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EXECUTIVE SUMMARY

Over the course of recent price controls, Ofwat has developed a suite of econometric cost models that are used to
assess water company basecosts submi tt ed as part of the periodic review
established but PR24 presents an opportunity to revisit and, where appropriate, refine the models.

CEPA was appointed to work alongside Ofwat to undertake such a review. This report identifies a selection of

econometric cost models that performed well against our model selection criteria and that Ofwat can consider

alongside or instead of the model specifications used to assess efficient wholesale base costs at PR19.This report

will form an input into Ofwat®s spring 2023 base cost mc

Approach

9 Our analysis has been undertaken using the dataset collected and published by Ofwat in November 2022 (v3)
with some modifications.?

We established a set of criteria to assess whether alternative model specifications merit consideration against
the PR19 wholesale basecost models. The criteria test the engineering and economic logic, reliability,
transparency and robustness of different model specifications (see Figure 2.1).

I To assess model robustness, we used a range of statistical tests drawing on those used to assess the models at
PR19(see Table 2.1 and Table 2.2).

I with two exceptions, we retained the levels of cost aggregation that were used at PR19(see Table 4.1). In
contrast to PR19, we created a new middle-u p mo d e | for -wastewater network pl
collection and sewage treatment costs) and we did not consider bioresources plus (sewage treatment +
bioresources) models as Ofwat intends to assess bioresources and sewage treatment costs separately at PR24.

I We undertook the project in two phases. In the first phase we assessed awide range of new or additional
explanatory variables (see Table 4.2) as suggested by companies, Ofwat and our engineering advisers. Models
that had a strong technical rationale and performed at least moderately well (amber or green rated) against a
set of basic statistical criteria were progressed into a second stage of testing. In Phase 2, we further tested the
robustness of the model specifications that passed our initial Phase 1 testing, using a range of statistical tests
and sensitivity analysis.

I Our analytical start point was that the PR19 models form a good base for PR24 modelling We tested PR19
models using the latest dataset and confirmed that the models continue to perform well in most cases. We
therefore set a high bar for proposing that Ofwat consider a change as a result of Phase 2 testing.

3 333333333333 33333 333333 333333333333 33333 333333332383

1 Base costs are routine year-on-year costs, which companies incur in the normal running of their businesses to provide a base
level of service to customers and includes expenditure to maintain the long-term capability of assets, as well as expenditure to
improve efficiency. Base costs typically consist of operating expenditure, maintenance capital expenditure and specific
enhancement lines.

2 For the dataset used in this analysis, Ofwat made some changesrelative to the published v3 version including the addition of
cost drivers used in this report and changes to the bioresources growth expenditure.
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Phase 1 assessment
The following alternative or amended model specifications were progressed to Phase 2 modelling.

Table ES.1: Variables considered in our Phase 2 assessment for the water modek (Water Resource Plus, Treated
Water Distribution and Wholesale Water)

Model WRP1 WRP2 TWD Ww1 WWwW2
Average Pumping Head (APH)3

APH (TWD) used alone or in place of booster stations v v v
APH (TWD) used in addition to booster stations v v v
APH (all) used alone or in place of booster stations v v
APH (all) used in addition to booster stations v v
Alternative density drivers

MSOA* v v v v v
LAD from MSOA v v v v N4
Properties per length of mains v v v v v
Alternative water treatment complexity drivers

Alternative treatment complexity driver (SW and GW 3- v N

6 bands

Alternative weights for weighted average complexity v v
Alternative scale drivers in wholesale water models

Length of mains v v
Water resources drivers

% Distribution Input (DI) from reservoirs v v v v
% DI from pumped reservoirs v v v v
Time trend

Time trend v

3 333333 333333333 333333333333 333 33333 3333333333333 33

% We have used APHTWD (treated water distribution) for the TWD and WW models, and APH (all, i.e., resources, transport,
treatment and treated water distribution) for the WW models.

4 Middle layer Super Output Area (MSOA) estimates are sourced from the Office of National Statistics (ONS) and provide a
more granular view of density compared to the Local Authority Distract area data underpinning the PR19 weighted average
density measure.
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Table ES.2: Variables considered in our Phase 2 assessment for the wastewater models

Model SWC1 SWC2 SWT1 SWT2 WWWN+
Rainfall
Urban rainfall per sewer length (log) v v v

Treatment complexity
BOD consents O7mg/l (%) v v

Network topography and coastal population
'‘Coastal' population (%) v

<

<

Pumping capacity per sewer length v

Sewage treatment economies of scale
Sewage treatment work size cut-offs

Weighted Average Band (Anglian
Water)

Weighted Average Band (CEPA)

NI NI
ANUIANI IR NN

Weighted average treatment size

Density

MSOA density, aggregated at LAD v
level

MSOA density v

Table ES.3: Variables considered in our Phase 2 assessment for the bioresources models
Model BR1 BR2

Alternative density drivers

MSOA (population)

LAD from MSOA (population) v

Properties per length of mains v

Economies of scale in sludge treatment
CEPA size bands v v

Weighted average bands (WAB) v v

Phase 2 assessment
In Phase 2, we focused our analysis in three areas.
1) Statistical performance against the following tests

9 The explanatory power (R 2) and parameter significance (t-test).
9 Other statistical tests such as RESET, VIF, normality and pooling tests.

9 Sensitivity analysis by excluding years or companies from the sample.

2) We report the range and stability of efficiency scores relative to the PR19 model specifications. While a
¢ o mp a efficiergy score, relative to the PR19 model specifications, is not an indication that an alternative
model performs better or worse than the PR19 specifications, it provides an indication of the impacts of
selecting alternative models. If the overall range of efficiency scores is larger than the comparative PR19
model specification, this could indicate the presence of issues in the underlying model.

6
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3 As noted in our approach above, in Phase 2 we compare the performance of alternative models to the
PR19 model specifications and, apply a highbar for recommending alternative options as potential
additions or replacements to the PR19 model suite. In order to consider recommending a change to Ofwat,
we would generally expect a new model to:

9 pass the high and medium importance statistical tests that we set out in Table 2.1;
9 prove robust under the range of sensitivity tests; and

9 meet the wider selection criteria established in Figure 2.1 including technical rationale, data quality and
transparency.

Recommendations

Our Phase 2 testing suggests that only a moderate level of change to the PR19 models should be considered. Our
recommendations to Ofwat are set out below:

For the PR24 base costwater modelling , we recommend that Ofwat should consider the following models:

I The PR19 treated water distribution models and wholesale water models with the inclusion of APH if the APH
data is sufficiently robust once an additional year of data becomes available Ofwat should also consider
whether there is an engineering rationale for including boosters per length alongside APH.

I An alternative wholesale water model with length of mains used as the scale driver, though the impact on the
boosters per length variable of including length of mains and possibly APH in the WW models should be
considered further. An alternative density driver (MSOA, LAD aggregated from MSOA or properties per
length of mains) for all water models. Ofwat should consider whether this would improve data quality and
increase the robustness of the density variable. These alternative density drivers can avoid some of the issues
encountered with the PR19 density measure such as relying on mapping of company areas to LADs and
sensitivity to changes in ONS boundaries. This can improve the transparency and reliability of the dataset.

For the PR24 base costwastewater modelling , we recommend that Ofwat should consider the following models:

9 The PR19 sswage collection models with the addition of normalised urban rainfall . Similar to the water
models, Ofwat should also consider whether an alternative density driver (MSOA or LAD aggregated from
MSOA) would improve the data quality and robustness of the density variable.

9 The PR19 sewage treament models with alternative economies of scale drivers. Ofwat should consider
which alternative driver is best supported by technical rationale. Our assessment indicates that the drivers that
perform the best against our model selection criteria are:

o For economies of scale drivers based on threshold size (SWT models only):
A load treated in STWs 0100,000.

o For weighted average economies of scale drivers (SWT and WWWN+ models):
A CEPA®s weightegdancaver age band

A Weighted Average Treatment Size

wastewater network plus models that include:
o load;
0 pumping capacity per sewer length;
o load treated with ammonia consent O3mg/I;
o urban rainfall per sewer length; and

o aweighted average band or weighted average treatment size variable.
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For the PR24 base cost bioresources models , we recommend that Ofwat should consider models that include:
I ascale driver (sludge produced);

I an economies of scale driver: load treated in size bands 1-3, sewage treatment works per number of properties
or the CEPA WAB variable;and

9 potentially a density driver (with LAD from MSOA being the best performing density variable in the BR models
based on our analysis) if there is a sufficiently strong technical rationale to suggest density should be used
either in addition or instead of an economies of scale driver.
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1. INTRODUCTION

Over the course of recent price controls, Ofwat has developed a suite of econometric cost models that are used to
assess water company base costs$ submitted as part of the periodic review process. Of wat ®s & glr oac h
established but PR24 presents an opportunity to revisit and, where appropriate, refine the models. CEPA was
appointed to work alongside Ofwat to undertake such a review. This report presents the results and will form an
inputinto O f w aspri®@g 2023 base cost modelling consultation.

1.1. SCOPE OF WORK

The purpose of CEPA® work has been to assist Ofwat in developing a suite of wholesale base cost models that can
be used to determine efficient wholesale base cost allowances at PR24.

We reviewed the base cost model specifications used at PR19and considered potential improvements, where

appropriate. As part of this, we carried out a high-level review of the cost assessment dataset published by Ofwat,

and selected a set of econometric models to be evaluated as part of this review. The list of models considered in

this study accounted for suggestions put forward to Ofwat by water companies, as wellasOf wat ®s own sugg
and input from our engineering panel. We also established a set of criteria to assess whether the model

specifications tested are suitably robust and valid for the purposes of informing or setting cost baselines as part of

the price review. We then ran and independently assessed the performance of the models included within the

scoping exercise against the assessment criteria.

We undertook modelling in two phases, with models that passed the initial selection in Phase 1 being progressed to
further testing in Phase 2. CEPA was supported in the review by a pand of engineers and econometricians who
provided specialist input into the process.

In line with O f w awid@rsapproach to PR24 cost assessment, we take the PR19 wholesale base cost models as the
starting point for our analysis and in considering alternative specifications, we have had regard to how new models
perform against the PR19 suite Issues related to the definition of base costs, pre-modelling adjustments to costs
and the level of cost aggregation modelled were not part of the scope of this engagement, except in the following
cases:

I We considered -wastewater network plus@nodels (combining sewage collection and sewage treatment costs)
which were not part of the PR19 suite of models.

I We did not consider -bioresources plus@nodels (combining sewage treatment and bioresources costs), as
Ofwat proposes to assess bioresources costs separately from other wholesale wastewater costs at PR24

This report identifies a selection of econometric cost models that performed well against our model selection
criteria. Ofwat can consider these models alongside or instead of the model specifications used to assess efficient
wholesale base costs atPR19.

1.2. STRUCTURE OF REPORT

The remainder of the report is structured as follows:

i Section 2 describes our approach to the development and assessment of models, including the data and
the criteria used to assess the robustness of the models.

3 333333333333 33333 333333 333333333333 333333333333 32383

5> Base costs are routine year-on-year costs, which companies incur in the normal running of their businesses to provide a base
level of service to customers and includes expenditure to maintain the long-term capability of assets, as well as expenditure to
improve efficiency. Base costs typically consist of operating expenditure, maintenance capital expenditure and specific
enhancement lines.
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9 Section 3 describes the wholesale base cost models used by Ofwat at PR19 and presents statistical results
based on running the PR19 model specifications with the latest available data.

9 Section 4 sets out the alternative model specifications that we have analysedin this study, including the
levels of cost aggregation and explanatory variables used.

9 Section 5 presents the findings of our initial assessment of the modelsin the first phase of the project.

=

Section 6 presents the results of the detailed assessmentundertaken in the second phase of the project.

9 Section 7 discusses a set of optionsf or Of wat ®s consi der atnodelspedfitatioRsR 2 4
that performed best against our selection criteria.

Detailed model results are presented in the annexes.

10
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2. METHODOLOGY

In this section we present our approach to developing and assessing econometric models. As with all our work, this
builds on the methods established for PR19.

To maintain transparency and objectivity, we undertook a series of analytical steps prior to starting the modelling
process. These included:

 Reviewing the data inputs required for the models.
9 Identifying the model selection criteria used to assess models, including statistical tests.

I Setting out the level of cost aggregation (i.e., the dependent variables) and the cost drivers/explanatory
variables to be included in the models.

9 Establishing, with engineering input, the rationale for including a model specification within our scope.

We discuss the first two points in more detail in the remainder of this section and the last two steps in Section 0.
2.1. DATA

We have used data collected and published by Ofwat in autumn 2022. The datasetincludes outturn data up to the
end of 2021-22 submitted by companies as part of the Annual Performance Report (APR) process as well as
additional information collected by Ofwat from companies to support its approach to base cost assessment at
PR24.5 Our analysis has been undertaken using the dataset published by Ofwat in November 2022 (v3).

The data used was consolidated and validated by Ofwat. Prior to conducting our modelling exercise, we undertook
a high-level review to identify general trends and potential anomalies in the data, but we did not perform an
independent in-depth quality assurance. Where we identified potential data issues, we raised them with Ofwat for
further investigation. In a small number of cases this led to a change in the data

2.2. M ODEL SELECTION CRITERIA

We established a set of criteria to assess whether alternative model specifications merit consideration against the
PR19 wholesale base cost models A clear set of evaluation criteria helps to objectively demonstrate whether model
results are suitably robust and valid for the purposes of informing or setting cost baselines as part of the price
review. A set of assessment criteria should test the logic, reliability, transparency and robustness of different model
specifications.

We use the following criteria to assess model performance. Thisisin | i ne wi t h OfoMPR24Basecpst i nc i
assessment and the model selection criteria CEPA previously used when advising Ofwat at PR19 and Ofgemat
RIIO-GD2 and RIIGED2.?

3 333333 333333333 333333333333 333 33333 3333333333333 33

6 The PR24 cost assessment datasets published by Ofwat can be found at: https://www.ofwat.gov.uk/regulated-companies/price-
review/2024-price-review/pr24-cost-assessment-datasets/

" Ofwat model criteria (p.7-8): https://www.ofwat.gov.uk/wp-
content/uploads/2022/12/PR24 final_methodology Appendix 9 Setting_Expenditure_Allowances.pdf

CEPA model criteria PR19 (p.124): https://www.ofwat.gov.uk/wp-content/uploads/2018/03/CEPA-cost-assessmentreport.pdf

11
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Figure 2.1: Model assessment criteria

+ Do the model specifications and results have a clear
economic/technical rationale?
Economic/technical + Are the selected explanatory variables consistent with an engineering
rationale view?
+ Are the stated coefficients consistent with a priori expectations of
magnitude and signs of estimated coefficients?

+ Does the model pass the statistical tests (see 2.4.1 below)?

*Is the model sensitive to the underlying assumptions? We test this
through sensitivity analysis such as removing one year of data or
removing companies.

Robustness

* Are the data used and results transparent and easy to interpret?

+ Is the model understandable and intuitive? This should consider an
appropriate balance between simplicity and complexity if complexity
brings a significant improvement in the performance of the model.

Transparency

* |s the data used in the model available to all stakeholders? Ofwat data
Data requirements has been shared with and validated by the companies.

+ How reliable is the available data used in the model?

+|s the model consistent with and does it create incentives that align
with regulatory objectives?

+tDoes the model create perverse incentive
behaviour?

+ Does the model rely on exogenous cost drivers that are outside of
company control?

Consistency with
regulatory objectives
and policy

In this report our main focus is on three criteria 2 economic/technical rationale, statistical robustness and
consistencywi t h Of wat ®bjectivesgThd data requisements criterion has two components 2 availability
and reliability. We consider the availability component to be met by the shared dataset that Ofwat has developed.
We consider the data quality component on a case-by-case basis where there were reasons for concern regarding
data quality for specific items in Ofwat's dataset, or when assessing models that utilise new data sources or a
particular variable suggested by a company.

2.3. STATISTICAL AND ROBUSTNESS TEST

To assess model robustness, we used a range of statistical tests drawing on those used to assessthe models at
PR19. Ideally, the final models selected would pass all model evaluation criteria and tests they are submitted to.
However, setting such a high standard would make it very difficult to develop models at all. We therefore set out
below our view of the relative importance of each of the core tests considered in our assessment.

We grouped the statistical and robustness tests by importance as follows:
9 High: Tests and criteria that when failed would raise serious concerns about using a model.

12
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Medium: Tests and criteria that, when failed, would raise some concerns about using the model but the model
could be used with caution if it passes other tests.

I Low: Tests and criteria that, when failed, would raise relatively limited concerns about using the model

Table 2.1: Statistical tests
Importance Test Description

Goodness of fit (overall R?) If a model fails to explain a substantial share of thevariation in costs of the
industry, it would be inappropriate to use it for the estimation of the costs
going forward. This test provides the R-squared for Random Effects (i.e.,
(STATA® s -sqRared overall, which is calculated as correlations squared).

High Statistical significance of If one or more of the coefficients in the model fails this test, we cannot
individual parameters (t- rule out that the relationship being identified between the cost driver and
test) costs under consideration is spurious (i.e. the coefficient could be zero).

Parameters could fail this test because there is no relationship between
the cost driver and the costs but also due to limitations in the data or
multicollinearity.

RESET test Tests whether there are non-linearities in the data that have not been
captured adequately by the estimated model. Failing this test may
indicate that the data could be better fitted using a different shape (e.g.
quadratic). However, this is not to say that a inear assumption is
automatically wrong but that other options should be explored. If
alternative specifications using non-linear terms in the model do not yield
satisfactory results, then the failure of the RESET test on its own may not
be a valid justification to dismiss a model. This is particularly the case if
the model offers useful information from an economic or engineering
perspective.

Pooling test To use a panel data estimation method, we need to assume that the
coefficients being estimated are stable over time. If this assumption fails,
Medium panel data analysis may not be appropriate. This can be tested with the
Pooling test.

The Pooling test examines whether the coefficients on each individual
year of data in the model are significantly different from the coefficients of
the model running from 2012-2022 (whole sample).

Variance Inflation Factor Models with highly correlated variables have a higher risk of introducing

(VIF) the same information into the model. Multicollinearity can cause some
relevant variables to be insignificant or with unexpected values. Models
with a max and/or mean VIF above 10 are considered to have a relatively
high risk of suffering from multicollinearity. Even when multicollinearity
exists, the models can still be considered as valid if the different variables
are significant, and the overall result appears to be consistent with any
initial expectations for the relevant effect.

Heteroskedasticity If a model fails the heteroskedasticity test, it means that the variance of
the errors is not equal for all observations. It typically occurs when the
variation in the residuals is very different over time.

We assign low level of importance to this test, as we use clustered robust
standard errors to control for potential heteroskedasticity. Therefore, the
model can still be used if it fails the test, as failure does not affect the
robustness of the model.

Normality The test for normality is used to assess whether the residuals are
normally distributed. Failure of this test affects statistical inference.
However, this does not introduce a bias in the estimated coefficients. We
therefore apply a low level of importance to this test.

Low

We only conduct this test for OLS.

Breusch-Pagan LM test Test of pooled OLS versus RE. If the models fail this test, the effects are
like the ones discussed above for heteroskedasticity i.e., the results are
still robust, but they do not achieve all the positive properties that are
normally associated with an OLS estimate. Failure of the test would

13



provide an indication that random effects is preferred over Pooled OLS
estimation.

We also consider the stability of the models and whether there are specific observations (or specific companies)
that drive the overall result. We apply a range of robustness tests and metrics to test the sensitivity and stability of
results. These are discussed in Table 2.2 below.

Table 2.2: Robustness tests

Test Description

Excluding most/least efficient or We apply a RAG assessment based on changes in sign and significance of
outlier company coefficients:

1 Red (R): the estimated coefficients present changes in both significance
and sign;

1  Amber (A): the estimated coefficients present some changes in
significance but not in sign; and

1 Green (G): the estimated coefficients do not present changes in
significance or sign.

Removing individual years of the ~ RAG assessment based onchanges in sign and significance of coefficients, as
sample/truncating the sample above.
period

Range of efficiency scores We report the range of the minimum and maximum efficiency scores from each
model.

A large range of efficiency scores could indicate the presence of issues in the
underlying model.

Stability of efficiency scores and We check if the efficiency score of any company is 5 percentage points (pps)

rankings relative to PR19 model lower or higher than the updated PR19 model. We also check if the most/least

specifications efficient company in the updated PR19 model are in the three most/least efficient
companies in the alternative model.

Large changes in efficiency scores relative to the PR19 model specifications are
not an indication that an alternative model performs better or worse than the PR19
specifications. However, it provides an indication of the magnitude of the impact
on individual companies to be expected if an alternative model is adopted.

2.4. QUALITY ASSURANCE (QA)

QA has been undertaken on an ongoing basis throughout the project; all modelling results were reviewed, and
sense checked by relevant team members (including the project manager and an econometrician) to maintain our
high quality standards. We also involved our engineering advisera n d Of w a tm&$£coRometrite Adviser in
the analysis as it was progressed.

For the draft and final report we undertook the following:

9 Internal CEPA QA. A CEPA staff member outside of the immediate project team conducted an end-to-end QA
process checking and rerunning the STATA-do file created by the CEPA project team in order to validate the
analysis from STATA to Excel to Final Report. The findings of this review were shared with the project team
and any required corrections were made by them prior to the report being signed off and issue to Ofwat

I External QA. Ofwat® dcademic Econometric Advisor, has had access to our working analysis and results files
throughout and has advised on technical matters including the Phase 2 sensitivity tests included in our STATA-
dofile. Thehighlevelassur ance st at e me ntAcalenicEcodoendtricAgvisoDéxterald t®tss
review of our work.

14
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3. OFWAT®S PR19 MODEL SPECANDIUSEAT PR?K S

The first stage of our analysis was to re-run the PR19 models including more recent data. This section describes
that process.

