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Foreword
As the landscape in which we operate our business is
changing and evolving it is important for industry to
contribute to the richness of the debates to ensure that
we continue to provide efficient, effective and
sustainable services to our customers, while ensuring
that regulatory confidence is strengthened.

This publication, which is one of a series, and the
workshops that we have hosted, are part of the
contribution Southern Water wishes to make. We hope
that they are thought provoking and stimulate debate,
but most of all we hope that they may help the
industry and government continue to meet the
challenges that are ahead of us all.
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MODELLING RESILIENCE
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1 INTRODUCTION
This paper discusses Southern Water’s experience of incorporating resilience into our supply
demand water balance model. It builds on the content of a workshop held in May 2011 with
Defra, Ofwat and the Environment Agency (EA). This paper is the second in a two-part series,
with the first focusing on scarcity charging.

There has been a great deal of interest recently in the potential value of increased trading and
interconnection among water companies and between water resource zones (WRZs). For
example, Ofwat published a paper in March 2010 on the potential benefits that upstream
competition could deliver via increased bulk transfers of water and estimated that the new
interconnections it identified under the base case scenario would result in benefits of £561m
across England and Wales.1 In April 2010, the Water Resources in the South East Group
(WRSE), which includes the EA and seven companies in the South East (including Southern
Water) published a report outlining a joint strategy for the region and highlighting opportunities
for sharing resources among companies.

In the context of our water resources planning, we were interested in the potential for trade to
address two key limitations in our current planning framework. The first is the limited reflection
of the scarce nature of the existing asset resource base (the focus of the first paper in this two-
part series). The second is the limited modelling of the variable nature of supplies (the focus of
this paper).

We have therefore extended our current water resources investment model (which underlies
our Water Resource Management Plan (WRMP) and supply demand balance (SDB), to better
reflect these issues, in order to provide an analysis of the potential additional value of increased
water trading. This paper summarises the results of that modelling and analysis.

This paper is structured as follows:

• Section 2 provides a background on resilience, including our motivation for considering
resilience and variability, as well as a description of our investment model.

• Section 3 describes how resilience was incorporated into our model, which tests were run,
and discusses the scope for generalising our results.

• Section 4 includes the results and implications of our analysis.

• Section 5 summarises the results and contributions of the modelling work and outlines next
steps in terms of what we are planning to do in the future as well as avenues for further
research.

A separate technical overview note, which provides additional details on our investment
modelling platform, is available upon request.
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1 Ofwat (March 2010) “A study on potential benefits of upstream markets in the water sector in England and Wales,” p16.
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2 MOTIVATION FOR CONSIDERING
VARIABILITY AND RESILIENCE

2.1 OVERVIEW OF WATER RESOURCES MODELLING

The water resource planning model which we used to plan our 2010-2015 investment
programme determines the annual investment needed to ensure that water supply satisfies
forecast demand each year between 2007 and 2036.

The model assumes that existing operations are available during this time and also includes a
large set of potential new sources that can be used. The model chooses the set of existing and
new sources which minimises the total cost to meet demand.

Each existing source is not modelled specifically, but rather the sources in each Water Resource
Zone are modelled as a block. The use of existing sources can be reduced, with cost reductions
based on the highest-cost existing source. Demand-side measures such as leakage, metering
and water efficiency are also included.

The costs assumed for new and existing sources include values for opex (operational spend),
annualised capex (capital spend), environmental and carbon costs.

2.2 VARIABILITY OF AVAILABLE WATER

Figure 2.1 shows a simplified yield curve of several different sources in a water resource zone
(in Ml/d - megalitres, or million litres per day) as a function of the return period (representing
the likelihood of occurrence).

This stylised set of curves illustrates the different nature of the yield of sources to differing
hydrological events.
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Figure 2.1
Sample Water Availability
for Various Sources as a
Function of the Return

Period
Source: Southern Water



MOTIVATION FOR CONSIDERING VARIABILITY AND RESILIENCE

2.3 THE CURRENT FRAMEWORK HAS LIMITED
CONSIDERATION OF VARIABILITY

Currently, Southern Water plans on the basis of historic drought events which have an
approximate return period of one in 100 years. That is, we assume that the deployable output
is always at least equal to the water available in a one in 100 year event. As shown in Figure
2.1, the water available from some of our sources (eg A and J) can be much lower at longer
return periods than that available at a 100 year return period.

Hence our current water resource planning framework does not fully reflect the variable nature
of supplies. Accurately capturing this additional information could potentially result in more
resilient sources (ie sources with higher water availability for higher return period assumptions)
being chosen as these are ones that could provide sufficient water to meet the incremental
supply demand balance under more extreme weather conditions.

