CMIP5/6 data and 5"/6™ IPCC reports) are
used for the climatic futures, while SSPs2and4( r epr esenting a O6middl e
and the current societal trajectory respectively) are used for the socio-economic
futures. This gives a total of 2 x 2 = 4 reference scenario combinations. Parameters
produced under the RCPs include variables such as precipitation, runoff, and
temperature, while SSP-related parameters include population projections, societal
productivity, etc. These data are provided by Work Package 2 in NEXOGENESIS
from coherent data sources and models for all the case studies, allowing for
consistency and comparability between the cases.
2) T h eolidy scenariosb. This set of scenarios represent :
reference scenarios by imposing case study relevant policies onto them. These
policies will by definition be different for each NEXOGENESIS case study, in terms of
the number of policies to test, their content, and their impacts. The same policy, or
group of policies, can be imposed on the different reference pathways, thereby
assessing their impact under different potential futures. It is possible that the impact
of implementing a policy (e . dolicyiAd under a given reference pathway (e.g.
Ref erence Pathway 1; see t3hisverydiffarentifithebel | ed 0 /
same policy is applied under a different Reference Pathway (Reference Pathway 2;
Figure 3). The same idea can be applied to a different policy (fPolicy B9 and a
different reference scenario. This is important information for stakeholders and policy
makers i they should gain knowledge on the impact of an action under a range of
future pathways, none of which are known with much certainty in advance.
Knowledge of these differences could help policy and decision makers to be better
prepared and more able to cope with changing futures (i.e. be more adaptable).
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Various studies have used scenarios to assess the potential future impacts of actions
imposed on a system. Bakhshianalmouki et al. (2020) simulate a suite of scenarios to assess
the potential impact on long-term Urmia Lake water level i one set based on climate change
scenarios using the RCPs, another set based on planned restoration measures for Urmia
Lake, and a third set based on a combination of restoration policies to assess synergies and
trade-offs between them (Figure 4). In a similar way, Purwanto et al. (2021) models a range
of scenarios to assess the impact across all nexus sectors in Karawang, Indonesia. One of
the scenario simulation results is shown in Figure 5.
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Figure 5: scenario simulation results testing different migration rates on nexus resources in
Karawang. (a) and (d) water resources, (b) and (e) energy resources, and (c) and (f) food
resources. Figure from Purwanto et al. (2021).

As another example, Sugnik et al. (2013) carry out a range of scenario analyses to assess
the impact on a coupled water-agricultural system on the Nile Delta, Egypt (Figure 6)
Scenarios show best- and worst-cases for water availability in the region, and the
corresponding impact on crop yield and total crop revenue, important metrics in the dominant
agricultural sector of the Nile Delta.
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Figure 6: scenario analysis from Sugnik et al. (2013), showing the best and worst case
scenario results on water volume available (a) and total crop revenue (b).

Finally, Wang et al. (2023) test a series of policy implementation scenarios, assessing their
impacts across the WEF nexus. In this study, a series of plausible, but hypothetical policies
reflecting WEF nexus interventions in Hunan Province, China, are tested in an integrated
WEF nexus system dynamics model. It is shown that the impact of different policies has
widely differing impacts within each nexus sector, but also across sectors (Figure 7). An
analysis of implementing multiple policies together demonstrates that while there are
synergies among some policies, there are also considerable trade-offs. The study helped to
highlight these interactions, not only among the WEF sectors, but also among policies, thus
providing new insight and information for decision makers.
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Figure 7: policy scenario analysis from Wang et al. (2023), showing how different policies
impact the water, energy, and food sectors in very different ways.
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What-if analyses are subtly different to sensitivity and scenario analyses. They are

concerned with asking questions of &édwhat i f such
What woul d be t he Sewhkat-iftamalysesdo pod necessarily need to
reflect reasonable O6futuresd, but can be used to

collapse points lie i is there a threshold beyond which system behaviour qualitatively
changes or beyond which a certain system parameter (e.g. water availability) collapses (e.g.
water is no longer available). Such analyses can be at least instructive, and can start to
demonstrate where such thresholds may lie. As such, real-world variables can be monitored,
and warnings can be sounded if they start to approach a critical or threshold value that may
lead to undesirable system states or behaviour. Mereu et al. (2015) use a what-if analysis to
analyse at which (unrealistic) point a reservoir on Sardinia, Italy, starts to show signs of
stress, and ultimately fails (i.e. empties and never refills) as total water demand increases. At
five times the current demand levels, the reservoirs started to show signs of vulnerability,
while at 10 times the current demand levels (not at all realistic), the reservoir system
collapsed. While not realistic, the results indicate that perhaps if demand were to double or
triple, measures may want to be imposed to avoid vulnerable situations.

As evident, what-if analysis in simulation models allows safe, fast, and efficient testing of an
unrealistic or dangerous situation (e.g. that would be unsafe, expensive, unethical) to carry
out in the real world to determine system response and to identify potentially undesirable
effects. Such analyses can be instructive for real-world decision making.