3.1. OFWAT ® APPROACH AT PR19

In December 2019 Ofwat published its PR19 final determinations, includingits approach to wholesale water and

wholesale wastewater base costassessment® Of wat ® s efficient base @dsts drew heavily on econometric

cost modelling using compani-&2t®0I8-4% Qfwat used xhe fellovdng tevelsad@ o v er
aggregation:

9 Wholesale water : Ofwat used econometric models to benchmark costs at water resources plus (WRP, 2
model s), treated water distribution (TWD, 1 model) and
resources plus® consist of water nteatmantrcombised. Whalesalewat er
water consists of water resources plus and treated water distribution.

I Wholesale wastewater : Ofwat used models to benchmark costs at sewage collection (SWC, 2 models),
sewage treatment (SWT, 2 models), bioresources (BR, 2 nodels) and bioresources plus (BRP, 2 models) levels.
" Bioresources plus® consists of bioresources and sewag

Ofwat tested models using two methods, ordinary least squares (OLS) and random effects. The final determination

models were based on random effects. Ofwat concluded that these models performed better statistically than under

the OLS method and the Breusch Pagan test consistently supported using random effects over the OLS. At PR19

Of w astafirsy point was the Cobb-Do u gl ason(sarantc el ast i ci®Thismpdel bssumesttiato na |l f
scale or density effects are constant. That is, a percentage change in the explanatory variable (for example scale or
density) results in the same percentage change in costs for all companies. Of wat ®s PR19 whol esal e
included a non-linear density term, to capture the U-shaped relationship between base costs and density.1°

In summary the models indicated that the key factors driving costs in wholesale water and wastewater are:
9 scale/output/volume 2 larger scale/output/volume drives higher total costs;
9 density of the network and/or the population served:;

T topography of a comp aznwiésrivgsdaotgrs sach &sipumpihg aadrtherafore energy
use;

treatment complexity 2 higher complexity drives higher costs; and

9 size of treatment works 2 larger size drives lower unit cost due to economies of scale at the treatment level (for
wastewater models only).

Of w aRR®&%smodels performed well, and withstood the independent scrutiny of the CMA, with one minor
adjustment. The CMA included a squared density variable in one of the sewage collection models (SWC?2), similar

3 333333333333 33333 333333 333333333333 333333333333 32383

8 https://www.ofwat.gov.uk/wp-content/uploads/2019/12/PR19-final-determinations-Securing-cost-efficiency-technical-
appendix.pdf

9 Cobb-Douglas is a standard function form used in cost assessment literature that places weights on the input factors (i.e. cost
drivers). When in a log-linear form, Cobb-Douglas models assume an additive approach across the different cost drivers and it
allows marginal costs to vary and for coefficients to be interpreted as cost elasticities. Cobb-Douglas models are relatively easy
to replicate and interpret.

10 At lower levels of density, scale economies are strong and therefore increasing density reduces costs. However, the positive
effect of the quadratic term suggests that as density rises its negative impact on costs decreases, ultimately becoming positive
at high values of density.
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to Of w aap@amch to capturing density in the PR19 wholesale water models!! Our analytical start point therefore
was that the PR19 modelsform a good base for PR24 modelling and we set a relatively high bar for proposing that
Ofwat consider a change.

Ofwat recognises that there are practical limitations on the use of statistical modelling in cost assessment. At PR19,
Ofwat set efficient base cost allowances by triangulating cost estimates across a set of models to mitigate the risk of
error and bias from over reliance on any particular model. 1> We test a range of models to assess the case for
revising PR19 models, but we expect that Ofwat will similarly triangulate across models in its PR24 decision making
process.

3.2. SCOPE OF BASE COSTS AT PR24

Ofwat asked us to develop econometric cost models based on the following definitions of wholesale base costs:

wholesale water : opex plus capital maintenance plus addressing low pressure plus network reinforcement
expenditure;

 wholesale wastewater network plus : opex plus capital maintenance plus transferred private sewers and
pumping stations plus network reinforcement plus reducing risk of sewer flooding enhancement expenditure
plus enhancement opex for cost categories where Ofwat were relatively certain that the costs are ongoing; and

i bioresources : opex plus historical quality enhancement opex plus capital maintenance plus sludge growth
enhancement expenditure.

Ofwat also made the following pre-modelling data adjustments to facilitate accurate comparison between
companies and over time.

Table 3.1: Pre-modelling adjustments for base costs at PR24

Adjustment Description

Unmodelled costs Ofwat excluded costs that will be treated as unmodelled base costs at PR24.
Unmodelled base costs include pension deficit recovery costs, business rates,
abstraction and discharge charges (water only), costs associated with the Traffic
Management Act, statutory water softening costs, wastewater Industrial Emissions
Directive (IED) operating costs, and third-party costs.

Atypical expenditure Ofwat has decided to include atypical expenditure in modelled base costs by default

adjustment at PR24. But atypical costs that relate to fines/penalties, accounting adjustments,
costs associated with referrals to the Competition and Markets Authority (CMA), and
truly one-off atypical costs that are unlikely to be repeated (e.g. costs incurred in
preparation for the introduction of retail competition for business customers) will be

excluded.
Principal use Principal Use of Assets (PUA) accounting treatment was introduced in 2015-16. This
adjustment means that the base costs of assets usedin more than one price control are

allocated to the largest of the relevant price controls. Compensating accounting
transactions are then made by the other price controls to recompense the price
control of principal use. Ofwat found that companies had not always made the
correct principal use adjustments to recompense the price control of principal use.
An adjustment has been applied to base costs from 2015-16 onwards to correct for
this issue.

3 333333 333333333 333333333333 333 33333 3333333333333 33

11 CMA (17 March 2021), Price Determination, p.161.
https://assets.publishing.service.gov.uk/media/60702370e90e076f5589bb8f/Final _Report --- web_version - CMA.pdf

12 Ofwat (December 2019), PR19 final determinations, securing cost efficiency technical appendix, p.36.
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Adjustment Description

Bioresources and This adjustment aims to account for O f w aupd@ted guidance on how to allocate
sewage treatment the costs of sludge liquor treatment, energy generation and overheads between
'‘backcasting' bioresources and sewage treatment.

adjustment

Developer services Ofwat is excluding site-specific developer services expenditure from the scope of
base cost adjustment modelled base costs at PR24. This adjustmentensures that historical developer

services costs that had previously been reported in operating and capital
maintenance expenditure are not included in modelled base costs. The adjustment
was informed by data submitted by water companies to Ofwat in summer 2022.

3.3. RERUNNING PR19 MODEL SPECIFICATIONS  WITH LATEST DATASET

To establish a baseline for our assessment of alternative model specificationsand to confirm that the PR19 model
specifications remain fit for purpose, weran Of wat ® s P Rpeéficatiomsl(asimodified by the CMA) using the
latest dataset and the updated definition of base costs established for PR24, as set out in Section3.2. We assessed
these updated models against our model selection criteria. We also assessed the following:

9 Are there changes in statistical robustness compared to PR19?
what has changed inthe underlying costs/driver data that could have caused this change?

9 Is there a need to amend the models to control for these changes?

We found that the PR19WRP1, TWD1, WW1 and WV2 models model specifications re-run with the updated
dataset and cost definitions show similar results in terms of model robustness compared to PR19. All coefficients on
the independent variables remain statistically significant on a 5% basis, the signs are as expected and the R-
squared does not change materially.

However, the WRP2 model performs less well than at PR19, as theestimated coefficient on weighted average
treatment complexity is no longer significant on a 10% basis, while it remains so in the WW2 model. As a result, we
conducted further sensitivity testing (which is discussed in Section 6.1) to understand the robustness of these
results and considered alternative weighted average treatment complexity variables as part of our assessment of
alternative model specifications.
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Table 3.2: Statistical results for PR19 wholesale water model specifications (PR19 results vs.results with data series extended to end of 2021/22)

Model WRP1 ‘ WRP2 ‘ TWD Ww1 ‘ WW2
Version PR19 PR24 PR19 PR24 PR19 PR24 PR19 PR24 PR19 PR24
Properties (log) 1.033*** 1.074*** 1.030*** 1.069*** 1.036*** 1.071*** 1.024*** 1.059***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Water treated in bands 3-6 (%) 0.008*** 0.006*** 0.006*** 0.004***
{0.000} {0.000} {0.000} {0.000}
WAD - LAD (log) -1.451%+* -1.614x** -0.958** -1.412%+* -3.338*** -2.946*** -2.371%* -2.094*** -1.939%** -1.832%*
{0.001} {0.000} {0.024} {0.005} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Squared WAD - LAD (log) 0.091*** 0.101*** 0.055* 0.087*** 0.266*** 0.235*** 0.168*** 0.147** 0.137** 0.128***
{0.004} {0.000} {0.064} {0.009} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Weighted average complexity (log) 0.444*+ 0.377 0.533*** 0.430%**
{0.005} {0.123} {0.000} {0.001}
Lengths of main (log) 1.055*** 1.077***
{0.000} {0.000}
Boosters per length (log) 0.570*** 0.437*** 0.361*** 0.335** 0.324*** 0.334*
{0.000} {0.002} {0.004} {0.032} {0.001} {0.019}
Constant -5.307** -5.093*** -6.979*** -5.805** 6.782*** 4,723+ -0.331 -1.565* -1.948* -2.589***

R-squared

Note: this table uses PR19 CMA final determination results.
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A similar picture emerges for the PR19 wholesale wastewater model specifications. We found similar results in
terms of model performance, sign and magnitude of coefficients, with only marginal differences compared to PR19:

1
1

The R-squared decreased marginally across most models.

The coefficient in SWC1 and SWC2 are statistically significant on a 5% basis. The coefficient on load treated in
size band 6 (%) in SWT2is slightly less significant, but remains significant on a 10% basis.

The coefficient on load treated in bands 1-3 is no longer significant in the SWT1 model. We considered
alternative economies of scale drivers in sewage treatment works (STW) as part of our assessment of
alternative model specifications.
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Table 3.3: Statistical results for PR19 wholesale wastewater model specifications(PR19 results vs. results with data series extended to end of 2021/22)

Model SwcC1i SWC2 SWT1 SWT2
Version PR19 PR24 PR19 PR24 PR19 PR24 PR19
Sewer length (log) 0.839*** 0.804*** 0.830%** 0.859%**
{0.000} {0.000} {0.000} {0.000}
Load (log) 0.779*** 0.653*** 0.781% 0.658***
{0.000} {0.000} {0.000} {0.000}
Load treated in size bands 1-3 (%) 0.042** 0.029
{0.016} {0.211}
Load treated in size bands 6 (%) -0.012** -0.009*
{0.025} {0.097}
Pumping capacity per length (log) 0.291* 0.344** 0.501** 0.604%**
{0.088) {0.012} {0.012} {0.000}
Load with ammonia consent < 3mg/l (%) 0.004*** 0.006*** 0.004%* 0.006***
{0.000} {0.000} {0.000} {0.000}
Properties per length (log) 0.986*** 1.043%**
{0.009} {0.000}
Weighted average density (log) -2.683** -2.480**
{0.040} {0.021}
Square weighted average density (log) 0.194** 0.181***
{0.024} {0.010}
Constant -8.030*** -7.956*** 4.845 3.606 -5.211%* -3.734%** -4.118*** -2.965%**
{0.000} {0.000} {0.296} {0.395} {0.000} {0.004} {0.000} {0.000}
R-squared 0.934 0.917 0.913 0.895 0.873 0.854 0.864 0.855

Note: this table uses PR19 CMA final determination result
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The bioresources models, rerun using the updated dataset and cost definitions, perform less well than at PR19. In
BR1, the weighted average density coefficient is no longer statistically significant. In BR2 the STWs per property
coefficient is likewise no longer statistically significant. Nonetheless, the R-squared does not change significantly.

We consider alternative density and economies of scale drivers alongside other model specifications as part of our
assessment.

Table 3.4: Statistical results for PR19 bioresources model specifications (PR19 results vs results with updated data
series and cost definition)

Model BR1 BR2
Version PR19 PR24 PR19 PR24
Sludge produced (log) 1.294%* 1.172%%* 1.313%+* 1.134%*
{0.000} {0.000} {0.000} {0.000}
WAD - LAD (log) -0.348** -0.133
{0.016} {0.267}
Load treated in STWs bands 1-3 (%) 0.054** 0.063**
{0.027} {0.011}
STWSs per property (log) 0.447* 0.275
{0.052} {0.174}
Constant -0.081 -0.912 1.182** 0.808
{0.921} {0.310} {0.046} {0.316}
R-squared 0.818 0.82 0.788 0.784

Note: this table uses PR19 CMA final determination results
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4. ALTERNATIVEM ODEL SPECIFICATIONS

This section presents the different levels of cost aggregation that we use as the dependent variable in our modelling
(taking the base cost definitions set out in Section 3.2.), and then lists the explanatory variables we evaluate in our
Phase 1 assessment.

4.1. LEVEL OF COST AGGREGATION

At PR19, Ofwat used models atdiffering levels of cost aggregation including top -down aggregated models for

wholesale water, middle-upmodel s f or - wat er r e svater resoerces, @l watedistfibmtomb i ni n
and water treatmentc o st s) and - bi oresources plus® (combining sewa
bottom -up disaggregated models for treated water distribution, sewage collection, sewage treatment and

bioresources.

The use of models at different levels of cost aggregation accounts for trade-offs between disaggregated and more
aggregated cost models. The disaggregated models allow a wider range of cost drivers to be captured in the
modelling whereas more aggregated models capture interactions between different services and mitigate potential
cost allocation issues.

We were asked by Ofwat to consider models at the same level of cost aggregation as for PR19but with two
exceptions:

T Wecreated anew middle-u p mod e | f orne-twwosrtke wa tuesr® (combi ni ng sewage
treatment costs) which was not part of the PR19 suite of models.

I we did not consider bioresources plus (sewage treatment + bioresources) models as Ofwat intends to assess
bioresources and sewage treatment costs separately at PR24.

Table 4.1 below summarises the levels of cost aggregation considered in our analysis.

Table 4.1: Levels of cost aggregation modelled split by top down, middle-up and bottom-up models

Top-down Middle -up Bottom -up

Wholesale water Water resources plus (water resources  Treated water distribution
+ raw water distribution + water
treatment)
Wastewater network plus (sewage Sewage collection

collection + sewage treatment)

Sewage treatment

Bioresources

4.2. POTENTIAL EXPLANATORY VARIABLES

We considered a number of variables that were suggested by companies in response to Ofwat's base cost
assessment consultation and by Ofwat's and CEPA's engineeringadvisers. We present the cost drivers and
explanatory variables that we model, and the rationale for doing so, in the table below.?

3 333333333333 33333 333333 333333333333 33333333 333332383

13 The difference between cost drivers and explanatory variables is that a cost driver represents the underlying factors driving
company costs, for example, the concentration of contaminants in a water source. As actual cost drivers may be difficult to
measure, an explanatory variable is generally a variable for which data is aailable and that constitutes a (partial) proxy for the
cost driver that it tries to capture. In this example, an explanatory variable for the concentration of contaminants may be
percentage of water coming from different sources. Given that different sourc es are expected to have different quantities of
contaminant load, these variables could be used as a proxy for the overall cost driver.
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Table 4.2: Alternative explanatory variables tested

Cost driver Explanatory variable Explanation Models
included

Wholesale water models

Network 1  Average pumping head (APH) The APH variable provides a proxy for the energy requirements that companies face. The PR19 T WRP

topology models used booster pumping stations per length of mains instead of APH* While the former ¢ TWD
controls for topography (i.e., hilly areas require more boosters) and asset intensity, APH is also
used to capture the volume of water (i.e., driven by topography and population size) and water
pressure.

The expectation is that the greater the level of pumping required, the greater the amount of energy
used and, as a result, the higher the total cost incurred by the company.

Most pumping costs are related to treated water distribution so we would expect APH to be most
relevant for explaining TWD costs.

Alternative 1 MSOA? Density can have two counteracting effects on costs: on one hand, dense areas may have high T WRP
density Local Authority District (LAD) from costs due to higher labour, property and access costs; on the other hand, dense areas can be ¢ TWD
variables MSOA served by larger treatment works which incur lower unit costs. WW

The alternative density variable (MSOA) uses more granular ONS datathan was available at PR19
avoiding issues created by the merging of LADs over the time series covered by the base models.
We also tested a density variable that uses MSOA data to create LAD level density(referred to as
" LAD f r omanM&gDnble properties per length of mains variable, to mirror the variable
used in PR19 SWC1 model (properties per length of sewers).

In addition, we also tested removal of the squared density term from the PR19 model, as suggested
by Severn Trent Water.®

1  Properties per length of mains

Water 1 Alternative treatment complexity Water treatment complexity can drive higher costs through the resources required e.g., power and T WRP
treatment bands chemicals. The complexity of treatment is a function of both the quality of the raw water source and WW
complexity treated water quality requirements.

B}

3 333333 333333333 333333333333 3333333333333 33333332333

14 The CMA confirmed that, when judging on statistical significance, booster pumping station was superior to APH in the PR19 models and therefore it preferred to use booster pumping
stations. The CMA considered that APH makes sense from an engineering and economic perspective. However, it had concerns regarding the quality of the APH dataand its statistical
significance. Source: https://assets.publishing.service.gov.uk/media/60702370e90e076f5589bb8f/Final Report --- web_version_-_CMA.pdf p.139.

15 Middle layer Super Output Area (MSOA) estimates are sourced from the Office of National Statistics (ONS) and provide a more granular view of density compared to the Local Authority
Distract area data underpinning the PR19 weighted average density measure.

®SevernTrent response to Of wat ®s ¢ onsul tSaurce: otips:/evaw.cbvstge.skévp-ng base costs at PR24
content/uploads/2021/12/SVE_response_to_assessing_base costs_at PR24.pdf
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Cost driver Explanatory variable Explanation Models
included

1 Alternative weighted average Water companies report the volume of water treated at treatment works by different complexity
treatment complexity variable levels, ranging from zero to six.

At PR19, Ofwat used two measures to control for treatment complexity: the percentage of water
treated at water treatment works with complexity level 3 or higher, and weighted average
complexity.

Ofwat used the former because it considers that there is a step change in treatment costs between
works of complexity level 2 or less and works at higher levels of complexity. Levels 0, 1and 2
include relatively simple works, such as those treating good quality groundwater sources. Level 3
treatment and upwards involves works utilising multiple treatment stages to treat water from lower
quality sources. At PR19, some companies concurred with this view, but some companies
suggested level 4 would be a more appropriate cut-off.

The weighted average complexity driver used by Ofwat at PR19 was calculated based on the
proportion of water treated at each complexity level and the numbers one to seven, each
corresponding to a treatment complexity level.

We tested alternative complexity band variables including different cut-offs (bands 4-6, bands 5-6,
band 6) and using separate complexity band variables for surface water and groundwater.

For the weighted average treatment complexity variables, we tested alternative weights proposed
by Severn Trent Water which suggested that there is little difference in the cost of treating water
between levels 2 and 3, and also between 4 and 5.7 We also tested using squared weights.

Alternative 1 Length of mains At PR19, Ofwat usedthe number of connected properties as the scale driver in the WW models, T ww
scale driver consistent with the scale driver used in the WRP models.However, length of mains was used as the
scale driver in the TWD model.

An argument for using length of mains in the WW models is that TWD makes up the largest share
of wholesale water base costs.

Network 1  New properties as a percentage of Variables such as new properties as % of total properties and the annual % increase in number of 1T TWD
reinforcement total properties properties are potential drivers of network reinforcement costs.
drivers f  Annual percentage increase in If network reinforcement costs are included in base costs, scale drivers (e.g., connected
properties properties) in botex models may capture growth costs imperfectly. Companies that experience high
§  Annual population growth growth may be disadvantaged when growth is not explicitly controlled for in the model.

Our testing was focused on TWD models given thatthis is where network reinforcement costs are
reported.

3 3333333333333333332333333333233333333233333332323333333

"Sever n Trent response to Ofwat®s consul t athipe/mwediwvategsvsilewgpsi ng base costs at PR24. Source:
content/uploads/2021/12/SVE_response_to_assessing_base_costs_at PR24.pdf
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Cost driver Explanatory variable Explanation Models
included
Weather 1  Potential Evapotranspiration (PET) Long-term trends in weather related variables, driven by climate change, may result in changes in T WRP
related 9 Annual rainfall company costs. For example, depletion of water resources (due to higher temperature and lower ¢ TWD
variables o rainfall) may affect the quality of raw water and increase treatment requirements.
1  Peak Distribution Input (DI, 7-day T WW
rolling average), and peak DI relative
to annual DI
Economies of 1 Number of sources / DI per source A higher number of water sources may be associated with higher costs either because the average T WRP
scale in water size of the water source is smaller resulting in diseconomies of scale, or because it may reflect the
resources larger size of a company (i.e., capture scale effects).
The average size of water sources (DI per number of sources) may be a better measure of
economies of scale than number of sources. Obtaining a large proportion of water from a small
number of sources may lead to lower unit costs.
However, a key factor is likely to be the size of treatment works. The cost impact of drawing water
from many small sources may be limited if these are all linked to one, or a small number, of larger
treatment works.
There may also be an opposite impact due to the potential link between number of sources and
treatment complexity. Smaller water sources tend to be groundwater sources which typically
require less treatment (and have lower costs), while larger sources (e.g., rivers) typically require
more complex treatment.
Economies of 1 % of Dl treated in different treatment Large treatment works are expected to have a lower unit cost of treatment than small treatment T WRP
scale in water size bands works.
treatment We would expect a positive coefficient for smaller works; the more input treated in smaller works,
the higher the cost.
Water 1 % DI from reservoirs Different water sources might be expected to have different costs. Pumped water sources are likely T WRP
resource 1 Total number of reservoirs to have higher operational costs compared to impounding reservoirs due to the power costs of T ww
drivers . pumping.
1 % DI from pumped reservoirs ) ) . )
% DI . di ) Reservoirs may also have higher ongoing maintenance costs compared to other sources because
T 0 rom impounding reservoirs of additional inspection and maintenance requirements set out in the Reservoir Act 1975.
T Total nu_mi)ser of impounding Pumped storage reservoirs are therefore expected to be the most expensive water source to
reservoirs operate and maintain.
1 % DI from all pumped sources

We tested a range of different variables capturing different water sources.