2.4 AN ALTERNATIVE APPROACH FOR CONSIDERING
UNCERTAINTY

There are several sources of supply and demand-side uncertainty in water resource management
planning. In our research we wanted to focus on one of the most significant ones – weather
uncertainty – because of the variability that we have just described. By more accurately
modelling this aspect of supply-side uncertainty, we can better assess the viability of transfers
from a resilience standpoint, or assess the value of transfers for moving water to avoid drought
measures.

The most environmental damage is caused by abstractions in dry years, so this approach also
allows us to analyse the potential benefits of transfers to reduce environmental damage (by
reflecting the limited availability of water at these times). In order to further develop this last
point, we also performed tests with resilience combined with scarcity charging (see our
associated paper on scarcity for additional details on how scarcity was modelled).
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“ Currently, Southern Water plans on the basis of historic
drought events which have an approximate return period of
one in 100 years”
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3 APPLICATION OF OUR ALTERNATIVE
APPROACH

3.1 A REVISED MODEL

To incorporate resilience into our investment plan, we represented two possible supply-side
scenarios – which we have called ‘planning’ and ‘severe’ – that need to be simultaneously
optimised (ie one set of resource options is chosen by the model to meet the deficits across the
two scenarios, with a different operating profile for each scenario). This is the first step toward
full stochastic optimisation.

The planning scenario corresponds to the most likely water availability scenario (in terms of
deployable output from various sources), while the severe scenario represents an unlikely water
availability scenario.

The scenarios are probability-weighted to reflect the chance of their occurrence. The cost that
the model minimises is an expected one across the two scenarios (scaling the respective opex
quantities by the probability of the scenario taking place). Headroom is removed as we are
explicitly modelling uncertainty (albeit only supply-side) through this simple stochastic
optimisation.

As an initial exploration, we considered the move from a one-state to a two-state model and
what effect that has on the optimal investment plan. The optimal plan is sensitive to the
calibration (both in terms of the return periods for the two scenarios and the probability weights
associated with those scenarios), and so we have tried to choose a set of scenarios that, based
on the information we have available, is a good two-state approximation of the actual
distribution of supply-side water variability.

This implies a planning scenario with a one in five return period and a 99 per cent chance of
occurrence and a severe scenario with a one in 200 return period (which is also the return
period we use in our drought plan modelling) and a one per cent chance of occurrence.

3.2 FOCUS ON THE CENTRAL AREA

We focus our analysis on what we call our ‘Central Area’. This area, which is shown in Figure
3.1, includes three of our 10 Water Resource Zones – Sussex North (SN), Sussex Worthing
(SW) and Sussex Brighton (SB).
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Figure 3.1
Southern Water's

Central Area
Source: Southern Water
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We focus on this area for the following reasons:

• The potential investment options in the Central Area are representative of the set of investment
options we want to consider – they include river abstractions, reservoirs, wastewater re-use
and desalination plants;

• Being contiguous, the Central Area allows for easy exploration of the potential benefits of
intra-company interconnection (in addition to considering imports from other companies);

• The three zones vary in terms of their forecast surpluses/deficits; and

• The three zones vary in terms of their environmental scarcity – there is a mix of over-licensed,
over-abstracted and water available catchment abstraction management strategies (CAMS)
water availability status across the area.

Table 3.1 illustrates how water available for use (WAFU) differs across the return periods, in the
peak and average demand periods in the Central Area zones. The table shows how the WAFU
differs between the one-state model’s one in 100 year assumption and our two-state model’s
one in five and one in 200 year assumptions.

Figure 3.2 shows the full set of potential resource options that our extended model can select
to build and operate on a year-by-year basis in order to meet the deficit. We included all the
new sources that were part of the 2010-15 investment plan, along with the following additions:

• A hypothetical import from Thames Water (TMS), incorporated for the purposes of an initial
exploration of inter-company transfers, with costs and water availability based on an internal
Southern Water assessment of a long-range pipeline from Thames Water’s Honour Oak
reservoir;

• Two additional intra-company transfers: Sussex Brighton to Sussex North, and Sussex Brighton
to Sussex Worthing, based on internal Southern Water costing data for pipelines with similar
specifications; and

• Drought plans included as resource options (not drawn on the map), in the form of resource
improvements (additional abstractions from existing sources) and water use restrictions, with
costs based on customer willingness to pay to avoid these forms of drought measures.