In NEXOGENESIS, what-if testing will be discussed with each Case Study to assess their
needs and preferences. What-if tests can then be carried out within the SDMs, for example
on individual policies, extreme climate scenarios, etc. As an extension of this, the SLNAE
tool will allow the user to run their own, self-defined, what-if tests to determine policy impacts.
This will add value, impact, and novelty to NEXOGENESIS outputs.
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Uncertainty analysis is carried out to recognise the fact that there is always unknown
(uncertain) knowledge and variability in model structures and in data, as well as when
projecting an unknown future. In order to cope with uncertainty in data input, and the
potential impact on model output, NEXOGENESIS will use a number of approaches.
Approaches to characterise uncertainty feed forward to model outputs, and can be used to
communicate uncertainty in model outputs to different groups of stakeholder groups (e.g. via
a decision support tool as part of WP4). This is important as it aims to make non-experts
aware that in models dealing with future projections, the outputs are never certain. Showing
and recognising this uncertainty can help stakeholder groups think about the uncertainty and
account for it in future decision making. To be clear, in NEXOGENESIS, there will not be
uncertainty assessment across different Reference Pathways (RP) or scenarios at the same
time since each CS is modelled by its own different SDMs. Uncertainty assessment will be
run for each SDM (i.e. each Case Study) separately, taking into account SDM input data
distributions (probabilities) for that case study from data provided in WP2. In
NEXOGENESIS, a user-friendly graphical decision support tool (WP4) will be developed,
and as part of this, uncertainty assessment will be communicated to the user using data
coming from the WP3 SDMs.

In principle, the basic idea is the same, although the details differ, between the two
approaches that will be used. Essentially, a distribution of values will be pseudo-randomly
selected (sampled) many times by the system dynamics models of the nexus systems in the
case studies which will be run for each of the selected (sampled) values. The corresponding
model output for each of the selected (sampled) values will be recorded and analysed to
assess the impact on that output. In short, a distribution of values input to the models will
lead to a distribution in model output values that can be summarised and shown to non-
experts. The details arise in the type of distributions to be sampled, and in the model
sampling procedure. These are explained below.

Uniform distributions are the simplest conceptually. Lower and upper bounds of values are
defined, and an equal probability of occurrence (given by P(x)) of values (x) is assumed for
all values between the lower and upper bounds. Values outside the lower and upper bounds
are given zero probability of occurrence, and therefore are not considered. This is illustrated
schematically in Figure 8. Such distributions are useful for example when literature studies
give a range of values for a particular process (e.g. the amount of energy needed to treat a
given volume of raw water, which can vary by location type and treatment level, but which
also falls within a relatively narrow range). In these cases, the entire reported range can be
sampled assuming a uniform distribution to represent the range of values in the literature,
representing the most reasonable/reported cases.
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boundaries (vertical dashed lines) are not considered (i.e. their probability of occurrence,
P(x) = 0).

Not all data are uniformly distributed. Normal (bell-shaped) distributions are common, as are

non-normal distributions which tendto elongate 6t ai | s6 and are skewed to t
Non-normal distributions (e.g. Weibull, log-normal, Gamma) are often used to represent

extreme-value statistics, for example associated with floods and droughts.

In order to determine the statistical nature of the data distribution, the following process can

be used. Firstly, all data for a given variable (Figure 9)canbeécol | apsed6é to form
distribution curve. For example, the data shown in Figure 9 are synthetic, but could be taken

to represent an annual precipitation time series. These data can be analysed (for example

using statistical analysis packages in the R programming language) to determine the

statistics of the distribution that best fits the data series. In the case of Figure 9, the data are

normally distributed, and form the basis for the normal distribution curve shown in Figure 10.

The synthetic data in Figure 9, and therefore the normal distribution, has a mean =0, and a

standard deviation = 1. With knowledge of these statistics, the underlying data series can be

@ e pl i kyaepeatddly sampling from a theoretical distribution with a specified mean and

standard deviation of 0 and 1 respectively (in this example). The more times the theoretical
distributionissamp |l ed, the cl oser one will geThrougm t he &r ¢
such sampling of the statistical distributions of underlying data, the full spectrum of

uncertainty / variability in the data can be captured and used in the NEXOGENESIS system

dynamics models. This will feed through to give probabilistic model output. It should be noted

that due to the complexity of the SDMs, a given distribution in input data will not necessarily

give the same distribution in output results (i.e. a non-linear response). The next section

details the process of Monte-Carlo sampling that will be used in NEXOGENESIS.
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w

-3

-4
Figure 9: a synthetic data (time) series of normally distributed values (x) with mean = 0, and
standard deviation = 1. The data series in this figure yield to normal curve in Figure 10.

Figure 10: normal distribution with mean = 0, and standard deviation = 1, and showing the
probability of occurrence (P(x)) for different values of x in the sample.

2.4.3 Monte Carlo sampling in the system dynamics
models

Once a data series has been condensed into a best-fit statistical distribution (e.g. using
specialised packages for data analysis in R), Monte-Carlo sampling techniques
(Thomopoulos, 2013) can be used, exploiting functionality built into STELLA (the SDM
software being used in NEXOGENESIS; see the extensive Help documentation for STELLA,
including sections on sensitivity analysis and sampling from statistical distributions, at
https://www.iseesystems.com/resources/help/v3/Default.htm). Given a statistical distribution,
Monte-Carlo routines pseudo-randomly sample a number from within the given distribution
(which statistically represents the underlying data series). The more times the sampling is
carried out, the closer one approaches the data. Sampling 100 or 1000 times often gives a
reasonable approximation without overly burdensome computational load. Because the
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