3 333333 333333333 333333333333 333 33333 3333333333333 3S3

18 For total number of impounding reservoirs, we used variable BN4803Sf r om Of wat ®s
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Cost driver Explanatory variable Explanation

Time trend

il

Time trend A time trend can be used to capture factors such as ongoing efficiency, real price effects, and any
other temporal factors affecting the entire sector that are not picked up by the other explanatory
variables. As a result, the expected sign of the estimated coefficient on the time trend is
ambiguous.

Some companies argue that a time trend should be included in the wholesale water models to
explain the industry wide increase in costs seen in recent years. This may reflect increasing costs
incurred to address leakage and water efficiency schemes.

The use of atime trend is one way of addressing the issues highlighted above. However, it does not
address the root cause behind increasing expenditure. Other solutions may include:

- Controlling for additional cost drivers that explain the increase in expenditure more precisely (e.g.,
including a leakage variable)

-Reducing the sample size if there is evidence of a structural break that cannot be explained
(recognising this would reduce the sample size and may reduce the precision of model parameter
estimate).

- Calculating a catch-up efficiency adjustment based on more recent data (i.e., Ofwat PR19
approach).

Models
included

T WRP
1T TwWD
T ww

Wastewater models

Weather
related
variables

Annual rainfall Rainfall affects the volume of inflows into sewerage networks. An increase in the level of peakiness
of rainfall strains network and storage assets, requiring larger network and storage assets, and
more pumping of sewage to treatment plants.

The rainfall measures considered act as a proxy for drainage inflows. However, this variable is
unable to capture the ~“peakiness® of drainage

Urban rainfall

Normalised urban rainfall (divided by
sewer length)

At PR19, Ofwat tested a variable related to drainage costs in the sewage collection models. This
urban runoff variable reflects urbanisation rates, rainfall and soil permeability. While the variable
was found to be statistically significant and positive in sewage collection models at PR19, it caused
the main scale variable to become insignificant.*®

Urban rainfall is derived by multiplying total rainfall and total urban area in each company area(i.e.,
urban acts as a dummy, multiplying the rainfa

T SswcC

T WWWN+

3 333333 333333333 333333333333 333 33333 3333333333333 3S3

19 Ofwat, PR19 Supplementary Technical Appendix: Econometric approach: https://www.ofwat.gov.uk/wp-content/uploads/2019/02/Supplementary -technical-appendix-Econometric-approach-

1.pdf
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Cost driver

Explanatory variable

Explanation

ONS). It is preferred to the simple annual rainfall measure because it is expected that rainfall has a
larger impact on sewage collection costs in dense, urban areas. We tested four urban rainfall
measures, which vary by the granularity of areas considered (i.e., using geographical boundaries
used in the LAD and MSOA density measures), and by the inclusion or exclusion of soil
permeability factors.

The data and statistical results for these four variables are very similar. Therefore, throughout this
report, we only consider the urban rainfall variable weighted using LAD, excluding soil permeability.
The soil permeability measure has been excluded because of concerns around the availability and
transparency of the underlying data.

The urban rainfall measure is not adjusted for scale (the rainfall measure is muttiplied by the size of
the urban area). For this reason, we also consider a normalised urban rainfall driver that divides
urban rainfall by sewer length, to improve the interpretation of the variable by isolating the rainfall
effect from scale effects.

Models

included

Sewage
treatment
complexity

% load with Ammonia consent

% load with Biochemical Oxygen
Demand (BOD) consent

% load with Phosphorus consent
% load with UV treatment

Higher wastewater treatment complexity can drive higher costs due to increased chemical and
energy requirements. More onerous discharge consent limits tend to require more, or larger,
treatment process units and are therefore more costly to comply with.

At PR19, Ofwat used the proportion of load with ammonia consent <=3 mg/l to account for
treatment complexity. Alternative drivers exist, such as phosphorus consent, BOD consent, and the
usage of UV treatment.

I n DEFRA®s May 2022 Con sTalgdtsaitproposed @targeEtmreduce o n me
phosphorus levels in wastewater by 2037 against a 2020 baseline. Considering this increased

focus on reducing phosphorus, we investigated the relationship between phosphorus treatment

and costs.

We also consider the use of more than one treatment driver, to reflect the possibility that different
treatment complexity drivers may not be correlated.

1

SWT

Network
topography
and coastal
population

% of a
coastal areas

company®s

Pumping capacity per sewer length

r Companies that serve coastal areas may incur higher costs due to the need to pump more sewage

to and from treatment works. Operating in coastal areas may increase sewage treatment costs due
to the need to operate in restricted areas, the requirement for extensive pumping and treatment
away from coastal urban areas, more corrosive operating environments, and requirements on the
effluent quality discharged offshore to comply with environmental permits.

This may result in higher pumping costs, although a potential mitigating factor is the fact that
coastal areas may be less hilly, which is also a factor affecting pumping costs.

At PR19, pumping capacity per sewer length was used to capture the impact of energy costs
related to pumping capacity for sewage collection, but no equivalent driver was used in the sewage
treatment models.

SWC
SWT
WWWN+
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Cost driver Explanatory variable

Explanation

Fortheper cent age of a company®s
Southern Water based on ONS data. We have not verified or tried to replicate this data.

p o mforaioniprovidediby ¢

Models
included

Economies of 1 % load treated above different STW
scale in size cut-offs

sewage f  Weighted average bands (WAB),
treatment

using two alternative band systems

1  Weighted average treatment size
(WATS)

Large treatment works are expected to have a lower unit cost of treatment than small treatment
works.

At PR19, Ofwat used two measures in the sewage treatment and bioresources plus models:

f the proportion of load treated at small works of in bands 1-3 (02,000 population),
measuring any diseconomies of scale from operating small works; and

{1 the proportion of load treated at the largest category of works in band 6 (025,000
population), to capture economies of scale at large treatment works.

When we run the PR19 SWT models with the updated PR24 dataset, the band 6 variable is only
significant at the 10% level. As noted by the CMA in its PR19 redetermination, size band 6 (25,000
population served) includes a large range of treatment works.?° It is therefore possible that this
variable does not capture enough variation between companies.

We explore a range of alternative economies of scale drivers. The first set isthe proportion of load
treated in STWs of a range of sizes. We test this forcut-offs ranging from 100,000 to 1,000,000
population, chosen according to the alternative band thresholds described below.

Additionally, we test two Weighted Average Band (WAB) measures. These weight the band
numbers by the load treated in each size band (i.e. 1 x % load treated in Band 1, 2 x % load treated
in Band 2, etc.). The WAB is calculated for two alternative band systems that split band 6.

The first is a band system proposed by CEPA®s engi neering team:
1 Band 6: 25,000-100,000 population
1 Band 7: 100,000-500,000 population
1 Band 8: 500,000+ population
The second band system was proposed by Anglian Water:
1 Band 6: 25,000-125,000 population
Band 7: 125,000-250,000 population
Band 8: 250,000-500,000 population
Band 9: 500,000-1,000,000 population
Band 10: 1,000,000+ population

=A =4 =4 =4

1

SWT
WWWN+

3 3333333333333333332333333333233333333233333332323333333

20 CMA (2021), Anglian Water Services Limited, Bristol Water plc, Northumbrian Water Limited and Yorkshire Water Services Limited price determinations, p. 156,
https://assets.publishing.service.gov.uk/media/60702370e90e076f5589bb8f/Final_Report --- web_version_-_ CMA.pdf
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Cost driver Explanatory variable

Explanation

Thirdly, we consider a weighted average treatment size (WATS) variable,which uses an Ofwat
dataset detailing STWSs in the current size band 6. The aim of the WATS variable s to calculate the
weighted average size of a sewage treatmentworks for each company.

For larger STWs in the current size band 6, the WATS variable sums the size of each plant
weighted by the percentage of load treated by each plant. For treatment works in size bands 1-5,
the calculation takes the average STW size for each band weighted by the percentage of load
treated in each of size band 1-5.2*

The alternatives considered are all ways of measuring and capturing economies of scale at SWTs
and reflect different assumptions regarding the relationship between STW size and unit costs. For
example, the STW cut-offs assume that there is a specific threshold where companies achieve
economies of scale; this assumption is valid if there is a step-change in unit costs around the
assumed cut-off.

On the other hand, the two WAB and the WATS drivers consider all load and allow costs to
decrease with the size of STWs. Compared to the WATS, the WAB variables require additional
explicit assumptions to be made regarding the definition and split of bands.

The true relationship between STW size and unit costs would determine which of these drivers is
most applicable. We test a range of alternatives in order to identify a suitable driver, considering
technical rationale and statistical performance.

Models
included

Alternative 1 MSOA? Density can have two counteracting effects on costs: on one hand, dense areas may have high T sSwcC
density Local Authority District (LAD) from costs due to higher labour, property and access costs; on the other hand, dense areas can be T WWWN+
variables MSOA served by larger treatment works which incur lower unit costs.

The alternative density variable (MSOA) uses more granular ONS datathan was available at PR19

avoiding issues created by the merging of LADs over the time series covered by the base models.

We also tested a density variable that uses MSOA data to create LAD level density(referred to as

“"LAD from MSOA°).
Network 1 New properties as a percentage of As explained for the equivalent water models option, any growth-related costs included in base T swcC
reinforcement total properties costs may not be entirely captured by scale drivers.
drivers

3 3 3333333333333 3333333331333

21 Formulaically, the WATS of company i can be shown as: @ &"YY

3 333333333333 33333333333

" d ¢ OR QTAENVEIQE D E G N Gk

22 Middle layer Super Output Area (MSOA) estimates are sourced from the Office of National Statistics (ONS) and provide a more granular view of density compared to the Local Authority
District area data underpinning he PR19 weighted average density measure.
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Cost driver Explanatory variable Explanation Models
included
1  Annual percentage increase in
properties
1  Annual population growth
Time trend T Time trend As suggested in the description of the time trend for the wholesale water models, a time trend can T SWwWC
be used to capture various factors such as ongoing efficiency, real price effects, and any other 1 SWT
temporal factors affecting the entire sector that are not picked up by the other explanatory WWWN+
variables and therefore it is difficult to form expectations about the sign of the estimated coefficient 1
on the time trend.
While the argument for using a time trend to capture increases in costs is less relevant for
wastewater, for completeness we also tested a time trend in the wastewater models.
Bioresources models
Alternative T MSOA Density acts as a proxy for two separate cost effects: T BR1
density 1 Local Authority District (LAD) from  Economies of scale at sludge treatment level - denser areas may tend to have larger
variables MSOA sludge treatment centres that can bring down unit costs.
1  Properties per sewer length 1 The amount of transportation companies need to undertake in sludge transport and
1  Squared density term sludge disposal activities.
PR19used WAD 2 LAD measure. We explore alternative density measures,as for the water and
wastewater models.
We also test the inclusion of a squared density relationship. The squared density measure aims to
capture increased bioresources costs of extreme density levels (i.e., most dense and sparse areas).
Sewage 1 % load with Ammonia consent Sewage treatment complexity accounts for the impact of wastewater treatment complexity on the T BR1
treatment 1 % load with Phosphorus consent quality of sludge which enters the bioresources value chain. 1 BR2
complexity We test the impacts of ammonia and phosphorus consents which could make the sludge more
costly to treat. At PR19, Ofwat used the proportion of load with treatment work consents with
ammonia <=3 mg/l to account for sewage treatment complexity in the BRP models, but treatment
complexity drivers were not used in the BR models.
We also consider the use of more than one treatment driver, to reflect the possibility that different
treatment complexity drivers may not be corre lated.
Economies of 1 % load treated above different STW The economies of scale drivers tested are specific to sewage treatment plants therefore they may T BR1
scale in size cut-offs imperfectly capture the impact of economies of scale in bioresources. 1 BR2
sewage Weighted average bands (WAB), The rationale for testing them in the bioresources models is that the prevalence of small sewage
trealt(ment using two alternative band systems. treatment works may imply more sludge has to be transported to central sludge treatment centres.
works
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Cost driver

Explanatory variable

1 Weighted average treatment size
(WATS)

Models

Explanation
included

In contrast, large sewage treatment works may have sludge treatment facilities on-site therefore
reducing the costs associated with sludge transport.

Therefore, these drivers are more likely to capture sludge transport (and sludge disposal costs |
rather than sludge treatment costs.

We test the same variables as for the sewage treatment models.

Time trend

1 Time trend

For completeness and consistency with our testing for water and wastewater models, we have T BR1
tested the inclusion of a time trend in the BR models as well. 1 BR2
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5. PHASE 1 ASSESSMENT

In Phase 1, we carried out a preliminary selection of models based on our analysis of possible alternative variables
set out in Table 4.2 above and using the criteria and statistical tests described in Section 2. The purpose of the
Phase 1 assessmentwas to identify promising model specifications that warranted a more extensive evaluation in
our Phase 2 assessment.

In Phase 1, we evaluatedmodels against 2 key criteria:

{ Rationale: We considered the economic and technical rationale of the model, and whether the model was
consistentwithOf wat ®s regul atory policy (e.g., risk of .perver

{ sStatistical r esults : We then considered initial statistical results of the model. This included an evaluation of
data availability and quality, as well as basic statistical performance such as predictive power (R-squared) and
parameter significance.

We scored each model using a RAG rating

il Progress: The model demonstrates a clear rationale and strong statistical results. We progressed these
models to Phase 2 assessment.

il The model demonstrates a clear rationale but provide mixed initial statistical results; or the
model displays strong statistical results but has no clear rationale. Models that scored marginally were
progressed to Phase 2 assessment, for further analysis.

il e Do not progress: The model demonstrates a poor rationale, performs poorly in terms of statistical results
or fails to meet regulatory objectives e.g. on drivers being exogenous. We did not progress these models to
Phase 2 assessment.

5.1. ASSESSMENT OF ALTERNATIVEW  ATER MODEL VARIABLES

We present below a summary of the findings of the assessment in Phase 1 for each of theexplanatory variables
considered in our analysis for wholesale water models. We present full modelling results in Appendix A.

Table 5.1: Summary of our Phase 1 Assessment for wholesalewater models
Model WRP1 WRP2 TWD ww1 WW2

Average Pumping Head (APH)

APH used alone or in place of booster stations e e

APH used in addition to booster stations

Alternative density drivers

MSOA (population)

LAD from MSOA (population)

Properties per length of mains

Remove squared density term Q e 6 6 Q

Alternative water treatment complexity drivers
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Model WRP1 WRP2 TWD Ww1 WWwW2

Alternative treatment complexity bands

Alternative weights for weighted average complexity

Alternative scale drivers in wholesale water models

Length of mains

Network reinforcement drivers

New properties as percentage of total properties

Annual percentage increase in properties

Annual population growth

Weather related drivers

Annual rainfall

Potential Evapotranspiration (PET)

Peak demand

000 000
000
000

Economies of scale in water resources

Number of sources

Average DI per source

Economies of scale at water treatment works

Percentage of treatment in band 8

Percentage of treatment in base 7-8

Percentage of treatment in bands 6-8

Percentage of treatment in band 1

Percentage in treatment of bands 1-2

Percentage of treatment in bands 1-3

000000 0060 000
000000 0060 000

Water resources drivers

% DI from reservoirs

% DI from pumped reservoirs

% DI from impounding reservoirs

Total number of pumped reservoirs

Total number of impounding reservoirs

Total number of reservoirs

00000
00000
00000
00000

% DI from all pumped sources

w
w
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Model WRP1 WRP2 TWD WWw1 WW2

Time trend

Time trend e e e Q
Key: Progress Marginal 6 Do not progress

Below we discuss in more detail which models were selected for progression to Phase 2, based on our Phase 1
selection criteria.

Average pumping head

APH has a strong engineering rationale as a driver that accounts for pumping requirements  , and it produced
good statistical results in the who lesale water and treated water distribution models.

Average pumping head (APH) has been used by Ofwat in the pastas a variablein its econometric models, however

it was not included in the PR19 models partly due to concerns over data quality. Ofwat has taken steps in recent

years to improve the data quality for APH, for example by conducting astudyi nt o t he compani es® r
APH?3, This has led to better and more consistent reporting by companies in the last few years. Based on the

findings of this study and recent improvements in data reporting, Ofwat considers the APH for treated water

distribution to be the largest contributor to wholesale water APH, and is better quality data than other components

of APH, such asAPH in water treatment. Despite this, some data quality concerns persist. In our initial review of the

data, we observed potential anomalies in the APH data in the form of large spikes or drops in the data. Ofwat

addressed some of these issues in the updated dataset published in November 2022 however this indicates that

some further review of the data may be necessary.

We found that APH (all) in the WW models and APH (treated water distribution) in the TWD model performs well in
terms of statistical robustness, both alongside and instead of booster stations per length. The estimated coefficients
on the APH variable in these models are statistically significantat the 1% level and the explanatory power of the
models is similar to that of the PR19 model specifications. However, we found that coefficients on APH (transport,
resources and treatment) are statistically insignificant in the WRP models.

As there are some concerns regarding the quality of APH (WRP) data, and this driver was not statistically significant
in the WRP models,in our Phase 2 testing we have also included APH (TWD) instead of APH (all) as a driver in the
WW models.

Alternative density drivers

The alternative density drivers were progressed to Phase 2 as there is a good justification and  statistical
results were not very different relative to the PR19 specif ications. The option to remove the squared density
term was not pursued , as the rationale for it is not strong, and the statistical results were weak.

The PR19 LAD measure of density requires mapping of company areas to LADs and is sensitive to changes in ONS
boundaries. Some of the alternative density measures considered here seek to avoid that issue:

 The MSOA weighted average density (WAD) variable and the MSOA WAD aggregated at the LAD level use
more granular data than the LAD measure used at PR19 a
LADs. However, the LAD from MSOA measure remains sensitive to changes in ONS boundaries.

I The property per length variable is a simpler measure that does not rely on mapping of areas to LAD and is not
affected by changes in LAD boundaries. It was used by Ofwat at PR19 in the wastewater models. However, as
l ength of mains is, to s oantel thixvarebietcould bereharded es mor@ mpany ®s

3 333333333333 33333333 333 333333333333 33333 333333332383

2 Average Pumping Head: data quality improvement report, https://www.ofwat.gov.uk/publication/average-pumping-head-data-
quality-improvement-report/
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endogenous than the other density measures. As aresult of its simplicity, it may also fail to capture differences
in density within a company®s opedoating region as well

We find that the MSOA, MSOA-LAD WAD, and properties per length variables are statistically significant and
provide a similar level of explanatory power as the PR19 models. We therefore progress all these alternative density
variables to Phase 2 aseach represents a potentially viable alternative to the PR19 density measure.

The argument for removing the squared density term put forward by Severn Trent was that the original density
driver suffered from specification issues.?

In particular Severn Trent commented that in TWD models density should only capture higher cost in urban areas,
with cost impacts in less dense area better captured by network complexity drivers. Similarly, for WRP models, the
company argued that density effects may be better captured through economies of scale drivers. The statistical
results of the models excluding the square density term are weak, with a loss in explanatory power in all models,
and the density driver becomes statistically insignificant in some models. Similar results are obtained when using
alternative MSOA density measures without the squared term.

Alternative w  ater t reatment complexity drivers

We decided on balance to progre ss one of the alternative treatment complexity ~ bands drivers (surface water
and groundwater bands 3 -6) as it produces statistical results similar to the PR19 drivers. We also

progressed t he alternative weighted average treatment complexity driver as the coefficient was more
statistically significantin the WRP2 model than the PR19 variable .

Based on a review of the data, we found that most companies treat more than 80% of their water in bands 3-6. We
tested alternative water treatment complexity band drivers with different band combinations (e.g., water treated in
bands 4-6, bands 5-6 or band 6) to potentially capture more variation between companies within higher treatment
bands. We found that the coefficients on water treated in bands 4-6 and 5-6 are statistically insignificant in the
WRP1 model, while significant in the WW1 model. The coefficient on water treated in band 6 is statistically
significant in the WRPL model but has a counterintuitive negative sign and the variable is not significant in the WW1
model. The R-squared decreases in all models compared to the PR19 model, especially so in the WRP models.As a
result, we did not progress any of these options to Phase 2.

As there may be different costs associated with treating surface water sources compared to groundwater sources
and almost all surface water is treated in bands 3-6, we also tested separate treatment band variables for surface
water and groundwater, as suggested by Severn Trent Water.?> The models tested included percentage of
groundwater treated in bands 3-6 together with percentage of surface water treated in bands 3-6, bands 4-6, bands
5-6 or band 6. We found that the coefficient on groundwater treated in bands 3-6 is statistically significant in all
alternative specifications. The coefficient on surface water bands is only statistically significant and has an intuitive
sign for bands 3-6. On balance we decided to progress surface water and groundwater bands 3-6 to Phase 2 for
further testing although the rationale for splitting treatment complexity into surface water and groundwater would
require further justification.