There were no additions to leakage options and demand management measures. As was noted
at the workshop, this is a potential area for future research as, if this set of options had been
widened to include, for example, additional leakage tranches and water mains replacement,
these options could have potentially been chosen.
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Table 3.1
Water Available for Use
under Different Return

Period Assumptions
Source: Southern Water
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3.3 LIMITS TO MODELLING AND THE ABILITY TO
GENERALISE RESULTS

There are a variety of limitations with the modelling framework, some of which are also part of
the standard models which all water companies use and others which are specific to our
incorporation of scarcity costs.

Regarding the use of scarcity costs – which mean the price abstractors pay reflects the
environmental impact of water abstraction – we note that we do not incorporate any feedback
loops in the modelling.

For example, we do not allow demand to change in response to higher prices due to scarcity
charges and we do not allow scarcity charges in a given source to be reduced if there is reduced
abstraction when scarcity charges are initially introduced.

We also note that the options and costs that we have applied for our modelling do not
necessarily reflect an accurate and full set and hence we may not choose to adopt the sources
chosen in these experiments in our 2015-20 optimal plan.

For example, we may want to include greater tranches of leakage reduction in future
assessments and this could potentially reduce the use of new resources.

Finally, the situation in individual water resource zones and small groups of zones does not
necessarily generalise to all zones across the UK.

It is unclear to what extent the results that we find in our Central Area of three zones will be
replicated in other parts of the country.

The ‘lumpiness’ of capital investment also means the optimal plan in any situation can be
sensitive to location-specific characteristics around existing sources and future demand.
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Figure 3.2
The Potential New

Resource Options in the
Central Area (as used in our

modelling)
Source: Southern Water

Notes: (1) The transfer from
Thames Water is hypothetical,
and has not been discussed
with Thames Water. (2) The
NR2 wastewater re-use scheme
is geographically located in the
SW zone, but any water is used
to meet demand in the SN
zone.
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4 RESULTS AND IMPLICATIONS
This section presents the effects of incorporating resilience charges in our modelling. We show
the impact for the year 2020, in order to assess the impact of the modelling changes in
investment planning.1

4.1 THE RESILIENCE VALUE OF TRANSFERS: MOVING TO
TWO-STATE MODELLING

Figure 4.1 shows how the investment plan changes when we move from a one-state to a two-
state model. The two maps – one for planning and one for severe – shown how the optimal
resource selection changes in each scenario. Each map includes icons in the zones which
represent investment options that are selected in 2020, along with water drops which reflect
the operations of these options in that year. Alongside each zone, there are two additional icons
representing the demand reductions and existing resource reductions in each zone, with water
drops representing the volume of these reductions.
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Figure 4.1
Changes in the Investment
Plan Resulting for a Switch

to the Two-State Model
Source: Southern Water

1 The model optimises over the 2007-2036 horizon and hence there are potentially impacts in each of these years.
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The key differences in investment plan in the two-state model (in comparison to the one-state
model) are as follows:

• the Sussex Worthing to Sussex North transfer is only used in the severe scenario;

• desalination – the process of turning seawater into drinking water – is selected in the two-state
model; and

• an additional transfer is used in the severe scenario to transfer water from Sussex Worthing
to Sussex Brighton.

When optimising for severe weather (ie assuming lower water available for use in one state of
the model), more resources are built as part of the optimal investment plan, though most are
only operated in the severe scenario. This illustrates the resilience value of the extra capacity
that is built.

The two-state model has a much higher existing resource reduction than the one-state model.
This is because, in the two-state model, the planning scenario, which has much more water
available than is available in the one in 100 return period underlying the one-state model, has
a 99 per cent chance of occurring. Consequently, the planning scenario almost entirely
determines the amount of water that is left in existing sources during the most likely weather
scenario. Similarly, the planning scenario governs the final plan’s operating costs because it
defines the resources that are operated 99 per cent of the time.

The severe scenario, on the other hand, dictates the capital expenditure as it creates a capacity
constraint, reflecting the much larger deficit that needs to be met in this case. However, most
of this new resource is only operated in the severe scenario.

The cost of the overall solution in the two-state model is £2.5m higher (an increase of 1.1 per
cent) in comparison to the one-state model. The cost of constructing this capacity was less
than the savings from avoiding implementing emergency drought plan measures.

4.2 THE POTENTIAL FOR TRANSFERS TO ADDRESS
ENVIRONMENTAL CONCERNS

In this sub-section we present the results of our modelling where we combine two-state
modelling with the use of scarcity charges. Both new and existing resources are assigned scarcity
charges, based on our assessment of their level of scarcity. Our associated paper on scarcity
charges provides more information on this process.
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“ When optimising for severe weather (ie assuming lower
water available for use in one state of the model), more
resources are built as part of the optimal investment plan,
though most are only operated in the severe scenario.” ”



Changes in water sourcing – aggregate across the Central Area

Figure 4.2 illustrates the changes in aggregate water sourcing across the Central Area (ie the
three zones in aggregate) in the year 2020 and how this depends on the scarcity charges.

At a scarcity price of zero (without scarcity charges) there is still a change to sourcing
arrangements due to change in forecast demand and costs. As the scarcity charge is increased
– ie as we move along the horizontal axis – the optimal sourcing changes again.

The vertical axis shows the change in each type of water source. Negative values represent
decreases in supply from existing resources and reductions in demand when leakage and water
efficiency measures are implemented. Positive values represent increased use of that source type.

• The red line represents the water that is being supplied from new sources. Kinks in this line
show significant changes to the investment plan. At scarcity charges of 2/4/10 p/m3
(respectively for the low/medium/high scarcity categories), there is a change in the operation
of the existing resources. At a scarcity charge of 6/12/30 p/m3, we change our abstractions,
including a move away from using a desalination plant in Sussex Brighton and then once
again reverting to its use as part of the optimal plan, once the scarcity charge is high enough.

• The blue line shows the reductions in the use of existing sources, ie the water we are putting
back into the environment at those sources. In our base plan – at zero scarcity charge – we
are reducing our operations by a little over 90 Ml/d. As the scarcity charge increases, we further
reduce our use of existing sources – in part, because we replace them with less scarce sources.

• As scarcity charges increase, we make greater use of efficiency and leakage measures (the
purple and turquoise lines respectively). These demand-side options do not have a significant
influence on the investment plan, as they represent relatively small Ml/d quantities. The
burgundy line, which represents the volume of water use restrictions, remains zero regardless
of the scarcity value because the assumed cost of their occurrence (based on estimates of
what customers would be willing to pay to avoid them) is sufficiently large.

• The pink line represents the total transfer volume across the three zones. We initially use two
low-volume transfers: one from Sussex Worthing to Sussex North and one from Sussex
Worthing to Sussex Brighton. As the scarcity charge increases, the transfer volume increases,
initially simply due to greater operation of existing transfers and, for higher scarcity charge
values of 6/12/30 p/m3 and higher, an additional transfer is built and operated from Sussex
North to Sussex Brighton (in order to allow larger existing resource reductions in Sussex
Brighton, which is the relatively most scarce zone).

RESULTS AND IMPLICATIONS
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Figure 4.2
Changes in 2020 in Water

Sourcing Across the Central
Area, resulting from using
Scarcity Charges based on
Scarcity Category and Two-

State Modelling
Source: Southern Water
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It is unclear what level would be appropriate for the scarcity charge to be set. For reference, the
current financial charge which is levied by the EA on our abstraction licences is around 2 p/m3.
Therefore the charge of 120 p/m3 is quite high. For the purposes of this exploration we wanted
to trace out the curve in order to get a better understanding of the step-changes in the types of
schemes that would come into operation as the scarcity charge increased to higher and higher
levels.

Investment plans for each zone

A pictorial representation of the investment plans is shown in Appendix A, at the end of this
paper. Figure A.1 to Figure A.3 show the detailed zone-specific investment plans for key scarcity
charge values (ie when there is a significant change in the plan).

Darker colour-shading reflects increasingly scarce resources. Each map includes icons in the
zones, which represent investment options that are selected in 2020, along with water drops
which reflect the extent of operation of these options in 2020.

Alongside each zone, there are two additional icons representing the demand reductions and
existing resource reductions in each zone, with water drops representing the volume of these
reductions.

Table 4.1 provides a summary table of the investment options ,including transfers and resource
reductions that result from incorporating the respective scarcity charges into investment
planning.To summarise the investment plan illustrated in Table 4.1 at a scenario-specific level:

• For relatively low differential scarcity charges (2/4/10 p/m3), the investment plan changes in
the planning scenario, utilising the Sussex Worthing to Sussex Brighton transfer so that there
can be additional resource reductions in Sussex Brighton. The existing resource reductions are
actually lower than in the optimal plan when there are no scarcity charges – due to an
abstraction being operated at a lower rate in Sussex North, which does not have a deficit and
is therefore saving money through the lower operation of this source on which a scarcity
charge is now levied;