The alternative WAC models based on the complexity levels proposed by Severn Trent Water?® were statistically
significant, and the PR19 WAC variable was not statistically significant in WRP2at the 10% level (p value = 0.123).
Therefore, we progressed these alternative WAC variables (both the linear and squared specifications of the

3 333333 333333333 333333333333 333 33333 3333333333333 33

%“Severn Trent response to Ofwat ®s consul thaps:ii/wovw.ofwahgovaug/spe s si ng b e
content/uploads/2021/12/SVE_response_to_assessing base costs at PR24.pdf

% Severn Trent responset o Of wat ®s consul tation on as §t®s/srivwofvathiey.skévp-cost s at
content/uploads/2021/12/SVE_response_to_assessing_base costs_at PR24.pdf

2 The alternative complexity levels proposed by Severn Trent are 1,2,3,3,4,45r ef |l ecting the fact t hat , i
there is little difference in the cost of treating water between levels 2 and 3, and also between 4 and 5.
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alternative weights) to Phase 2, however we note that the technical rationale for these weights requires further
consideration.

Alternative scale driver in wholesale water models

We progressed the alternative scale driver to Phase 2. The rationale for  length of mains a s a scale driver in
WW models is strong given that it is the chosen scale driver for the TWD model , and the statistical results
were strong , as explained below .

The coefficients on lengths of mains in the WW models are statistically significant at the 1% level, and of a similar
magnitude as number of properties°. However, the coefficients on number of booster stations per length becomes
less significant, at the 10% level, instead of the 1% level in WW1 and 5% level in WW2. The explanatory power of
the WW models with length of mains as the scale variable is similar to that of the PR19 model specifications.

Network reinforcement drivers

We did not progress any network reinforcement drivers to Phase 2. While there is an intuitive rationale for
these cost driver s, we found that the statistical results were very weak.

Network reinforcement drivers are intended to capture instances where the models may not capture the higher
costs incurred by a company that experiences high growth. However, the scope of growth-related costs included in
the definition of base costs is reduced compared to PR19 (for example, site-specific growth expenditure is now
excluded from base costs). As a result, the network reinforcement costs included in base costs may not be
sufficiently material to justify controlling for within the model. We found that the statistical results were very weak,
with none of the variables being statistically significant, and the explanatory power of the models being virtually
unchanged when including these variables.

W eather related  variables

We did not progress any climate change or weather -related drivers to Phase 2. The link between the dri vers
tested and company costs is unclear especially over a short period of time , and the statistical results are
weak for most models .

Weather related factors may affect water resources or the demand for water. It is unclear however how strong the
link is between weather-related variables and base costs. These drivers may affect companies gradually over the
long term, but may not explain variation in costs between companies given that all companies are expected to be
affected by the same trends.

The annual rainfall variable is statistically insignificant in all models. Although the PET variable is statistically
significant in the TWD model, we considered that the overall justification for this cost driver is weak as it does not
perform well in any of the other models. The PET variable capture temperature and other environmental factors that
may result in higher water evaporation. While we may expect this to affect water resources and water treatment, it
is less clear how this would impact TWD base costs.

While peak Dl is statistically significant in the TWD model, we think this is likely to capture scale effects as peak DI
and length of mains are highly correlated. This is also indicated by the fact that the magnitude of the coefficient on
the scale driver in the TWD model (length of mains) reduces by an amount similar to the coefficient on peak DI.
When normalising peak DI by annual DI, we find that the performance of the model (only marginally significant at
the 10% level in the WW1 model) is not strong enough to justify further consideration.

Economies of scale in water resources

We did not progress the economies of scale in water resources driver s. The link between the proposed
economies of scale drivers and base costs is unclear, as explained below, and the statistical results were
weak.

Obtaining a large proportion of water from a small number of sources may lead to lower unit costs. However, a key
factor is likely to be the size of treatment works. The cost impact of drawing water from a large number of small
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sources may be limited if these are all linked to one, or a small number, of larger treatment works. There may also
be an opposite impact due to the potential link between number of sources and treatment complexity. Smaller
water sources tend to be groundwater sources which typically require less treatment (and thus less costs), while
larger sources (e.g., rivers) typically require more complex treatment.

We found that both number of sources and DI per source are statistically insignificant in the WRP models.

Economies of scale in water treatment

We did not progress any economies of scale at water treatment works variables to Phase 2. The materiality
of economies of scale is less clear than in WWW models, and the statistical results were counterintuitive.

Given that large treatment works are expected to have a lower unit cost of treatment than small treatment works
(and vice versa), we expected a positive coefficient for smaller works, and a negative coefficient for larger works.

The statistical results were either insignificant, or with a coefficient with a counter-intuitive sign, suggesting dis-
economies of scale. Ofwat also informed us of potential data issues due to changes in how the size of a water
treatment works is defined in Regulatory Reporting Guidelines, which is likely to affect comparability over time.
Therefore, we did not take these models further to Phase 2

Water resources drive rs

On balance we decided to progres s the % of DI from (pumped) reservoirs to Phase 2 for further testing as
the statistical results were reasonably strong .

The technical rationale for cost drivers reflecting the water input sources suggested that pumped water sources
may be more expensive given additional pumping costs while reservoirs might also be expected to be more
expensive given additional inspection and maintenance costs.

We tested a range of different variables to test these impacts. We found that % of DI from reservoirs or pumped
reservoirs is statistically significant in the WRP and WW models even though the R-squared decrease slightly in the
WRP models.However, in the case of % of DI from pumped reservoirs, the density variables in both WRP models
lose significance and/or the magnitude of the estimated coefficients reduces in size.

Other alternative specifications tested included:
% DI from all pumped sources
I % DI from impounding reservoirs

I Total number of pumped, impounding or total reservoirs.

We considered that none of these alternative specifications performed sufficiently well to progress to Phase 2. In
some cases, the coefficients were either statistically insignificant (e.g., number of pumped storage reservoirs) or
had a counterintuitive sign (e.g., % DI from pumped storage), and the explanatory power of the models was virtually
unchanged or decreased slightly. The total number of reservoirs was statistically significant at the 10% level but
also resulted in the economies of scale driver becoming insignificant and the R squared reducing slightly. In
addition, we understand that there are potential data quality concerns with this variable due to changes in how the
number of reservoirs has been reported over time.

Time trend

On balance we progres sed the linear time trend variable in TWD model to Phase 2 assessment as the time
trend is statistically significant in this model.

As discussed in section 4.2, a linear time trend may capture a range of factors that affect costs over time, such as
technological change and real price effects. It may also pick up other factors that have potentially led to greater
costs over time, such as the costs associated with leakage reduction or climate change. However, such changes
over time might also be captured by other variables. Overall, there is no clear expected sign on the time trend
variable as the time trend may pick up different factors that have opposite impacts on costs.
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We found that the linear time trend is only statistically significant in the TWD model. The explanatory power
increased marginally in the TWD model, but decreased in all other models. As the time trend coefficient is positive,
including a time trend in the regression would allow costs to gradually increase over time. The rationale for allowing
costs to gradually increase over time requires further consideration. Ofwat could consider other solutions for

controlling trends in expenditure over time such as including additional cost drivers that capture the root cause of
the cost increase.
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5.2. ASSESSMENT OF ALTERNATIVEW  ASTEWATER MODEL  VARIABLES

We present a summary of the findings of the assessment in Phase 1 for each of the cost drivers considered in our
analysis, in Table 5.2 below. We present full modelling results in Appendix A.2.

Table 5.2: Summary of our Phase 1 Assessment for wholesalewastewater models
SWC2 SWT1 SWT2 WWWN+

Baseline WWWN+ model
WWWN+ model

Rainfall

Annual rainfall e 6 6

Urban rainfall

Urban rainfall per sewer length (log)

Sewage t reatment complexity
Ammonia consents O1mg/l (%)

Phosphorus consents 00.5mg/l (%)

Phosphorus consents O1mg/l (%)

BOD consents O7mg/l (%)

BOD consents O10mg/l (%)

Load treated with UV O30mW/s/cm? (%)

00000080
00000006

Composite variables

Network topography and coastal population
'Coastal' population (%) e 6 6

Pumping capacity per sewer length

Sewage treatment economies of scale

Anglian Water size bands

CEPA size bands

Weighted average bands

Weighted average treatment size

Density
MSOA density

MSOA density, aggregated at LAD level

00

Network reinforcement
New properties as percentage of total properties

Annual percentage increase in properties

Annual population growth

000
000

Time trend
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SWC2 SWT1 SWT2 WWWN+
© © o ©0 ©
Key: Progress Marginal e Do not progress
Bel ow we discuss i n pedormance leasedonlour Phlase 1 eniterthe | s ®

Wastewater network plus models

Overall, the WWWN+ model with load (as scale driver), pumping capacity per sewer length (as  network
complexity driver ) and ammonia consent < 3mg/l (as treatment complexity driver ) provides the most robust
results. Full model results can be found in Appendix  A.2.1.

For the development of wastewater network plus (WWWN+) models, we considered the economic and engineering
logic for selecting cost drivers and assessed the models based on our selection criteria. We aimed to combine a set
of drivers that control for the principal cost drivers (s cale, treatment complexity, density and economies of scale).

We present the results of 16 explanatory WWWN+ models, and 5 shortlisted models in Appendix A.2.1. We use
these models to assess the relative strengths of potential drivers for the baseline WWWN+ model. Models 1-8 test a
combination of the PR19 SWC and SWT models, and Models 9-16 test one or two drivers. Models 17-21 are
shortlisted models based on our 16 exploratory models.

We summarise our results by the type of cost driver below. We reference models using the numbering in Appendix
A2.1

Scale

Load is the most suitable scale driver for WWWN+ models.  We find that scale should be a main driver of the
WWWN+ models.

The PR19 wastewater models had different scale drivers for SNVC (sewer length) and SWT (load). We tested the
WWWN+ model with these drivers in addition to properties, to test which driver explains most variation in WWWN+
costs.

We found that all three scale drivers are significant predictors of WWWN+ costs, across all exploratory models. This
reflects the importance of the scale driver in costs, in line with expectations. For this reason, we have chosen scale
as a maindriver in the WWWN+ models.

We conducted univariate regressions of WWWN+ costs on thethree scale drivers (WWWN+ models 1 to 3). We
found that load provides the greatest explanatory power; this aligns with the observation that 55% of WWWN+ costs
can be attributed to Sewage Treatment. The finding of a larger R-squared result for models using load, compared to
models using the other two scale drivers, is consistent across all of our exploratory modelling.

Economies of scale

The two STW economies of scale drivers used in PR19 do not perform well in our exploratory WWWN+
models. We further test these and a lternative economies of scale drivers as additions to the selected
baseline model in Section 6.2.

At PR19, Ofwat usedload treated in bands 1-3 and load treated in band 6 as its two drivers for economies of scale
in its SWT modelling.

We tested the economies of scale variables in combination with load as a main cost driver (WWWN+models 4-5).
We find that both economies of scale drivers are not statistically significant, though have the predicted sign. In
WWWN+ model 4, load treated in size bands 1 to 3 has a p-value of 0.152, and in WWWN+ model5 load treated in
size band 6 has a p-value of 0.549. The R-squared is comparable to the univariate regression model with load,
suggesting that the use of an economies of scale driver does not improve the explanatory power of the model.
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Across the other exploratory models, the economies of scale drivers are overall statistically insignificant, and in
some instances are of the incorrect sign. For example, in WWWN+ model 16, load treated in band 6 is significant at
the 1% level (p=0.001) with a positive point estimate of 0.01; this implies that companies with a greater proportion
of its load in large STWs face higher costs, contrary to expectations a priori.

We note that the STW economies of scale drivers in Models 19 and 20 demonstrate results in line with expectations
and provide a strong explanatory power (R?= 0.952 and 0.949 for Models 19 and 20 respectively). This suggests
that the drivers may be useful in the WWNW+ base cost modelling suite. We further test these and alternative
economies of scale drivers in Section 6.2 below.

Density

Properties per sewer length appears to be the most suitable density driver for WWWN+ models . However
even this density driver is not statistically significant across most model specifica  tions.

At PR19, Ofwat used properties per sewer length and weighted average density in its SWC models. In its PR19
redetermination, the CMA included a squared term for weighted average density in SWC2.?’

We tested the different density variables in combination with load as a main cost driver (WWWN+ models6 to 8).
We found that properties per sewer length was the only significant density driver, with an expected positive
relationship with costs. However, the R-squared value of all three models is slightly lower than the univariate
regression model with just load.

Across the other exploratory models, properties per sewer length is consistently of the predicted sign, but is only
significant in Models 6 and 13.

It is worth noting that the additional costs of operating a complex network in urban areas may be partially offset by
the economies of scale of operating large STWSs. Indeed, in WWWN+ Models 13-16 where we control for sewer
length and STW economies of scale, the density drivers are of the expected sign and have low p-values.

Network complexity
Pumping capacity per sewer length is a suitable  driver for network complexity costs inthe WWWN+ models.

At PR19, Ofwat used pumping capacity per sewer length as a driver of network complexity in its SWC models. We
tested the single network complexity driver across a range of exploratory models (WWWN+ models 9 to 16). We
found that the network complexity driver was statistically significant and of the predicted sign in all eight models.

Treatment complexity
Ammonia consents O3mg/l is a suitable driver for treatment complexity costs in the ~ WWWN+ models.

At PR19, Ofwat used ammonia consents O3mg/l as a driver of treatment complexity in its SWT models. We tested
the treatment complexity driver across a range of exploratory models (WWWN+ models 9 to 16). We found that it
was statistically significant and of the predicted sign in all eight models; the point estimate remains robust across
most model specifications.

Shortlisted WWWN+ models

In Appendix A.2.1, we present a shortlist of 5 WWWN+ models (labelled Models 17-21), based on the results of the
exploratory models above. These models use load, pumping capacity and ammonia consents as thar foundation,
and the best performing drivers from density and economies of scale.

Overall, WWWN+ model 21 which uses load, pumping capacity and ammonia consents  as the cost drivers
provi des the most robust results . The 3 cost drivers are all significant at the 1% level, and the point estimates of

3 333333333333 33333333 333 333333333333 33333 333333332383

27 CMA (2021), Anglian Water Services Limited, Bristol Water plc, Northumbrian Water Limited and Yorkshire Water Services
Limited price determinations
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each are consistent across model specifications. Furthermore, WWWN+ model 21 demonstrates strong explanatory
power (R? = 0.943).

We considered the WWWN+ model 21 as the baseline WWWN+ model forPhase 1, where we test the addition of
alternative explanatory variables.

Rainfall

We progressed the normalised urban rainfall driver to Phase 2 assessment for the WWWN+ and S wcC
models. The rationale underpinning the relationship between rainfall and costs  is strong, and the normalised
urban rainfall driver demonstrates strong statistical results , both in terms of statistical significance of the
estimated coeffi cients and improvements in the exp lanatory power of the models.

Higher rainfall can affect sewage collection costs, especially in dense, urban areaswhere large amounts of
impermeable surfaces increase the speed of flows of rainfall into sewers. Furthermore, companies in areas of high
rainfall may need to spend more to reduce the risks of sewer flooding, which is included in modelled base costs.?®

There is a concern regarding the relevance of the rainfall driver; the main driver of the effects of rainfall on costs as
described above is likely to be rainfall intensity (e.g., mm/hr) rather than annualised rainfall measures. The impacts
of rainfall on sewage collection costs are also likely to be very localised and therefore would require very granular
data.

Despite concerns with regard to the relevance of the rainfall drivers available, the range of rainfall drivers (annual
rainfall, urban rainfall and normalised urban rainfall) demonstrate strong statistical significance as drivers of SWC
and WWWN+ costs (statistically significant at or marginally above the 1% level), and improve the explanatory power
of the SWC and WWWN+ models, relative to the PR19 specification.

We decided to progress only the normalised urban rainfall driver, as this has the strongest technical rationale. The
un-normalised and normalised rainfall drivers perform similarly well based on an econometric assessment of model
results. However, the un-normalised urban rainfall driver is affected by scale. This can be seen by the point
estimates of the scale driver in the models ran; for example, the point estimate of the sewer length driver falls to
0.725 in SWC Model 1 with the un-normalised rainfall driver, compared with 0.842 in SWC Model 2 where the
normalised driver is used. The latter is more comparable to the baseline point estimate of 0.804. By removing the
scale effect, the normalised urban rainfall driver also helps with the interpretation of the coefficient. For these
reasons, we progress the normalised urban rainfall driver over the un-normalised driver.

Tr eatment complexity

We progressed the BOD driver to Phase 2, for the SWT models, as it demonstrates a marginal technical
rationale and strong statistical results.

There is a strong technical rationale for treatment complexity drivers in general, as higher wastewater treatment
complexity can drive higher costs due to increased resource requirements. In particular, DEFRA have highlighted
the importance of reducing phosphorus levels in wastewater in its May 2022 Consultation on Environmental
Targets. Therefore, we acknowledge that phosphorus removal may become an increasingly important driver of
sewage treatment costs. However, there is a lack of relevant historical data on phosphorus consents given that, for
most companies, the percentage of load covered by tighter phosphorus limits has only started increasing in recent
years. Modelling results also show that phosphorus is not a statistically significant driver of sewage treatment costs.
This is likely due to this lack of historical data but may also potentially be due to be interactions between treatment
complexity drivers (including phos phorus) and other drivers in the sewage treatment models, such as economies of
scale.

3 333333333333 33333333 333 333333333333 33333 333333332383

28 Arup recommend testing a driver for drainage of surface water, for which rainfall acts as a proxy. See Arup (2022),
Assessment of growth-related costs at PR24.
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Of the alternative treatment complexity drivers considered, load treated with BOD O7mg/l (%) performs the
strongest statistically; the variable is statistically significant at the 1% level in both SWT models.However, we have
two concerns with this driver:

9 The materiality of the impact of BOD on sewage treatment costs is unclear.

I The BOD consents are concentrated within TMS, SVH, NWT and ANH,which account for 84.5% of all load
treated with BOD O7mg/l. It is possible therefore that this driver is picking up company effects that are not
related to BOD treatment costs.

Overall, we progress this driver to Phase 2 for further sensitivity testing.

Coastal population

We progressed t he coastal population driver to Phase 2 assessment for the SWT models only. The driver
demonstrates a marginal technical rationale and the dataset underpinning the variable has not been verified
by Ofwat , but it demonstrates strong statistical performance in the sewage treatment model. The pumping
capacity per network length  may capture the same variation as the coastal driver, but is verified by Ofwat
and was included in Ofwat's PR19 sewage collection models . So, we also progress this variable to Phase 2.

Operation in coastal areas is considered to increase sewage collection costs and treatment due to a greater need
to pump sewage to and from treatment works. However, the materiality of these impacts is uncertain. Furthermore,
the dataset for coastal populations was provided by Southern Water, and has not yet been verified by Ofwat.

We did not progress the coastal variable to Phase 2 for the sewage collection or wholesale wastewater network
plus models, as the driver did not improve the performance of the sewage collection model s relative to the PR19
specifications, and the coastal variable was not statistically signifiant. This may be because the coastal effect is
somewhat explained by the pumping capacity variable.

However, for the sewage treatment models, the coastal driver substantially improves the models @xplanatory
power, and the variable was statistically significant in both sewage treatment models (p=0.025 for SWT1 Model 11,
and p=0.003 in SWT2 Model 11). Therefore, on balance we think that the coastal variable requires further
assessment in Phase 2.

An alternative to the coastal driver is the use of pumping capacity per sewer length. The coastal variable is intended
to capture, among other things, effects including greater pumping requirements in coastal areas, which can be
measured using the pumping capacity variable. In the dataset used, the correlation coefficient between pumping
capacity and the coastal driver is 0.94. Furthermore, the variable was used in the PR19 sewage collection models,
and is being used in the baseline WWWN+ modelthat we developed. However, one issue that Ofwat would need to
explore further is whether this correlation between the coastal driver and pumping capacity per sewer length may
be, to some extent, spurious (e.g., related to the fact that SRN has extensive coastal populations and a large
pumping capacity). This is because we understand that the definition of pumping capacity used by Ofwat excludes
pumping to sea outfalls, which could mean that pumping requirements in coastal areas may not be fully captured by
the pumping capacity driver used here.?°

When included in the sewage treatment models, the variable has a low significance (p=0.077 in SWT1 Model 12
and p=0.113 in SWT2 Model 12), but has a positive point estimate as expected. The variable improvesmodel R?
relative to the baseline, similarly to the coastal driver. Overall, despite its marginal statistical performance, we
progress this variable to Phase 2 assessment, becauseof its potential to capture the impacts of operating in coastal
areas on costs and the improved data availability and transparency, relative to the coastal population driver.

3 333333 333333333 333333333333 333 33333 333333333333 333

29 RAG 4.112 Guideline for the table definitions in the annual performance report Draft for consultation, Line 7C.3.
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Sewage treatment economies of scale

We progressed the e conomies of scale drivers to Phase 2 assessment  for the WWWN+ and SWT models. The
alternative economies of scale drivers based on STW size cut-offs, Weighted Average Bands (WABSs) using
alternative size bands and the Weighted Average Treatment Size (WATS) d  river demonstrate strong

technical rationale and statistical results.

The use of economies of scale drivers in general is justified on economic grounds, and the alternative bands
improve on the existing band system by disaggregating the current band 6 which contains significant variation in
STW size, as noted by the CMA in its PR19 redetermination.*® Evidence presented by Anglian Water demonstrates
the materiality of the effect of economies of scale on unit cost.!

The economies of scale drivers we considered were statistically significant and improved the explanatory power of
the sewage treatment model, compared to the PR19 baseline. This includes the different STW size cut-offs, the two
WAB variables based on the two alternative size bands proposed, and he WATS variable.

Alternative d  ensity driver

We progressed the two alternative density drivers  to Phase 2 assessment for the S WC models. The drive rs
demonstrate strong technical rationale, and moderately strong statistical results.

Density was used as a driver of sewage collection costs in PR19, and so its technical rationale is already
established. The MSOA and the LAD from MSOA variables rely on more granular data than the LAD driver and
avoid the needtorelyonmappi ng of compani es® area to LADs

We considered the effects of replacing the LAD variable with either the MSOA or LAD from MSOA variables, in the
SWC model, and adding either alternative of the density variable to the WWWN+ model. SWC2 Model 6 introduces
the linear and quadratic LAD from MSOA density driver to the baseline PR19 SWC2 model, replacing the LAD
density drivers. The variable performs similarly to the LAD drivers, with similar point estimates, statistical
significance and model explanatory power. SWC2 Model 8 replaces the linear and quadratic LAD drivers with
MSOA drivers. The MSOA drivers are significant and the models @&xplanatory power is similar to the baseline, but,
differences in the underlying data means that the point estimate of the MSOA driver differs substantially from the
PR19 LAD measure®

However, in the WWWN+ model, thelinear and quadratic density drivers were statistically insignificant when added
to the baseline model. WWWN+ Model 35includes the LAD density drivers to the model, with p-values of 0.967 and
0.811 for the linear and quadratic LAD variables, respectively. WWWN+ Models 37 and 39 include the linear and
guadratic variables for LAD from MSOA and MSOA respectively, finding similar results. We therefore do not
progress these models to Phase 2 assessment.

In the three models where the linear term only is included (WWWN+ models 34, 36 and 38), the density drivers are
statistically significant (p=0.000 in all 3 models). However, the sign on the density drivers is negative implying costs
decrease in more dense areas. This would suggest that the effect of economies of scale (particularly at sewage
treatments works) outweighs the impact of more complex operation in dense, urban areas. If this is the case, the
economies of scale impacts may be better captured by the inclusion of an economies of scale driver. We also
consider that the technical rationale would support the inclusion of a quadratic term in the WWWN+ models due to

3 333333 333333333 333333333333 333 33333 3333333333333 33

30 CMA (2021), Anglian Water Services Limited, Bristol Water plc, Northumbrian Water Limited and Yorkshire Water Services
Limited price determinations, Paragraph 4.155

31 Ofwat Growth Cost Assessment Working Group, November 2021 meeting. The meeting slides can be accessed at:
https://www.ofwat.gov.uk/wp-content/uploads/2021/12/CAC-CAWG_slides-11Nov21.pdf

32 The point estimates of the linear and quadratic LAD drivers in the PR19 SWC2 model are-2.480 and 0.181 respectively; in
comparison, the point estimates of the MSOA drivers in SWC2 Model 8 are -5.051 and 0.336, respectively..
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the opposing effects of economies of scale at STWs and higher operational costs in urban areas. We therefore do
not progress the linear density models to Phase 2.

Network reinforcement drivers

We did not progress the three  network reinforcement  drivers to Phase 2 assessment. While there is a
technical rationale for a positive relationship between network reinforcement and costs, network
reinforcement costs included in base costs may not be suffi ciently material to control for this within the
model . The statistical results of the growth variables are poor, with a significant but counterintuitive sign.

The three network reinforcement drivers have a clear technical rationale; as explained in Section 4.2, scale drivers

may capture network reinforcement costs imperfectly. However, it is unclear whether network reinforcement costs

are sufficiently material, especially as growth related costs for sewage treatmentworksar e not i ncl uded
base cost definition.

In the SWC models, the addition of the network reinforcement drivers does not improve the explanatory power of
either the SWC models, as measured by the R-squared. Moreover, the coefficients on the three drivers are all
statistically significant at the 10% level and negative, suggesting that companies facing higher property or housing
growth faced lower costs, contrary to predictions a priori. For example, in SWC1 Model 4, the coefficient on New
properties as a % of total properties is -0.087 (p=0.082), suggesting that companies with a higher property growth
rates face lower costs, all else being equal.

Time trend

We did not progress the linear time trend variable to Phase 2 assessment. The point estimate of the time
trend in the models estimated is positive, and the statistical performance of these models  was not strong
enough to justify further assessment.

We ran all the baseline models with a linear time trend included. Of the five baseline models, the time trend was
significant at the 10% level in the two SWT models. In all models, the estimated coefficient of the time trend was
zero or positive. The inclusion of a time trend did not substantially improve the explanatory power of the models
when compared to the PR19 model specification and the models also failed the RESET test whena linear time
trend was included.
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5.3.  ASSESSMENT OF ALTERNAT IVE BIORESOURCES MODEL VARIABLES

We present a summary of the findings of the assessment in Phase 1 for each of the cost drivers considered in our
analysis, in Table 5.3 below. We present full modelling results in Appendix O.

Table 5.3: Summary of our Phase 1 assessment for bioresources models
Model BR1 BR2

Alternative density drivers
MSOA (population)

LAD from MSOA (population)

Properties per length of mains

Squared density term

Economies of scale in sewage treatment
Anglian Water® s s u g gjize bahds d

[
(>

CEPA alternative size bands

Weighted average bands (WAB)

Weighted average treatment size (WATS)

Treatment complexity
Ammonia consents O1mg/l (%)

Ammonia consents O3mg/l (%)

Phosphorus consents 00.5mg/l (%)

Phosphorus consents O1mg/l (%)

Composite variables

O 00000 O
O 00000 ©

Time trend

Time trend

Key: Progress Marginal Q Do not progress

Bel ow we discuss in more detail the model s® performance

Alternative density drivers

While the statistical results are not always strong, the technical rationale for in cluding density is. We
therefore progress most of the alternative density variables to Phase 2 assessment.

Density acts as a proxy for two separate costs:

9 Economies of scale at sludge treatment level - denser areas may tend to have larger sludge treatment centres
that can bring down unit costs.

I The amount of transportation required to undertake in sludge transport and sludge disposal activities.

At PR19, Ofwat used the WAD 2 LAD measure. We find that the PR19 density driver and all alternative density
drivers are statistically insignificant in the BR1 models. We considered that this may be due to a correlation with the
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economies of scale driver (i.e., density acts as a proxy for economies of scale at sludge treatment level and is
therefore highly correlated).

We tested including density with only a scale driver, as we observed that density and EoS drivers are partly
capturing the same impact. However, we found that the density variables are not statistically significant even when
used in isolation with the scale driver. Including a density variable increases the R-squared only slightly compared
to using only the scale variable.

However, on balance, we decided to progress all these alternative density variables to Phase 2 given the strong
engineering rationale for including density in the bioresources models and because the alternative density variables
represent potentially viable alternatives to the PR19 density measure.

We also tested the inclusion of a squared density relationship. The squared density measure aims to capture
increased bioresources costs arising out of extreme density levels (i.e., most dense and sparse areas).However,
the coefficients were all statistically insignificant, and the explanatory power of the models did not improve
compared to the PR19 model specification.

Economies of scale in sewage treatment

In addition to the PR19 economies of scale drivers,t he EoS drivers that we progress to Phase 2 are: % load
treated in SWTs serving more than 250,000 population equivalent and SWT WABS variables .

The economies of scale drivers tested are specific to sewage treatment plants. These drivers act as a proxy for
economies of scale in sludge treatment given that large STWs are more likely to have co-located sludge treatment
facilities and the presence of large STWs may be correlated with the presence of large biotreatment assets.
However, these drivers also serve to capture sludge transport and sludge disposal costs given that the prevalence
of small sewage treatment works may imply more sludge has to be transported to central sludge treatment centres.
In contrast, large sewage treatment works may have sludge treatment facilities onsite therefore reducing the costs
associated with sludge transport. In this sense, economies of scaledrivers at STWs can be seen to capture similar
impacts to the density drivers used in the bioresources models.

The PR19BR1 model driver (load treated in STWs bands 1-3) generally performs well in most models and has a
positive sign as expected, suggesting that the presence of small STWSs increases bioresources costs.The PR19
economies of scale driver in BR2 (sewage treatment works per property) is not statistically significant (p value =
0.174). We tested alternative STW economies of scale drivers, particularly focusing on the impact of larger STWs
and we found that there is significant variation in terms of the statistical performance of these drivers.

Most alternative economies of scale drivers are statistically insignificant, including the coefficient on the WATS. The
exceptions are:

I >250k is statistically significant on a 10% basis
i the two WABs variables are statistically significant at a 10% levet and

9 the % load treated in STWs larger than 1m PE is statistically significant but has a positive sign, which is
counterintuitive.

The R-squared decreases in all models using the alternative EoS drivers when compared to the PR19 specification.

As a sensitivity, we also tested a combination of two economies of scale drivers in the BR1 model to capture EoS in
higher bands, and diseconomies of scale at lower bands. Wefound that load treated in STWs bands 1-3 performs
well, but the drivers for EoS in higher bands are generally statistically insignificant.

Treatment complexity

We did not progress any treatment complexity variable s to Phase 2 assessment. STW treatment complexity
may not be a good proxy for the complexity of sludge treatment processes, and the statistical performance
of the models does not justify further assessment.
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Treatment complexity drivers account for the impact of wastewater treatment complexity on the quality of sludge
which enters the bioresources value chain. However, there are likely to be other factors that may have a bigger
influence on sludge treatment processes and costs.

Furthermore, we found that most of the drivers tested were statistically insignificant and had a counterintuitive sign.
The variables that were statistically significant were:

% load with ammonia consent below 3mg/l; and

9 a composite variable including % load with ammonia consent below 3mg/l and % load with phosphorus consent
below 0.5mgl/l.

However, for these models, the treatment complexity driver had a negative sign whereas our a priori expectation
was that tighter ammonia and phosphorus consents would have a positive impact on bioresources costs.

Time trend

We did not p rogress the linear time trend variable to Phase 2 assessment. Bioresources costs are not
increasing over time , and the statistical performance of these models does not justify further assessment.

For consistency with the water and wastewater models tested, we considered the inclusion of a time trend in the
bioresources models as well. We find that the coefficient on time trend is statistically insignificant in all models.
Furthermore, the inclusion of a time trend did not substantially improve the explanatory power of the models when
compared to the PR19 model specification.
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6. PHASE 2 ASSESSMENT

In Phase 2, we further tested the robustness of the model specifications that passed our initial Phase 1 testing,
using a range of statistical tests and sensitivity analysis, to identify options that could improve the performance of
Of wat ®s base cost models relative to the PR19 cost model

When assessing the performance of models shortlisted for Phase 2, we considered the following factors (set out in
more detail in Table 2.1 and Table 2.2):

I The explanatory power (R 2) and parameter significance (t-test).
9 Other statistical tests such as RESET, VIF, normality and pooling tests.

i Sensitivity analysis by excluding years or companies from the sample.

In addition, we also report the range and stability of efficiency scores relative to the PR19 model specifications.
As we indicate earlier, large changesina ¢ o mp effitign@ysscore relative to the PR19 model specifications are
not an indication that an alternative model performs better or worse than the PR19 specifications. Rather, it
provides an indication of the impacts of selecting alternative models. If the overall range of efficiency scores is
larger than the comparative PR19 model specification, however, this could indicate the presence of issues in the
underlying model.

In line with our overall approach of building on the PR19 wholesale base cost models we compare the performance
of alternative models to the PR19 model specifications and, given that the PR19 models generally perform well,
apply a high hurdle for recommending alternative options as potential additions or replacements to the PR19 model
suite. For example, in order to consider recommending a change to Ofwat, we would generally expect a new model
to:

I pass the high and medium importance statistical tests set out in Table 2.1;
9 prove robust under the range of sensitivity tests applied; and

I  meet the wider selection criteria established in Figure 2.1 above.
6.1. WATER MODELS

Table 6.1 summarises the results of our assessment of the variables progressed to Phase 2, based on our findings
in Phase 1 as shown inTable 5.1.

Table 6.1: Variables considered in our Phase 2 assessmentfor the water models
Model WRP1 WRP2 TWD WW1 WW?2

Average Pumping Head (APH)%

APH (TWD) used alone or in place of booster stations

APH (TWD) used in addition to booster stations

APH (all) used alone or in place of booster stations

APH (all) used in addition to booster stations

Alternative density drivers

3 333333333333 33333333 333 333333333333 33333 333333332383

33 We have used APH (treated water distribution) for the TWD and models, and APH (all, i.e., resources, transport, treatment and
treated water distribution) for the WW models.
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Model WRP1 WRP2 TWD Ww1 Ww2

MSOA

LAD from MSOA

Properties per length of mains

Alternative water treatment complexity drivers

Alternative treatment complexity driver (SW and GW 3-
6 bands e Q

Alternative weights for weighted average complexity

Alternative scale drivers in wholesale water models

Length of mains

Water resources drivers

% DI from reservoirs

00
00

© ©O
© ©O

% DI from pumped reservoirs

Time trend

Time trend
Key: Consider Needs further consideration e Do not consider
6.1.1. Water resources plus models

We present the full statistical results of our Phase 2 assessment for the water resources plus modelsin Table 6.2
and Table 6.3.
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Table 6.2: Phase 2 assessment results for the WRP1 models

Driver

WRP1 Model1 WRP1 Model 3 WRP1 Model 4 WRP1 Model 5

WRP1 Model
24

WRP1 Model
28

WRP1 Model
27

PR19 MSOA instead LAD from Prop. per Separate SW/ % DI from % DI from
of LAD density MSOA density length instead GW pumped reservoirs
of LAD density reservoirs
Properties (log) 1.074*** 1.054*** 1.077*** 1.028*** 1.097*** 1.076*** 1.037***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Water treated in bands 3-6 (%) 0.006*** 0.004*** 0.005*** 0.005*** 0.005*** 0.004***
{0.000} {0.009} {0.002} {0.001} {0.005} {0.004}
Density variable (log)* -1.614*** -4.986** -1.545%** -7.815** -1.601*** -1.259***
{0.000} {0.017} {0.007} {0.019} {0.001} {0.003}
Squared density variable (log) 0.101*** 0.303** 0.097*** 0.858** 0.100*** 0.05 0.077***
{0.000} {0.017} {0.008} {0.028} {0.003} {0.160} {0.005}
Surface water treated in bands 3-6 (%) 0.006***
{0.003}
Ground water treated in bands 3-6 (%) 0.003**
{0.025}
DI from pumped reservoirs (%) 0.006***
{0.006}
DI from reservoirs (%) 0.005***
{0.001}
Constant -5.093*** 9.416 -5.335*** 6.988 -5.744*** -7.415%** -5.936***
{0.000} {0.226} {0.000} {0.309} {0.000} {0.000} {0.000}

3 33333333333 3333333 333 333333333333 333333333333132323333

%4 The models use the PR19 LAD density variable unless otherwise specified in the column header.
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Driver WRP1 Model1 WRP1 Model 3 WRP1 Model 4 WRP1 Model 5 WRP1 Model WRP1 Model WRP1 Model
24 28 27
R-squared 0.917 0.901 0.909 0.91 0.905 0.906 0.909
RESET test 0.439 0.765 0.436 0.324 0.55 0.733 0.519
VIF (max)* 1.174 1.269 1.206 1112 1.217 1.185 1.229
Pooling 0.995 1.000 0.999 0.983 0.999 0.983 0.982
Normality 0.128 0.417 0.522 0.143 0.285 0.189 0.096
Heteroskedasticity 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Minimum efficiency score 0.531 0.493 0.527 0.507 0.529 0.501 0.487
Maximum efficiency score 2.022 1.997 2.016 1.975 1.957 2.211 2.346

Sensitivity of estimated coefficients to
removal of most and least efficient
company

Sensitivity of estimated coefficients to
removal of first and last year of sample

Source: CEPA analysis
Note: The reported VIF excludes the squared density term

Key: Green Amber Q Red
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Table 6.3: Phase 2 assessmentresults for the WRP2 models

Driver WRP2 Model WRP2 Model WRP2 WRP2 WRP2 Model  WRP2 Model 8 WRP2 WRP2
1 3 Model 4 Model 5 7 Model 2 4 Model 23
PR19 \Y/IST@ LAD from Prop. per Alternative Alternative % DI from % DI from
instead of \/IST@AN length weights 1 weights 2 pumped reservoirs
LAD density  density instead of (1,2,3,3,4,45) (1,4,9,916,16,25) reservoirs
LAD density
Properties (log) 1.069*** 1.057*** 1.075%** 1.027*** 1.075%** 1.079%** 1.074%** 1.032%**
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Weighted average complexity (log) 0.377 0.315 0.343 0.365 0.264 0.258
{0.123} {0.234} {0.183} {0.143} {0.297} {0.324}
Density variable (log)3® -1.412%** -5.048** -1.468** -7.440%* -1.402%** -1.420%** -0.743 -1.122**
{0.005} {0.034} {0.026} {0.030} {0.007} {0.008} {0.154} {0.021}
Squared density variable (log) 0.087*** 0.306** 0.091** 0.810** 0.086** 0.087** 0.037 0.068**
{0.009} {0.033} {0.031} {0.042} {0.011} {0.014} {0.296} {0.033}
Alternative WAC 1 (log) 0.430**
{0.011}
Alternative WAC 2 (log) 0.258**
{0.035}
DI from pumped reservoirs (%) 0.006***
{0.005}
DI from reservoirs (%) 0.006***
{0.001}
Constant -5.805*** 9.501 -5.660*** 6.136 -5.882*** -5.990*** -8.033*** -6.392***
{0.000} {0.286} {0.002} {0.389} {0.000} {0.000} {0.000} {0.000}

3 33333333333 3333333 333 333333333333 333333333333132323333

35 The models use the PR19 LAD density variable unless otherwise specified in thecolumn header.
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Driver WRP2 Model WRP2 Model WRP2 WRP2 WRP2 Model  WRP2 Model 8 WRP2 WRP2
1 3 Model 4 Model 5 7 Model 2 4 Model 23
R-squared 0.907 0.896 0.902 0.905 0.906 0.904 0.896 0.900
RESET test 0.324 0.729 0.367 0.203 0.381 0.389 0.545 0.594
VIF (max)* 1.220 1.308 1.253 1.158 1.176 1.156 1.434 1.359
Pooling 0.999 1.000 0.999 0.997 0.998 0.999 0.99 0.997
Normality 0.574 0.416 0.812 0.527 0.733 0.794 0.679 0.445
Heteroskedasticity 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Minimum efficiency score 0.500 0.473 0.501 0.484 0.51 0.508 0.476 0.463
Maximum efficiency score 1.979 1.983 1.986 1.948 1.983 1.984 2.193 2.343

Sensitivity of estimated coefficients
to removal of most and least
efficient company

Sensitivity of estimated coefficients
to removal of first and last year of
sample

Source: CEPA analysis
Note: The reported VIF excludes the squared density term

Key: Green Amber Q Red
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In summary, our statistical tests show that

9 Al estimated coefficients are significant and have the expected sign, with the exception of the PR19 weighted
average complexity driver, which is not significant at the 10% level (p value = 0.123) in the PR19 model
specification or in any of the alternative model specifications tested.

9 Al the alternative model specifications have an explanatory power (R?) that is lower than the PR19 model
specifications.

9 The models all perform well on the RESET,VIF, pooling and normality tests. The LM test for all models is
supportive of a Random Effects specification.

9 All models fail the heteroskedasticity tests. We do not consider the results of these tests to be problematic, due
to the use of robust standard errors.

I we find that all the models are robust to the removal of companies and years from the sample with the
exception of the WRP1 model including separate surface water and ground water treatment complexity bands,
as discussed in more detail below.

We set out our overall conclusions of our Phase 2 assessment of WRP modelsbelow.

For the alternative density varia bles, we find that there are no improvements in the statistical performance of the
WRP models usingthe alternative density variables:

9 The explanatory power of the models is slightly lower than that of the PR19 models and the statistical
significance of the coefficients for the alternative density variables is also often slightly lower than that of the
PR19 density variables. This is partcularly so for the MSOA density variable.

I The MSOA density driver loses some significance (going from significant at the 5% level to significance at the
10% level) with the removal of SSC (as the most efficient company) in the WRP2 model.

9 The introduction of the MSOA density driver produces swings in efficiency scores up to 45pp compared to the
PR19 model for one company (WSX). Seven other companies show a change in efficiency score exceeding
5pp, with a maximum being 16pp. The introduction of the properties per length of mains density driver
produces changes in efficiency scores of up to 27pp compared to the PR19 model specification, with six
companies showing a change of over 5pp.

However, we understand t hat abddrnatizedensity vadablésdasedlorethefMGOA dev el ¢
dataset, is that this uses more granular data that may provide a more accurate picture of the relative density

between company areas and may be less sensitive to changes in the dataset over time. These density variables

alsodonotr el y on compani es® mappi hwhichiasthedniethodtused forthePRAN y ar e a ¢
density variable. This can improve the transparency and reliability of the dataset. Additionally, similar to the MSOA

density variables, the property per length of mains variable is statistically significant and performs similar as the

PR19 LAD measure in terms of statistical robustness of the model. However, this variable is, to some extent, more
endogenous compared to the other density variables, as the lengthof mainsi s parti ally wunder <con

We consider that the alternative MSOA density variables could be considered an improvement over the PR19
specification provided the underlying dataset for the calculation of the density variables is robust and stable and
they continue to produce statistically robust results when additional outturn data is added. Due to potential issues
with endogeneity, we also consider that the alternative MSOA density variables are better than the property per
length of mains density variable. However, if the underlying MSOA dataset appears to be insufficiently robust and
stable, property per length of mains could be an alternative to overcome the problems associated with the PR19
LAD measure.

We find that the inclusion of separate surface water and ground water treatment complexity bands in the
WRP1 model performs relatively well in terms of the statistical significance of the coefficients and performance
against statistical tests. However, the explanatory power of the WRP1 model is slightly lower than that of the PR19
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models. Furthermore, the results are sensitive to removing years from the sample. The surface water variable
becomes insignificant when the first year of the sample is excluded.