• As the differential scarcity charges increase further to 6/12/30 p/m3, in the planning scenario
wastewater re-use is operated so that water can be transferred to Sussex Brighton, which
has relatively the highest scarcity. In the severe scenario, the desalination plant in Sussex
Brighton is replaced by two abstractions and a transfer. Water is taken from both Sussex
Worthing and Sussex North to Sussex Brighton, and a small additional amount of water is
abstracted locally in Sussex Brighton; and

• Once the differential scarcity charges are quite high (18/36/90 p/m3), the desalination plant
in Sussex Brighton is once again part of our optimal investment plan and is operated both in

Table 4.1
Summary of Investment

Plan with Two-State
Modelling and Differential

Scarcity Charges
Source: Southern Water



the planning and severe scenarios. Also, in the planning scenario water is transferred from
Sussex North to Sussex Worthing and a new abstraction is built in Sussex Worthing so that
existing resources can be further reduced there. In the severe scenario, water is transferred
in the opposite direction (from Sussex Worthing to Sussex Brighton) as Sussex North has the
highest deficit and less water is transferred from Sussex Worthing to Sussex Brighton so that
additional scarcity savings can be realised in Sussex Worthing.

Changes in costs and savings

Figure 4.3 shows the changes in costs and savings (financial and non-financial) for various
measures of interest.

The ‘solution cost’ line reflects the financial cost of all new assets built. When we move from
the one-state to two-state model the base plan (ie without scarcity charges incorporated)
solution cost is £2.5m higher. It further increases at 18/36/90 p/m3 as an additional
desalination plant is brought online. At charges of 18/36/90 p/m3 the solution cost is
approximately £7.1m higher.

However, if scarcity charges are only included as a shadow price, these financial changes
constitute small increases in customers’ bills – even at an 18/36/90 p/m3 differential charge,
the increase in customers’ bills (calculated as a proportion of Southern Water’s revenues from
the Central Area) would only be 3.2 per cent.

RESULTS AND IMPLICATIONS
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Figure 4.3
Changes in Costs and

Savings in 2020, resulting
from using Scarcity Charges
based on Scarcity Category
and Two-State Modelling

Source: Southern Water



CASE STUDY 2 – SITTINGBOURNE PAPER MILLS
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5 SUMMARY OF RESILIENCE MODELLING
FINDINGS AND ASSESSMENT OF TWO-
STATE MODELLING

To summarise the above resilience and scarcity modelling findings:

• Recognising differences in resilience across the potential resource options, as well as more
extensively modelling supply-side variability, leads to different investment plans being chosen.

• Transfers are used for resilience purposes as they allow for moving water in the severe scenario
to zones with deficits.

• Transfers are used for environmental purposes as they allow water to be moved from less to
more scarce zones across both the planning and severe scenarios.

• Desalination is selected immediately in zones with limited drought plan interventions in order
to avoid rota cuts (which limit customers’ water supply to specific periods) for long periods
of time – though this is sensitive to our model’s calibration.

• Desalination and wastewater re-use schemes are sometimes chosen over conventional
resource options due to their resilience.

With these findings in mind, our overall assessment of stochastic modelling is that it provides
an effective way of ensuring that water resource management planning more accurately
integrates supply-side (weather) uncertainty, as well as assessing the resilience value of transfers
for moving water to avoid drought measures. Capturing this uncertainty is important because
climate change is likely to result in more extreme weather events, which will result in more
severe droughts in the future. Our investment plan modelling needs to ensure we are
appropriately prepared for these events.

One of the perceived benefits of greater interconnection is greater resilience to extreme weather
events. As is evidenced by our model, when we more fully model the extreme weather conditions
more transfers, as well as additional capacity, are constructed.

By combining two-state modelling and differential scarcity charging, increased resilience and
environmental improvements can be achieved without large increases in the corresponding
solution cost or associated customer bills.

These benefits could be incorporated into a supply-demand balance calculation and be reflected
in periodic reviews and Water Resource Management Plans going forward. Incorporating these
changes can help ensure that company decision-making is more strategic and water use more
sustainable in the long-term.



APPENDIX A

APPENDIX A: PICTORIAL REPRESENTATION
OF THE OPERATIONS USING RESILIENCE
AND SCARCITY CHARGES
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Figure 0.1
Plan with Scarcity Charges
of 2/4/10 p/m3: The SW to
SB transfer is operated in

the planning scenario
Source: Southern Water

Figure 0.2
Plan with Scarcity Charges
of 6/12/30 p/m3: Additional
transfers and abstractions

are built, replacing
desalination in SB

Source: Southern Water
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Figure 0.3
Plan with Scarcity Charges

of 18/36/90 p/m3: More
water is transferred to SW
and SB and a desalination

plant is built in SB
Source: Southern Water