In addition, given that these variables use the same bands as the PR19 driver, it is not clear that there is sufficient
technical justification or benefit from using two variables instead of one. As we set out in our Phase 1 assessment,
the coefficient on surface water bands is only statistically significant and has an intuitive sign for bands 3-6, but not
for higher bands. We find this surprising given that almost all surface water is treated in bands 3-6, which would
suggest that this variable is not a good candidate for explaining variation in costs between companies or over time.
Therefore, we do not consider that this option leads to a clear improvement compared over the PR19 model
specification.

For the altern ative weighted average complexity variable  in WRP2

I Wwe find that the PR19 weighted average complexity variable in WRP2 is not significant when using the latest
dataset. When excluding the last year of data (2021-22), the PR19 weighted average complexity variable in
WRP2is significant at the 10% leveF®. It is also significant (at the 5% level) when weexclude the most efficient
company (SSC). However, the variable is still insignificant at the 10% level when we exclude the least efficient
company (SRN) or the first year of data.

9 While the alternative WAC variables 1 and 2 perform better than the PR19 variable in terms of the statistical
significance of the estimated coefficients, adopting these variables in the PR24 models would require further
evidence that the proposed weights are justified based on the relative costs of treating water in different
complexity bands. The PR19 WAC variable assumes that there is a linear relationship between the cos$ of
treating water at different complexity levels. The alternative WAC variable proposed by Severn Trent Water
assumes that there are similar costs associated with treating water at complexity levels 2 and 3, as well as
levels 4 and 5. Based on our discussions with engineers, we have notbeen abl e t o confirm t ha
assumptions apply widely across the industry. Therefore, Ofwat would need to consider if there is sufficient
evidence to justify the use of alternative weights before amending the approach used at PR19.

9 Wwe also note that our analysis indicates that the use of these alternative weights does not have a major impact
on efficiency scores compared to the PR19 model specification.

For the water resource drivers , we find that there are no improvements in the statistical performance of the WRP
models nor there is sufficient technical justification for including these variables in the PR24 models:

T The “% of DI from pumped reservoirs® variable is stati
against the statistical and sensitivity tests we applied and has a strong technical rationale as pumped storage
reservoirs are expected to be the most expensive water sources to operate (e.g., due to pumping) and maintain
(e.g., due to reservoir maintenance requirements under the reservoir act).

9 However, the PR19 density drivers in both WRP models lose significance when including % of DI from pumped
reservoirs. While the overall correlation between these variables is not very strong, Thames Water (TMS) (the
densest network) has the largest % of DI from pumped reservoirs, while Wessex Water (WSX) (one of the
sparsest networks) has the lowest % DI from pumped reservoirs. We tested a model with % of DI from pumped
reservoirs as an explanatory variable butexcluding TMS from the sample, to check if the results might be
driven by TMS as an outlier. We found similar results, withthe % DI from pumped reservoirs still significant
while both density variables are no longer significant. Overall, we do not consider that the inclusion of % DI
from pumped reservoirs improves the performance of the models given its interaction with the density terms
and the observed decrease in the R2.

f The ~“% of DI from reservoirs®° vari abl delsiamd daes mtoesutinat i st
the density variables losing significance. However, we do not consider that the inclusion of % DI from reservoirs

3 333333333333 333333 33333 333333333333 33333 33333333233

36 P-value = 0.067
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is sufficiently justified from an engineering perspective. Reservoirs may have higher maintenance costs than
other sources because of requirements under the reservoir act. However, engineering rationale suggests that
number of reservoirs would be a better driver of these costs than % of DI from reservoirs. Impounding
reservoirs (which are a subset of total reservoirs) also require less pumping to water treatment works than
other sources, so it is not clear that the expected relationship between "% of DI from reservoirs" and water
resources plus base costs is positive. There is also a risk that "% DI from reservoirs"is picking up a treatment
complexity effect, which is reducing the statistical significance of the weighted average complexity driver (see
Models 25 and 26).

I We also note that the introduction of % DI from reservoirs and, to a slightly lesser extent, of % DI from pumped
reservoirs, widens the range of efficiency scores largely due to an increase in the maximum efficiency score
estimated by the models. The introduction of % DI from pumped reservoirs produces changes in efficiency
scores of up to 24pp, and for 13 of the 17 water c 0 mp a reffi@eac@scores change by more than 5pp. The
introduction of % DI from reservoirs produces changes in efficiency scores of up to 36pp, and 12 of the 17
water companies' efficiency scores change by more than 5pp.

6.1.2. T reated water distribution models

We present the full statistical results of our Phase 2 assessment for the treated water distribution models in Table
6.4.
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Table 6.4: Phase 2 assessment results for the TWD model

Driver

TWD Model
1

PR19

TWD Model
2

APH (dist),

no booster
stations

TWD Model
3

APH (dist),
with booster
stations

TWD Model
4

MSOA
instead of
LAD density

TWD Model
5)

LAD from
MSOA
density

TWD Model
6

Prop. per
length
instead of
LAD density

TWD Model
17

Time trend

Lengths of main (log) 1.077*** 1.069*** 1.069*** 1.026*** 1.070*** 1.072%** 1.070***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Boosters per length (log) 0.437** 0.333*** 0.433*** 0.461** 0.488*** 0.409%**
{0.002} {0.008} {0.001} {0.002} {0.001} {0.006}
Density term (log)®” -2.946*** -3.203*** -2.879*** -5.561*** -2.729%** -14.921%** -2.739***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Squared density term (log) 0.235*** 0.245*** 0.228*** 0.393*** 0.219*** 1.898*** 0.218***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Average Pumping Head 2 distribution (log) 0.313*** 0.276***
{0.000} {0.000}
Year 0.011%**
{0.009}
Constant 4.723%** 2.892* 3.024** 15.638*** 4.155*** 25.065*** -18.487**
{0.002} {0.057} {0.032} {0.002} {0.008} {0.000} {0.028}
R-squared 0.957 0.960 0.964 0.952 0.955 0.958 0.958
RESET test 0.102 0.599 0.476 0.122 0.090 0.489 0.315
VIF (max) 2.108 1.026 2.163 1.592 1.833 1.864 2.117
Pooling 0.813 0.824 0.794 0.873 0.799 0.903 0.991

3 33333333333 3333333 333 333333333333 333333333333132323333

37 The models use the PR19 LAD density variable unless otherwise specified in the column header.
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Driver TWD Model TWD Model TWD Model TWD Model TWD Model TWD Model TWD Model
1 2 3 4 5 6 17
Normality 0.520 0.918 0.926 0.014 0.072 0.738 0.470
Heteroskedasticity 0.246 0.474 0.883 0.046 0.132 0.004 0.123
Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Minimum efficiency score 0.771 0.714 0.732 0.750 0.795 0.737 0.738
Maximum efficiency score 1.376 1.330 1.358 1.425 1.400 1.378 1.306

Sensitivity of estimated coefficients to removal of
most and least efficient company

Sensitivity of estimated coefficients to removal of
first and last year of sample

Source: CEPA analysis
Note: The reported VIF excludes the squared density term

Key: Green Amber Q Red
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In summary, our statistical tests show that:

1
T

1
We

We

All estimated coefficients are significant and have the expected sign.

All models perform well on the RESET, pooling and VIF test. The LM test for all models is supportive of a
Random Effects specification.

The model using MSOA as the density driver fails the normality and heteroskedasticity tests, and the model
using properties per length of mains as the density driver fails the heteroskedasticity test. However, we do not
consider the failure of the normality or the heteroskedasticity test to be problematic, due to the use of a
Random Effects modelling approach and robust standard errors, respectively.

We find that all the models are robust to the removal of companies and years from the sample.
set out our overall conclusions of our Phase 2 assessment of TWD models below.

find that the inclusion of APH in the TWD model results in a small improvement in the overall performance

compared to the PR19 model specification:

)l

We

The models including APH are statistically robust and they result in small improvements in explanatory power
compared to the PR19 model specifications. The inclusion of APH is also supported by a strong technical
rationale as a measure ofthe level of pumping required, and thus the amount of energy used by water
companies in pumping water around their networks.

We note that, including APH, both instead of and alongside booster stations per length, results in large changes
in efficiency scores for individual companies. Individual companies show swings in efficiency scores up to -
23pp and +18pp compared to the PR19 TWD model. PRT shows the largest increase in efficiency score
(+18pp), while SES shows the largest decrease inefficiency score (-23pp). This probably suggests that APH is
capturing the hilliness of the region better than BPL (e.g., PRT operates in a relatively flat area and reports low
levels APH, while SES reports high levels of APHcompared to the industry average).

While the models including APH perform well in terms of statistical robustness and engineering rationale, one
potential concern is around the quality of the APH data. Ofwat considers that the TWD APH datais of better
quality than the other APH data based on findings from the Turner & Townsend study.® While the quality of the
APH data has improved in the last few years Ofwat may wish to consider if the APH data is sufficiently robust to
use in the PR24 models once an additional year of data becomesavailable. If this criterion is satisfied, we
consider the inclusion of this variable is justified based on our selection criteria.

also note that the use of booster stations per length alongside APH  produces robust statistical results and

improves the explanatory power of the models more so than the use of APH without boosters per length. As both
APH and boosters per length aim to control for network topography, this finding is somewhat surprising, and the
engineering rationale for these results should be explored further. As APH is likely to control for energy costs, it is
possible that the inclusion of a booster stations per length variable is more likely to provide a measure of the asset
intensity of a network.

The decision on whether to include boosters per length alongside APH can have a material impact on the estimated
efficiency scores for the TWD model. The largest changes in efficiency scores (up to 23pp) occur in the model
without boosters per length which suggests that these changes are driven primarily by the exclusion of boosters,
rather than the inclusion of APH. In the model with APH and no booster stations per length, 13 of the 17 water
companies experience changes in efficiency scores greater than 5pp compared to the PR19 models. In contrast,
when booster stations are included alongside APH, only eight companies see efficiency scores change by more

3 3333333 333333333333 33333 3333333333333 3333333238333

3 Turner & Townsend, WRC (24 March 2022), Average Pumping Head: data quality improvement.

URL: https://lwww.ofwat.gov.uk/wp-content/uploads/2022/05/Average-Pumping-Head-Data-Quality-Improvement-Final-Report-

.pdf
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than 5pp. Ofwat could therefore consider a mix of models (i.e., some that include APH, and some that include
booster stations per length of main). This may lead to a similar outcome to when booster stations per length of main
and APH are included in the same model.

As was the case for the WRP models, we find that there are no improvements in the statistical performance of the
TWD models using the alternative density variables . All alternative density models produce results which, from a
statistical perspective, are similar to the PR19 specification:

We note that the introduction of MSOA as the density driver produces changes in efficiency scores of up to
19pp compared to the PR19 model specification, with ten companies exhibiting changes in excess of 5pp. The
overall range of efficiency scores in the model using MSOA density also increases by 7pp relative to the PR19
model specification.

I The introduction of LAD from MSOA results in more muted changes in efficiency scores compared to the PR19
density measure. This islikely due to the fact that the MSOA density aggregated to LAD level gives a view of
relative densities which is more similar to the PR19 measure than the disaggregated MSOA measure. Only two
companies display changes in efficiency scores larger than 5pp compared to the PR19 model specification,
with the largest change equal to 7pp.

9 The introduction of properties per length of mains as the density driver produces swings in efficiency scores of
up to 17pp compared to the PR19 model specification, with six companies showing changes larger than 5pp.

As noted previously, we understand that Ofwat®s rationale for deve
MSOA dataset, is that this uses more granular data that may provide a more accurate picture of the relative density

between company areas and may be less sensitive to changes in the dataset over time. These density variables

also do not rely on compani es ® whidwasihargethodfused farbhe PR1® c o mp ar
density variable. This can improve the transparency and reliability of the dataset.

Additionally, similar to the MSOA density variables, the property per length of mains variable is statistically
significant and performs similar as the PR19 LAD measure in terms of robustness. Havever, this variable is, to
some extent, more endogenous compared to the other density variables, as the length of main is partially under
compani es® control

We consider that the alternative MSOA density variables might be an improvement over the PR19 specification and
form the new baseline, provided the underlying dataset for the calculation of the density variables is robust and
stable and continues to produce statistically robust results when additional outturn data is added. Due to potential
issues with endogeneity, we also consider that the alternative MSOA density variables are better than the property
per length of mains density variable. However, if the underlying MSOA dataset appears to be insufficiently robust
and stable, property per length of mains could be an alternative to overcome the problems associated with the
PR19 LAD measure.

The inclusion of a linear time trend is statistically significant in TWD model but does not result in a clear overall
improvement in the statistical performance of the model (i.e., no material change in Rsquared or significance of
coefficients and all robustness tests are passed with or without the time trend). As the time trend coefficient is
positive, including a time trend in the regression would allow costs to gradually increase over time. The impact of
this is reflected in the fact that the inclusion of a linear time trend in the TWD model improves efficiency scores for
16 out of the 17 water companies. This is expected because the positive coefficient on the time trend variable
provides an uplift to modelled costs. The changes in efficiency scores compared to the PR19 model specification
are between 3pp and 7pp with two companies seeing changes greater than 5pp. It is important to note that the
overall impact on allowances is ambiguous, as the inclusion of a time trend is likely to result in a higher catch-up
efficiency challenge.

A potential rationale for including a time trend could be to reflect increasing sector costs over time that are not
explained by the other explanatory variables. For instance, increasing leakage costs has been mentioned by some
companies. However, as the time trend is a catch-all variable it is not possible to say exactly what is driving the
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estimated effect. This meansthat careful consideration is needed to decide whether the rationale is sufficiently
strong from an engineering perspective, and if the increasing costs will continue into the future.
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6.1.3. Wholesale water models

We present the full results of our Phase 2 assessment for the wholesale water models inTable 6.5 and Table 6.6.

Table 6.5: Phase 2 asessment results for the WW1 model

WWw1 Ww1i WWw1 WWw1 WWw1 WWw1 WWwW1 Ww1i Www1i AN Ww1 WWw1
Model1 Model2 Model 2 Model4 | Model4 Model5 Model6 Model7 Model Model Model Model

€) €) 12 16 23 22
PR19 APH APH APH APH MSOA LAD Prop. Separat  Length % DI % DI
(all),no (TWD), (all), (TWD), instead from Per e SW/ of from from
booster no with with of LAD MSOA length GW mains pumpe reservo
stations booster booster | booster density density instead instead d irs
stations  stations | stations of LAD of prop.  reservo
density irs
Properties (log) 1.071%** 1.096*** 1.066*** 1.093*** 1.067*** 1.052%** 1.072%** 1.044*** 1.092*** 1.072%** 1.051***
{0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000} {0.000}  {0.000}
Water treated in bands 3-6 (%) 0.004*** 0.004*** 0.003** 0.004*** 0.003** 0.003*** 0.003*** 0.004*** 0.003** 0.003***
{0.000} {0.005}  {0.032}  {0.002}  {0.011}  {0.002}  {0.001} {0.000}  {0.017}  {0.007}
Boosters per length (log) 0.335** 0.318** 0.509*** 0.457*** 0.377* 0.448** 0.390**
{0.032} {0.017} {0.003}  {0.008}  {0.033} {0.021}  {0.038}
Density term (log)®® -2.094x% D 57Q¥* 2. 321%*  2.250%*  -2.075%*  -4.684**  -1.849%*  -11.26*** -2.201*** -2.446*** -1.515%* -1.826***
{0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.001}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}
Squared density term (log) 0.147*** 0.177*** 0.157*** 0.159*** 0.144*** 0.301*** 0.132%** 1.318*** 0.152*** 0.192%** 0.106*** 0.129***
{0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}
Average Pumping Head (log) 0.323*** 0.279*** 0.297*** 0.243*

{0.008} {0.004} {0.007} {0.012}
Surface water treated in bands 3-6

(%) 0.006***
{0.000}
Groundwater treated in bands 3-6 (%) 0.004***
{0.000}
Lengths of main (log) 1.052*%**
{0.000}
DI from pumped reservoirs (%) 0.004***

3 33333333333 3333333 333 333333333333 333333333333132323333

%% The models use the PR19 LAD density variable unless otherwise specified in the column header.
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Driver WW1 WW1 WW1 WW1 WW1 WW1 WW1 WW1 WW1 WW1 WW1 WW1
Model1 Model2 Model 2 Model4 | Model4 Model5 Model6 Model7 Model Model Model Model
€) €) 12 16 23 22
{0.002}
DI from reservoirs (%) 0.003***
{0.002}
Constant -1.565* -2.888* -3.028***  -2.838***  (.243** 10.300* -1.958 15.655***  -2.300***  3.058** -3.140***  -2.085**
{0.074}  {0.072}  {0.010}  {0.005}  {0.012}  {0.056}  {0.206}  {0.003}  {0.002}  {0.031}  {0.003}  {0.014}
R-squared 0.970 0.969 0.971 0.972 0.973 0.963 0.965 0.965 0.972 0.969 0.970 0.968
RESET test 0.223 0.786 0.827 0.597 0.658 0.178 0.164 0.205 0.346 0.152 0.157 0.257
VIF (max) 2.211 1.506 2.214 2.296 2.271 1.789 1.955 1.879 2.282 2.115 2.212 2.239
Pooling 0.869 0.592 0.758 0.854 0.923 0.987 0.940 0.962 0.88 0.702 0.809 0.907
Normality 0.225 0.069 0.032 0.178 0.461 0.510 0.268 0.445 0.071 0.359 0.241 0.223
Heteroskedasticity 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Minimum efficiency score 0.777 0.809 0.778 0.814 0.791 0.735 0.764 0.714 0.752 0.788 0.832 0.814
Maximum efficiency score 1.385 1.333 1.481 1.300 1.373 1.527 1.490 1.411 1.303 1.374 1.500 1.466

Sensitivity of estimated coefficients to
removal of most and least efficient
company

Sensitivity of estimated coefficients to
removal of first and last year of
sample

Source: CEPA analysis
Note: The reported VIF excludes the squared density term

Key: Green Amber ° Red
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Table 6.6: Phase 2 assessment results for the WW2 model

Driver WW2 WW2 WW2 WW2 WW2 WW2 WW2 WW2 WW2 WW2
Model2 Model 2 Model4 Model4 Model5 Model6 Model7 Model 9 Model Model
(a)* (a)* 10 11
APH APH APH APH MSOA LAD Prop. Alternati  Alternati  Alternati
(all), no (TWD), (all), (TWD), instead from Per ve ve ve
booster no with with of LAD MSOA length weights  weights  weights
stations booster booster booster density density instead K} 2 3
stations  stations  stations of LAD (2,4,9,26 (1,499, (1,4,9,16
density ,25,36,4 16,16,25 ,25,36,4
9) ) 9)
Properties (log) 1.059*** 1.087*** 1.057*** 1.083*** 1.057*** 1.046*** 1.061*** 1.036*** 1.068*** 1.071*%** 1.059***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
WAC (log) 0.430*** 0.371* 0.394*** 0.322* 0.354** 0.366***
{0.001} {0.021} {0.008} {0.030} {0.016} {0.007}
Boosters per length (log) 0.334** 0.319** 0.259** 0.486*** 0.444%** 0.351** 0.357** 0.357** 0.329**
{0.019} {0.012} {0.038} {0.003} {0.005} {0.033} {0.017} {0.021} {0.022}
Density term (log) 4? -1.832%*  -2.401*** -2.104***  -2.051**  -1.854**  -4.308**  -1.648**  -10.322*** -1.838*** -1.843*** -1.812%**
{0.000} {0.000} {0.000} {0.000} {0.000} {0.002} {0.001} {0.000} {0.000} {0.000} {0.000}
Squared density term (log) 0.128%*  0.164%*  0.142%*  0.145%*  0.128**  0.276%*  0.117**  1.201**  0.129**  0.129%*  0.126***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.001} {0.000} {0.000} {0.000} {0.000} {0.000}
APH (log) 0.309%*  0.270%*  0.275* 0.227*
{0.008} {0.009} {0.012} {0.035}
Alternative WAC 1 (log) 0.422%**
{0.001}
Alternative WAC 2 (log) 0.251***
{0.008}
Alternative WAC 3 (log) 0.283***
{0.002}

3 3333333333333 33333333333333333333333333333333333333

40 As there are some concerns regarding the quality of APH (WRP) data, and this driver was not statistically significant in the WRP models, we have also included APH (T\D) instead of APH
(all) as a driver in the WW models.

41 As there are some concerns regarding the quality of APH (WRP) data, and his driver was not statistically significant in the WRP models, we have also included APH (TWD) instead of APH
(all) as a driver in the WW models.

42 The models use the PR19 LAD density variable unless otherwise specified in the column header.
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Driver Ww2 Ww2 Ww2 WWw2 Ww2 Ww2 Ww2 Ww2 Ww2 WWwW2 WWwW2

Model 1 Model 2 Model 2 Model 4 Model 4 Model 5 Model 6 Model 7 Model 9 Model Model
(a)*° (a)* 10 11

Lengths of main (log)
DI from pumped reservoirs (%)

DI from reservoirs (%)

Constant -2.589%* 3486  -3.833%*  -3.476%*  -3.693**  B8.674 -2.795* 13.516%*  -2.497*  -2.635%  -2.904%*
{0.001} {0.021} {0.001} {0.000} {0.000} {0.108} {0.064} {0.008} {0.010} {0.011} {0.001}
R-squared 0.971 0.969 0.970 0.973 0.973 0.965 0.967 0.968 0.968 0.967 0.970
RESET test 0.122 0.824 0.771 0.543 0.973 0.075 0.075 0.072 0.134 0.128 0.100
VIF (max) 2.214 1.584 1.232 2.315 2.216 1.741 1.948 1.868 2.209 2.214 2.225
Pooling 0.724 0.534 0.701 0.749 0.877 0.965 0.862 0.958 0.704 0.753 0.757
Normality 0.838 0.439 0.441 0.607 0.928 0.574 0.583 0.483 0.642 0.743 0.951
Heteroskedasticity 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Minimum efficiency score 0.784 0.766 0.744 0.788 0.7558 0.737 0.758 0.718 0.752 0.741 0.756
Maximum efficiency score 1.414 1.317 1.450 1.327 1.337 1.532 1.500 1.422 1.423 1.438 1.432

Sensitivity of estimated coefficients to
removal of most and least efficient
company

Sensitivity of estimated coefficients to
removal of first and last year of sample

66



= CEPA

economics matters

Driver WW2 Model 12 WW2 Model 19  WW?2 Model 18
Length of % DI from % DI from
mains instead pumped reservoirs
of prop. reservoirs

Properties (log) 1.063*** 1.044xx*

{0.000} {0.000}

WAC (log) 0.383*** 0.316** 0.332**
{0.006} {0.032} {0.019}

Boosters per length (log) 0.429** 0.377**

{0.019} {0.024}

Density term (log) 43
-2.222%** -1.383*** -1.647***
{0.000} {0.000} {0.000}

Squared density term (log) 0.175%** 0.097*** 0.116***
{0.000} {0.000} {0.000}

APH 2 all (log)

Alternative WAC 1 (log)

Alternative WAC 2 (log)

Alternative WAC 3 (log)

Lengths of main (log) 1.042%x*

{0.000}
DI from pumped reservoirs (%) 0.003**
{0.012}
DI from reservoirs (%) 0.002**
{0.011}

Constant 2.127 -3.730%** -2.856***
{0.113} {0.000} {0.000}

R-squared 0.970 0.970 0.969

RESET test 0.084 0.141 0.213

3 33333333333 3333333 333 333333333333 333333333333132323333

43 The models use the PR19 LAD density variable unless otherwise specified in the column header.
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Driver WW2 Model 12 WW2 Model 19  WW?2 Model 18
VIF (max) 2.126 2.217 2.251
Pooling 0.573 0.582 0.768
Normality 0.448 0.800 0.775
Heteroskedasticity 0.000 0.000 0.000
Pooled OLS vs RE (LM test) 0.000 0.000 0.000
Minimum efficiency score 0.782 0.812 0.799
Maximum efficiency score 1.346 1.508 1.477

Sensitivity of estimated coefficients to removal of most and
least efficient company

Sensitivity of estimated coefficients to removal of first and
last year of sample

Source: CEPA analysis
Note: The reported VIF excludes the squared density term

Key: Green Amber Q Red
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In summary, our statistical tests show that:

1
T

All estimated coefficients are significant and have the expected sign.

There are very marginal improvements in the explanatory power of some of the alternative model
specifications. For example, the inclusion of APH (all) alongside booster stations per length improves the R? by
0.002 for both WW1 and WW?2.

All models pass the RESET, pooling VIF and normality tests. The LM test for all models is supportive of a
Random Effects specification.

All models fail the heteroskedasticity test, however, we do not consider this test to be problematic, due to the
use of robust standard errors.

We find that all the models are robust to the removal of companies and years from the sample with the
exception of the WW2 including APH (all) without boosters per length, WW2 including APH (TWD) with
boosters per length and some of the models including MSOA density, where some of the variables in the
models lose statistical significance when observations are excluded from the sample. These instances are
discussed in more detail below.

We set out our overall conclusions of our Phase 2 assessment of WW models below,building on our assessment of
WRP and TWD models

Unlike the TWD model, the inclusion of APH (all or TWD) in the WW models does not produce improvements in
overall performance compared to the PR19 model specification:

)l

The APH models have similar explanatory power to the PR19 models andtend to cause the water treatment
complexity driver to lose significance (particularly when APH (all) is used). However, the inclusion of APH is
supported by a strong technical rationale.

The inclusion of APH (all) in the WW1 model causes the water treatment complexity driver (bands 3-6) to lose
some statistical significance, especially when the booster stations per length variable is excluded (the water
treatment variable becomes significant only at the 10% level in this case). Similarly, the inclusion of APH causes
the WAC variable in the WW2 model to lose some significance (significant at the 10% level), both when APH is
used alongside and instead of booster stations. In the WW2 model using APH (all) without boosters per length,
the water treatment variable is insignificant when the first year is excluded, and when the most efficient
company (SSC) is excluded.

The WW models using APH (TWD) seem to perform better in our sensitivity analysis compared to the models
including APH (all). Unlike the model with APH (all), the water treatment complexity driver (bands 3-6) does not
lose significance when including APH (TWD) compared to the PR19 model The WAC variable and the water
treatment variable also do not lose significance when removing individual years of data or the least/most
efficient company. However, boosters per length becomes insignificant when excluding the least efficient
company in the WW1 and WW2 models including APH (TWD).

As seen in the TWD models, the inclusion of APH (TWD and all) has a large impact on efficiency scores. The
introduction of APH (all) produces changes in efficiency scores up to 21pp compared to the PR19 model, and
12 out of 17 water companies show swings exceeding 5pp. The introduction of APH (TWD) produces similar
swings, with changes in efficiency scores up to 22pp compared to the PR19 model. However, only 7 out of 17
water companies show swings exceeding 5pp.

We consider that APH works better in the TWD model compared to the WW models both in terms of statistical
performance and engineering rationale. This can be explained by the fact that most pumping costs are related to
treated water distribution. In the WW models, we consider that APH (TWD) performs marginally better compared to
APH (all). This isbased not only on statistical performance but also on the fact that we understand that the quality of
APH (TWD) data issomewhat better than APH (WRP) andour results showed that APH (WRP) was insignificant in
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the WRP models. Therefore, we expect APH (TWD) to be a more robust measure of APH than APH (all).Overall, we
consider that there is a strong rationale for including APH in at least one of the WW models, if Ofwat decides to
include APH in the TWD model as the main variable capturing network topography.

The use of booster stations per length alongside APH  also produces robust statistical results. As explained in the
discussion regarding TWD models, the engineering rationale for these results should be explored further. We note
that the decision on whether to include boosters per length alongside APH can have a material impact on the
estimated efficiency scores for the WW models. Ofwat could therefore consider a mix of models (i.e., some that
include APH, and some that include booster stations per length of main). This may lead to a similar outcome to
when booster stations per length of main and APH are included in the same model.

In line with the findings for the WRP and TWD models, ve find that there are no improvements in the statistical
performance of the WW models using the alternative density variables. The explanatory power of the models with
alternative density variables is slightly lower than that of the PR19 models particularly in the case of the MSOA
density variable. In addition, in the models using MSOA as the density driver, the water treatment variables are
insignificant when PRT (most efficient) and SES (least efficient) companies are excluded.

As noted previously, we u nfdrelevaldpiagraiternativealénsitPfanelsids Based onahtei o n a |
MSOA dataset, is that this uses more granular data that may provide a more accurate picture of the relative density

between company areas and may be less sensitive to changes in the dataset over tire. These density variables

al so do not rely on compani es® map p thamgethodfused farbhe PR1® c ompar
density variable. This can improve the transparency and reliability of the dataset.

Additionally, similar to the MSOA density variables, the property per length of mains variable is statistically
significant and performs similar as the PR19 LAD measure in terms of robustness. However, this variable is to
some extent, more endogenous compared to the other density variables, as the length of main is partially under
compani es® control

We consider that the alternative MSOA density variables might be an improvement over the PR19 specification and
form the new baseline, provided the underlying dataset for the calculation of the density variables is robust and
stable and they continue to produce statistically robust results when additional outturn data is added. Due to
potential issues with endogeneity, we also consider that the alternative MSOA density variables are better than the
property per length of mains density variable. However, if the underlying MSOA dataset appears to be insufficiently
robust and stable, property per length of mains could be an alternative to overcome the problems associated with
the PR19 LAD measure.

For the WRP models, we concluded that there is insufficient justification for the inclusion of separate surface

water and ground water treatment complexity bands despite relatively good statistical performance. In the WW
models, we also find that these variables perform relatively well from a statistical perspective, however, our overall
assessment of this option does not change.

For the WRP models, we concluded that the inclusion of % DI from pumped reservoirs or % DI from reservoirs
does not sufficiently improve the performance of the models and/or is insufficiently supported by a technical
rationale. In the WW models, we find that the inclusion of % DI from pumped reservoirs does not result in a loss of
significance for the density variables, as was the case in the WRP models. However, the fact thathe inclusion of
this variable, which is specifically targeted at water resource costs, does not improve the overall performance of the
WRP models means that it should not be considered a viable alternative option in the WW models. In the case of %
DI from reservoirs , we apply the same assessment as in the WRP section where we concluded that thetechnical
rationale and the expected relationship between prevalence of reservoirs and costs is too ambiguous,

We find that the inclusion of length of mains as a scale driver in the WW models instead of number of properties
produces robust statistical results but does not offer a clear improvement over the PR19 model specification.

The use of length of mains has some implications for the use of booster per length in the WW models:

9 The boosters per length variable becomes statistically significant only at the 10% level when length of mains is
used as the scale driver in both WW1 and WW2 models.
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 Inthe WW1 model using lengths of mains as the scale driver, boosters per length becomes insignificant when
removing the first year.

Overall, we consider that Ofwat could consider this as a possible option for the PR24 models given thatlength of
mains is the scale driver for the TWD model and TWD costs make up the largest proportion of WW costs. It is also

worth noting that using lengths of mains as the scale driver produces changes in efficiency scores up to 20pp, and
10 out of 17 water companies show swings exceeding 5pp.
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6.2. WASTEWATER MODELS

Table 6.7 summarises the results of our Phase 2 assessment, which considers the variableswe progressed from

our Phase 1 assessment, whose findings are summarised inTable 5.2.

For the sewage collection and sewage treatment models, the PR19 models are used as the baselinefor
comparison. For the wholesale wastewater network plus models, the baseline modeluses load, pumping capacity
and ammonia consents as the core cost drivers, as the best performing model from our exploratory modelling as

presented in detail in Section 5.2.

The purpose of the Phase 2 assessment

S

t o

identify

cost models relative to the PR19 costs modelling suite. For this reason, for the two sewage collection and sewage
treatment models in the existing PR19 modelling suite, we only recommend that Ofwat considers a model if it

provides a demonstrable improvement on the PR19 baseline. However, for the development of the new Wholesale
Wastewater Network Plus model which has no PR19 modelling baseline,we recommend that Ofwat considers any
models that perform as well as the baseline model specification established in our Phase 1 assessment (WWWN+

model 21).

For the more aggregated models (WWWN+), asuitable driver for consideration will be one that also performs well

in the more disaggregated model.

Table 6.7: Variables considered in our Phase 2 assessment

Model SWC1 SWC2 SWT1

Rainfall

SWT2

WWWN+

Urban rainfall per sewer length (log)

Treatment complexity

BOD consents O7mg/l (%) 6

Network topography and coastal population

‘Coastal’ population (%)

Pumping capacity per sewer length

0O

Q0

Sewage treatment economies of scale

STW size cut-offs

Weighted Average Band (Anglian
Water)

Weighted Average Band (CEPA)

Weighted average treatment size

Density
MSOA density, aggregated at LAD
level
MSOA density
Key: Consider Needs further consideration e Do not consider

In the following subsections, we present the results of our Phase 2 assessment by Botex category.
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6.2.1. Sewage collection models

We present the full results of our Phase 2 assessment for the sewage collection models in Table 6.8.
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Table 6.8: Phase 2 assessment results forthe sewage collection models

Driver

Baseline

(PR19
SWC1)

SWC1
Model 2

EEEINE

(PR19
SWC2)

SWC2
Model 2

Swc2
Model 6

SWC2
Model 8

Sewer length (log) 0.804*** 0.842%** 0.859*** 0.867*** 0.847*** 0.852***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Pumping capacity per sewer length (log) 0.344** 0.357** 0.604*** 0.568*** 0.594*** 0.554***
{0.012} {0.017} {0.000} {0.000} {0.000} {0.000}
Properties per sewer length (log) 1.043*** 0.972***
{0.000} {0.000}
LAD weighted average density (log) -2.480** -2.102%**
{0.021} {0.000}
Square LAD weighted average density (log) 0.181*** 0.158***
{0.010} {0.000}
Urban rainfall per sewer length (log) 0.116*** 0.155***
{0.000} {0.000}
MSOA weighted average density, aggregated by LAD (log) -2.291**
{0.041}
Square MSOA weighted average density, aggregated by LAD (log) 0.169**
{0.021}
MSOA weighted average density (log)
Square MSOA weighted average density (log) 0.336**
{0.039}
Constant -7.956%**  -7.760*** 3.606 2,51 3.016 14.241
{0.000} {0.000} {0.395} {0.245} {0.501} {0.195}
R-squared 0.917 0.920 0.895 0.917 0.897 0.895
RESETtest 0.356 0.170 0.269 0.670 0.326 0.399
VIF (max) 2.337 2.535 1.930° 1.9312 1.9142 1.9962
Pooling 0.720 0.898 0.988 0.973 0.982 0.987
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Driver Baseline SWC1 Baseline SWC2 SWC2 SWC2
(PR19 Model 2 (PR19 Model 2 Model 6 Model 8
SWC1) SWC2)

Normality 0.394 0.085 0.268 0.001 0.244 0.376

Heteroskedasticity 0.299 0.282 0.051 0.002 0.034 0.027

Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000 0.000 0.000

Minimum efficiency score 0.910 0.934 0.874 0.890 0.877 0.856

Maximum efficiency score 1.127 1.17 1.206 1.185 1.206 1.157

Sensitivity of estimated coefficients to removal of most and least
efficient company

Sensitivity of estimated coefficients to removal of first and last year of
sample

Source: CEPA analysis
@ The reported VIF excludes the squared density term

Key: Green Amber Q Red
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In summary, our statistical tests show that:

1

All estimated coefficients are significant and have the expected sign. The linear MSOA density term is only
significant at the 10% level when included in the SWC2 model.

All models have a high R, and a low spread of efficiency scores. The inclusion of the normalised urban rainfall
drivers produces the highest explanatory power in both sewage collection models, as well as the smallest
efficiency score spread.

The models all perform well on the RESET, Pooling andVIF tests. The LM test for all models is supportive of a
Random Effects specification.

Of the six models we ran, three fail the normality test, and four fail the heteroskedasticity test. We do not
consider the results of these tests to be problematic, due to the use of a Random Effects modelling approach
and robust standard errors, respectively.

Overall, the conclusions of our Phase 2 assessment of SWC models are as follows

The normalised urban rainfall  variable performs well against statistical tests:

)l

The variable is highly statistically significant in both SWC models. The inclusion of the normalised urban rainfall
drivers produces the highest explanatory power in both sewage collection models, as well as the smallest
efficiency score spread.

However, the point estimates and significance of both urban rainfall drivers are substantially reduced when we
remove the first year of data (2011-12). For example, when we remove the first year of data from the SWC1
model with urban rainfall per sewer length, the point estimate falls from 0.116 (p=0.000) to 0.056 (p=0.207).
This may raise concerns for the overall stability of the driver. This finding appears to be unique to the urban
rainfall drivers and may be driven by year-on-year volatility of the urban rainfall data. Indeed, 2011-12 was the
driest year in the sample - industry-wide annual rainfall was 7,401 mm, 25%below the average across the
whole period. A potential solution that Ofwat might explore is testing a smoothed urban rainfall variable.

The introduction of the urban rainfall drivers has a positive efficiency impact on NWT and WSH, and a negative
efficiency impact on ANH, NES and TMS Only NWT is impacted by over 10pps by the driver.

We also consider that the variable has a strong engineering rationale asa proxy for drainage inflows. Overall, we
recommend that Ofwat should consider the introduction of the normalised urban rainfall variable in the SWC
models for PR24 as this improves the explanatory power of the model, especially for the SWC2 model. However,
further investigation of the sensitivity of the estimated coefficient to changes in the sample period should be carried
out once an additional year of data becomes available.

We find that there are no improvements in the statistical performance of the SWC2 model using the alternative
density variables :

)l

The explanatory power of the models with alternative density variables is similar to that of the PR19 models and
the statistical significance of the coefficients for the MSOA density variable is also slightly lower than that of the
PR19 density variables.

The alternative density drivers are not robust to the removal of companies from the sample. When we run the
SWC2 model with the alternative density drivers on the full dataset the linear and quadratic terms are
statistically significant. They are of the expected sign, with a negative linear and positive quadratic term which is
indicative of economies of scale.

0o When we remove WSX (as the most efficient company) from the SWC2 model with the MSOA
density driver, both the linear and quadratic density drivers become statistically insignificant, but
point estimates remain of the expected sign. The introduction of the MSOA density driver improves
the efficiency score of YKY by 5pps and worsens scores for WSH by 4pps.

76



CEPA

o We note that the results found above are expected, and not necessarily indicative of a poor model
specification, given that WSX is the least densely populated company.

The findings are similar to those for the water models using alternative density variables. Compared to the PR19
measure, the MSOA density drivers have the advantage of notrelyingoncompani es ® mapping of
areas dataset which improves the transparency and reliability of the dataset. We would also expect the choice of
density variables to be consistent across different models. For example, if the MSOA density measure is chosen

then it would be applied instead of the LAD measure in both water and wastewater models. Our overall conclusion

on the alternative density variables remains the same as set out in Section 6.1.
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6.2.2. Sewage treatment models

We present the full results of our Phase 2 assessment for the sewage treatment models inTable 6.9 and Table 6.10.

Table 6.9: Phase 2 assessment results forSWT1 models

Driver Baseline (PR19 SWT1 Model 4 SWT1 Model 11 SWT1 Model 12
SWT1)
Load (log) 0.653*** 0.777** 0.833*** 0.748***
{0.000} {0.000} {0.000} {0.000}
Load treated in size bands 1 to 3 (%) 0.029 0.03 0.034*
{0.211} {0.145} {0.064}
Load treated with ammonia consent O3mg/I 0.006*** 0.006*** 0.005***
{0.000} {0.000} {0.000}
Load treated with BOD consent O7mg/| 0.032***
{0.000}
Population in coastal areas (%) 0.009**
{0.025}
Pumping capacity per sewer length (log) 0.333*
{0.077}
Constant -3.734%** -5.206*** -6.198*** -6.198***
{0.004} {0.001} {0.000} {0.000}
R-squared 0.854 0.841 0.887 0.891
RESET test 0.056 0.000 0.000 0.025
VIF (max) 5.337 2.724 7.313 5.396
Pooling 0.999 0.992 0.997 1.000
Normality 0.024 0.028 0.333 0.022
Heteroskedasticity 0.417 0.476 0.012 0.014
Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000
Minimum efficiency score 0.816 0.736 0.807 0.826
Maximum efficiency score 1.500 1.382 1.243 1.169
Sensitivity of estimated coefficients to removal of most and least efficient company Q

Sensitivity of estimated coefficients to removal of first and last year of sample

Source: CEPA analysis
Key: Green Amber ° Red
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Table 6.10: Phase 2 assessment results for SWT2models

Driver Baseline

(PR19 SWT2 SWT2 SWT2 SWT2 SWT2 SWT2 SWT2 SWT2
SWT2) Model 4 Model 11 Model 12 Model 13 Model 14 Model 15 Model 16 Model 17
Load (log) 0.658*** 0.783*** 0.890*** 0.736*** 0.723** 0.669*** 0.713** 0.686*** 0.665***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Load treated with ammonia consent O3mgl/| 0.006*** 0.006*** 0.006*** 0.006*** 0.006*** 0.006*** 0.006*** 0.006***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Load treated with BOD consent O7mg/| 0.034***
{0.000}
Population in coastal areas (%) 0.011***
{0.003}
Pumping capacity per sewer length (log) 0.322
{0.113}
Load treated in size band 6 (%) -0.009 -0.012%** -0.010**
{0.102} {0.002} {0.043}
Load treated in STWs O100,000 people (%) -0.008***
{0.007}
Load treated in STWs 0125,000 people (%) -0.005***
{0.008}
Load treated in STWs 0250,000 people (%) -0.007***
{0.003}
Load treated in STWs O500,000 people (%) -0.009***
{0.000}
Load treated in STWs 01,000,000 people (%) -0.007***
{0.002}
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Driver B?S;'E,e SWT2 SWT2 SWT2 SWT2 SWT2 SWT2 SWT2 SWT2
SWT2) Model 4 Model 11 Model 12 Model 13 Model 14 Model 15 Model 16 Model 17
Constant -2.965%** -4 444%%* -5.931%** -4.051*** -4.072%** -3.567*** -4.142%%* -3.848*** -3.730***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
R-squared 0.855 0.841 0.898 0.891 0.869 0.870 0.899 0.919 0.879
RESET test 0.142 0.001 0.045 0.178 0.272 0.221 0.463 0.827 0.389
VIF (max) 4.349 2.096 6.647 4.453 5.347 5.019 4.443 4.663 6.241
Pooling 1.000 0.999 0.998 1.000 1.000 1.000 0.998 0.995 1.000
Normality 0.045 0.099 0.111 0.012 0.221 0.186 0.234 0.397
Heteroskedasticity 0.875 0.899 0.027 0.764 0.991 0.927 0.536
Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Minimum efficiency score 0.844 0.753 0.838 0.857 0.875 0.872 0.910 0.921 0.869
Maximum efficiency score 1.505 1.381 1.204 1.197 1.410 1.393 1.357 1.197 1.367

Sensitivity of estimated coefficients to removal
of most and least efficient company

Sensitivity of estimated coefficients to removal
of first and last year of sample

Source: CEPA analysis

Key: Green Amber () Red
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Driver 235?'2'?6 (PRIS SwT2Model 18 SWT2 Model 19 SWT2 Model 20
Load (log) 0.658*** 0.747*** 0.770*** 0.788***

{0.000} {0.000} {0.000} {0.000}
Load treated with ammonia consent O3mg/l 0.006*** 0.006*** 0.006*** 0.006***

{0.000} {0.000} {0.000} {0.000}
Load treated in size band 6 (%)
Weighted average CEPA size band (log) -2.015%**

{0.000}
Weighted average ANH size band (log) -1.485***
{0.000}
Weighted average treatment size (log) -0.242%**
{0.000}

Constant -2.965*** -1.091 -2.292%** -3.001***

{0.000} {0.221} {0.001} {0.000}
R-squared 0.855 0.887 0.899 0.911
RESET test 0.142 0.228 0.431 0.849
VIF (max) 4.349 4.545 4.454 4.339
Pooling 1.000 0.999 0.999 0.997
Normality 0.045 0.025 0.021
Heteroskedasticity 0.875 0.593 0.651 0.865
Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000
Minimum efficiency score 0.844 0.899 0.908 0.913
Maximum efficiency score 1.505 1.388 1.354 1.244

Sensitivity of estimated coefficients to removal of most and least efficient company

Sensitivity of estimated coefficients to removal of first and last year of sample

Source: CEPA analysis
Key: Green Amber 6 Red
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In summary, our statistical tests show that:

9 Most estimated coefficients are significant and have the expected sign, with the following exceptions:

o The load treated in size band 1-3 driver used in the PR19 SWT1 model specification is not
significant at the 10% level (p=0.211). This variable becomes significant at the 10% level when the
coastal population variable is added.

0 The load treated in size band 6 in the PR19 SWT1 model specification is also only marginally
significant at the 10% level (p=0.097). This may reflect the fact that STW size band 6 covers a wide
range of treatment work sizes, and thus a | arge |

9 Of all sewage treatment models, explanatory power is largest when alternative economies of scale drivers are
used in place of the PR19 economies of scale drivers. Use of the coastal driver also significantly improves
model explanatory power.

9 The models with BOD and coastal population fail the RESET test. A models perform well on the Pooling and
VIF tests. The LM test for all models is supportive of a Random Effects specification.

9 Al models fail either the normality or the heteroskedasticity test. We do not consider this to be problematic, due
to the use of a Random Effects modelling approach andthe use of robust standard errors.

Overall, the conclusions of our Phase 2 assessment of SWT models are as follows

We do not consider that the BOD variable performs sufficiently well against our statistical criteria to recommend its
use at PR24. The introduction of the BOD variable reduces the explanatory power of both SWT1 and SWT2. All
models with BOD fail the RESET test. In addition, we noted in Section 5.3 that the materiality of BOD treatment on
costs is unclear. Furthermore, 84.5% of all load treated with BOD O7mg/l was treated by four companies (TMS,
SVH, NWT and ANH) It is therefore possible that this driver is picking up company effects that are not related to
BOD treatment costs.

The addition of load treated with BOD consents O7mg/l improves efficiency scores for TMS and SRN, and worsens
scores for NWT, SVH and YKY.

We do not consider that the coastal population variable performs sufficiently well against our statistical criteria to
recommend its use at PR24

I The introduction of the coastal population variable improves the explanatory power of the SWT1 and SWT2
baseline models.

9 However, the coastal models are not robust to the exclusion of the company with the largest share of coastal
population, as discussed in more detail below.

9 All models including the coastal population variable also fail the RESET test.

We also note that the dataset for coastal populations was provided by Southern Water, and has not yet been
verified by Ofwat.

The significance and sign of the coastal driver is sensitive to the removal of SRN (the least efficient company) in
both sewage treatment models:

 When we run the SWT1 model with the coastal driver on the full dataset, the driver is significant at the 5% level
and has a positive sign, in line with the expectation that sewage treaiment costs are higher for companies with
more coastal population. However, when we run the model with the coastal driver on the sample excluding
SRN, the coefficient of the coastal driver becomes negative, with a point estimate of-0.688 (p=0.645).

 When we run the SWT2 model with the coastal driver on the full dataset, the driver is significant at the 1% level
and has a positive sign. However, when we run the model with the coastal driver on the dataset excluding SRN,
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the coefficient of the coastal driver becomes statistically insignificant, with a positive point estimate of 0.135
(p=0.921).

We have analysed the relationship between coastal population and costs to understand why the models are
sensitive to the removal of one company. Southern Water has over 40% of its residential customers in coastal
areas, the highest proportion of the wastewater companies. However, it is not a data outlier, as a similar proportion
of South West Water®s cust omer base is also in coastal areas.

As the figure below demonstrates, the likely reason that the significance and sign of the coastal population driver is
sensitive to exclusion of companies is because SRN and SWB are data outliers.These companies both have a
larger proportion of coastal population, and significantly larger sewage treatment unit costs. This could be due to
inefficiency, or alternative cost drivers that are not captured by the coastal variable, or because there is a non-linear
relationship between coastal populations and sewage treatment unit costs. The inclusion of the coastal driver
improves efficiency scores for SRN by 26 and 30pps in SWT1 and SWT2 respectively, while it worsens the
efficiency score of YKY, NES and SVH, which all decrease by 5-10pps.

Figure 6.1: Relationship between coastal populations and sewage treatment costs: 202122
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Source: CEPA Analysis, Southern Water

We also do not recommend the use of the pump ing capacity per sewer length  driver. The driver was suggested
as an alternative driver of costs associated with coastal operation of the sewage treatment system. However, as
noted in our Phase 1 assessment, pumping capacity should not include pumps associated with sea outflows, and so
the correlation between pumping capacity and the coastal population driver may be spurious. For this reason, there
is insufficient rationale for the inclusion of the pumping capacity driver in the SWT base cost models.

We find that the economies of scale drivers in the PR19 SWT model specifications have lost statistical significance:
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9 Load treated in bands 1 to 3, used in the PR19 SWT1 model specification, is no longer statistically significant at
the 10% level in SWT1 (p=0.211), and

9 Load treated in band 6 is now only significant at the 10% level when used in the PR19 SWT2 model
specification (p=0.097). In its PR19 redetermination, the CMA noted that there is significant variation in STW
size within STW size band 6%

For these reasons, we believe Ofwat should consider alternative economies of scale driversfor the sewage
treatment models at PR24, where supported by economic and technical rationale.

The alternative sewage treatment economies of scale drivers all perform well statistically and offer strong
alternatives to the PR19economies of scale drivers:

9 The two weighted average STW size band drivers, usingour8-band structure anddandngl i a
structure, as well as the Weighted Average Treatment Size driver, perform well statistically as alternative
economies of scale drivers. Each is significant at the 1% level, and their significance and sign are robust to the
removal of data. The model explanatory power is stronger than the driver for load treated in STWs ©100,000
people.

9 Based on engineering input, we understand that STWSs that serve more than 100,000 people are typically large
enough to provide additional processes such as sludge treatment. Therefore, there may be changes in costs
associated with treatment works of this size. Both Load treated in STWs 100,000 and Load treated in STWs
0125,000 people perform strongly in the sewage treatment models. Load treated in STWs 0125,000 people is
however sensitive to the removal of Thames Water (as a data outlier and the most eficient company under this
model); the removal of Thames Water increases the p-value of the driver from 0.008 to 0.252, though the sign
remains negative as expected a priori. Load treated in STWs 100,000 people is less sensitive to the removal
of companies. When TMS is removed, the variable is still significant at the 10% level (with a p-value of 0.069).

9 Load treated in STWs 250,000 people also performs well statistically (SWT2 Model 15). The driver is
significant (p=0.003), the model provides a large model explanatory power (R? = 0.899), and is robust to the
removal of data. Load treated in STWs 250,000 people accounts for 56.8% of total load in 2021-22, however
this is comprised of only 41 STWs (compared to 128 STWs for the 100,000 threshold). The econometric results
for this driver could become skewed by a smaller number of observations.

I Load treated in STWs 500,000 people is the strongest statistically performing of the economies of scale
drivers (SWT2 Model 16). The driver is statistically significant (p=0.000), provides the largest model explanatory
power (R? = 0.919), and narrows the range of efficiency scores. The sign and significance of this driver is also
robust to the removal of data. One concern with this variable is that the result may be driven by few STWs,
leading to the increased likelihood of results being driven by outliers. Load treated in STWs ©500,000 people
accounts for 29.9% of the total load in 2021-22, though this is comprised of only 17 STWs. Of all load treated in
STwWs ©500,000 people, three companies account for the majority of load: Thames Water (40.6%), Severn
Trent (15.2%) and United Utilities (13.4%). We do note, however, that statistical results are robust toboth the
removal of Thames Water as an outlier, and the most and least efficient companies.

9 Load treated in STWs 1,000,000 people performs well statistically, but we have concerns with regards to
the variation of this variable across companies (STW2 Model 17). The driver is significant (p=0.002) and
improves model explanatory power relative to the PR19 SWT2baseline (R?*=0.879). Furthermore, model 17
passes all statistical tests atthe 5% significance level, and the results are robust to the removal of companies
and years. However, we note that only 16% of all load treated in 2021-22 are treated in STWs 01,000,000
people, or only 5 STWs. Furthermore, 72.2% of all load treated in STWs 1,000,000 people is treated by
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4 CMA (2021), Anglian Water Services Limited, Bristol Water plc, Northumbrian Water Limited and Yorkshire Water Services
Limited price determinations
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Thames Water. Whilst the results of this model specification are robust to the removal of Thames Water, we do
not recommend this model specification due to data concerns.*®

In summary, there are multiple feasible alternatives for the economies of scale variable which statistically
outperform the PR19 drivers. Engineering input has indicated load treated in STWs 0100,000 people as a relevant
cut-off point for the economies of scale driver. This variable performs more strongly than STWs 0125,000 people
which is sensitive to the removal of Thames Water. However, STWsO100,000 people does not perform as well
statistically as load treated in STWs 0250,000 people, load treated in STWs ©0500,000 people, the two weighted
average band drivers and the weighted average treatment size driver. These variables produce the highest
explanatory power and are most robust to removal of observations from the sample. However, as described above,
the main concern regarding load treated in STWs 0250,000 people and load treated in STWs 0500,000 people is
that the performance of a small handful of companies may drive the results given the reduced number of
observations for STWs above 250,000 and 500,000 people respectively.

We consider the CEPA WAB variableto be preferable to the ANH WAB variable based on statistical performance, in
the round. In the WWWN+ models, presented in Section6.2.3, the CEPA WAB variable performs better than the
ANH WAB variable from a statistical perspective.

When choosing between the remaining drivers, after filtering for statistical performance, technical rationale and
evidence on the relationship between STW, size and costs would ideally be used to support the choice of driver.
Engineering input from CEPA and Ofwat has not provided a clear technical understanding of the relationship
between STW size and unit cogs. Ofwat should further explore the relationship between STW size and unit costs in
order to ascertain which driver is more suitable. For example:

9 The cut-off drivers suggest a binary relationship between STW size and unit costs. A cutoff driver would be
most appropriate if there is a specific size threshold at which the largest step-change in unit costs takes place.

I The WATS variable aims toestimate a simple linear, continuous relationship between STW size and unit costs;
if a linear relationship is backed by technical rationale, the WATS variable would be preferable.

I The WAB drivers derive a more complicated relationship between STW sizes across companies and unit costs.
A WAB driver would be most appropriate if potential opportunities for economies of scale were unlocked at
different size thresholds.

Transparency, simplicity and robustness of the assumptions underlying the variable calculation are also important
factors to consider when selecting a cost driver. We consider the WATS variable to be easy to understand. The
interpretation of the WATS variable is simple, tying the weighted average size of STWs to costs. However,a
limitation of this variable is the lack of a complete dataset for all STWs which means that the calculation of the
WATS variable involves two distinct approaches for STWSs in bands 1-5, and STWs in bands above 5. In contrast,
the WAB variable is less easy to interpret given the use of assumed bands to separate STWs. Furthermore, the
results are more dependent on the thresholds chosen to define the bands.

In conclusion, we suggest that there are three candidate economies of scale drivers that merit further consideration
from Ofwat; load treated in STWs ©100,000 people, the CEPA weighted average band, and weighted average
treatment size. These drivers perform well statistically, are unlikely to be skewed by the results of a few STWs, and
can be justified on technical grounds.

3 333333333333 33333 333333 333333333333 333333333333 32383

45 \WWhen we run SWT2 Model 17 without Thames Water, the driver for STWs 01,000,000 people has a point estimate of -0.006,

with a p-value of 0.000. The other drivers remain significant and of the expected signnHowever , the model ®s exp
falls substantially, to R=0.857. Model explanatory power under this specification does not fall as sharply when the most and

least efficient company are removed, nor when we remove years of data from the sample.
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6.2.3. Wastewater network plus models

We present the full results of our Phase 2 assessment for the wholesale wastewater network plus modds in Table 6.11.

Table 6.11: Phase 2 assessment results for wholesale wastewater network plus models

Driver Baseline WWWN+  WWWN+ WWWN+ WWWN+ WWWN+ | WWWN+  WWWN+ | WWWN+
(WWWN+ Model 23 Model 19 Model 25 Model 26 Model 27 | Model 28  Model 29 | Model 30
model
21)

Load (log) 0.646*** 0.650***  0.727*** 0.691***  0.686**  0.706*** 0.696***  0.676*** 0.617***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}

Pumping capacity per sewer length (log) 0.367*** 0.355*** 0.380*** 0.370*** 0.359*** 0.347*** 0.330*** 0.259*** 0.381***
{0.000} {0.000} {0.000} {0.001} {0.000} {0.000} {0.002} {0.003} {0.000}

Load treated with ammonia consent O3mg/I 0.005*** 0.005*** 0.005*** 0.005*** 0.005*** 0.005*** 0.005*** 0.006*** 0.005***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}

Urban rainfall per sewer length (log) 0.076**

{0.017}
Load treated in STWSs of size bands 1-3 (%) 0.023*
{0.073}
Load treated in STWSs of size band6 (%) -0.004
{0.167}
Load treated in STWs O100,000 people (%) -0.002
{0.204}
Load treated in STWs 0125,000 people (%) -0.003**
{0.021}
Load treated in STWs 0250,000 people (%) -0.003
{0.162}
Load treated in STWs O500,000 people (%) -0.004***
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Driver Baseline ~ WWWN+ WWWN+ WWWN+ WWWN+ WWWN+ | WWWN+  WWWN+ | WWWN+
(WWWN+ Model 23 Model 19 Model 25 Model 26 Model 27 | Model 28  Model 29 | Model 30
model
21)

{0.002}
Load treated in STWs 01,000,000 people (%) 0.002
{0.487}
Constant -2.984***  .2.807**  -4.106***  -3.228**  -3.374**  -3.578**  -3.505%*  -3.238**  -2.628**

{0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}  {0.000}

R-squared 0.947 0.953 0.952 0.949 0.949 0.950 0.954 0.959 0.941
RESET test 0.572 0.163 0.478 0.677 0.700 0.783 0.798 0.918 0.176
VIF (max) 4.169 4.239 5.396 4.453 5.348 5.023 4.471 4.666 6.276
Pooling 0.978 0.997 0.992 0.997 0.997 0.996 0.979 0.922 0.984
Normality 0.435 0.651 0.044 0.101 0.352 0.329 0.246 0.126 0.316
Heteroskedasticity 0.515 0.231 0.603 0.762 0.333 0.325 0.196 0.101 0.089
Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Minimum efficiency score 0.917 0.934 0.911 0.927 0.921 0.918 0.928 0.949 0.878
Maximum efficiency score 1.069 1.104 1.082 1.087 1.067 1.070 1.058 1.077 1.097

Sensitivity of estimated coefficients to removal of
most and least efficient company

Sensitivity of estimated coefficients to removal of first
and last year of sample

Source: CEPA analysis

Key: Green Amber () Red
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Driver Baseline WWWN+ Model WWWN+ Model WWWN+ Model
(WWWN+ model 31 32 33
21)
Load (log) 0.646*** 0.715*+* 0.703*** 0.714***
{0.000} {0.000} {0.000} {0.000}
Pumping capacity per sewer length (log) 0.367*** 0.332*** 0.334*** 0.295***
{0.000} {0.001} {0.001} {0.002}
Load treated with ammonia consent O3mg/I 0.005*** 0.005*** 0.005*** 0.005***
{0.000} {0.000} {0.000} {0.000}
Weighted average CEPA size band (log) -0.843***
{0.002}
Weighted average ANH size band (log) -0.464
{0.158}
Weighted average treatment size (log) -0.092**
{0.012}
Constant -2.984*** -2.283*** -2.806*** -2.929%**
{0.000} {0.000} {0.000} {0.000}
R-squared 0.947 0.953 0.954 0.956
RESETtest 0.572 0.801 0.771 0.901
VIF (max) 4.169 4.545 4.484 4.352
Pooling 0.978 0.991 0.983 0.973
Normality 0.435 0.102
Heteroskedasticity 0.515 0.474 0.316 0.167
Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000
Minimum efficiency score 0.917 0.939 0.936 0.953
Maximum efficiency score 1.069 1.068 1.059 1.092
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Baseline WWWN+ Model WWWN+ Model WWWN+ Model

(WWWN+ model 31 32 33
21)

Sensitivity of estimated coefficients to removal of most and least efficient company

Sensitivity of estimated coefficients to removal of first and last year of sample

Source: CEPA analysis
aThe reported VIF is for the model excluding the squared density term

Key: Green Amber Q Red
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In summary, our statistical tests show that:

9 Most estimated coefficients are significant and have the expected sign. But only some of the alternative
economies of scale drivers are statistically significant when included in the WWWN+ models.

1 All models demonstrate a very high explanatory power. The inclusion of urban rainfall or most of the alternative
economies of scale drivers results in a slight improvement in the explanatory power compared to the PR19
model specification.

9 Al models perform well against the RESET,VIF, pooling, normality and heteroskedasticity tests. The LM test for
all models is supportive of a Random Effects specification.

Overall, the conclusions of our Phase 2 assessment of SWT models are as follows

As for the SWC models, the inclusion of the normalised urban rainfall variable improves the explanatory power of
the WWWN+ model and should be considered further. As set out before, one potential area of concern is the
sensitivity of the estimated coefficient to changes in the sample period which should be investigated further.

For the economies of scale drivers in the WWWN+ models, te different STW size band cut-offs considered have
a mixed performance when used in the WWWN+ models:

9 Load treated in bands 1 to 3 performs well statistically overall; the variable is significant with a p-value of
0.073, and is of the expected sign. Furthermore, the sign and significance of the driver is robust to the removal
of data. However, this driver is not statistically significant at the 10% level in the baseline SWT1 model.

9 Load treated in b and 6 does not perform well statistically; the variable is not statistically significant at the 10%
significance level, and is not robust to the removal of the least efficient company.

9 The best performing drivers statistically in the WWWN+ models are load treated in STWs 125,000 and
500,000 people , which are statistically significant and robust to the removal of data. These models also
improve the explanatory power of the models.*® However, as noted in section 6.2.2, we have concerns that load
treated in STWs O500,000 relies on a smaller number of observations.

1 The driver for load treated i n STWs O100,000 people is statistically insignificant in the full sample (p=0.204).
However, when we remove either the first year of data (2011-12) or WSX (as the most efficient company), the
driver becomes statistically significant (p=0.026 for the removal of the first year, and p=0.036 for the removal of
WSX).

9 The fact that similar economies of scale drivers (such as load treated in STWs 0100,000 and ©125,000 people)
have such a mixed performance suggests that the performance of these drivers in the WWWN+ model is
sensitive to the threshold selected. We note that, in contrast, the same drivers are consistently performing well
in the SWT models; this is likely because STW size predominantly affects sewage treatment costs, and so the
relationship between STW size and WWWN+ costs is less pronounced

Overall, the three weighted treatment size drivers perform reasonably well statistically:

I The CEPA weighted average band and the weighted average treatment size  drivers are statistically
significant and of the expected sign. Each improves the explanatory power of the model relative to the baseline,
by 6 to 9pps.

 The ANH weighted average band driver is not significant at the 10% level (p-value of 0.158). However, it
becomes statistically significant with a p-value of 0.015 when we remove WSX (as the most efficientcompany),
and becomes significant at the 10% level when we remove the first year of data (2011-12).
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46 R2 = 0,947 for the baseline WWWN+ model, increasing to R=0.950 and 0.959 when load treated in STWs ©125,000 and
500,000 people are included, respectively.
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9 We note that the point estimate of the pumping capacity per sewer length driver is substantially lower when the
weighted average treatment size driver is included; the point estimate falls from 0.367 in the baseline WWWN+
model to 0.295 when the weighted average treatment size driver is included. This suggests some interaction
effects between pumping capacity and average STW size. This may be because companes that have smaller
STWs are more likely to operate in sparse areas and near the coast, which is likely to require more pumping.

When evaluating the economies of scale drivers, we need to take account of statistical performance across both the
sewage treatment and wholesale wastewater network plus models, in addition to the performance of the different
variables viz a vizdata availability and sample size transparency, simplicity, and technical rationale. These aspects

are discussed in some detail in Section 6.2.2. We discount the load treated in STWSO 500, 0 0 Pecgusethe | e
driver is at particular risk of being skewed by the results of a few large STWs.

We discuss in Section 6.2.2 that engineering input has not provided a strong case for any specific economies of
scale driver, except for the use of a 100,000 population threshold which is not statistically significant at the 10%
level in the WWWN+ models. The STW size band drivers perform well in the STW models but are more sensitive to
the chosen threshold in the WWWN+ models. Ofwat should therefore be cautious when considering these variables
for inclusion in the WWWN+ models.

Overall, we recommend two economies of scale drivers to Ofwat for consideration in the WWWN+ models: CEP A® s
weighted average band, and the weighted average treatment size , as these drivers perform well statistically,
and cannot be separated by technical rationale, simplicity or transparency as discussed in Section 6.2.2.
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6.3. BIORESOURCES MODELS

Table 6.12 summarises the results of our Phase 2 assessment, which considers the variables we progressed from
our Phase 1 assessment, whose findings are summarised inTable 5.3.

Table 6.12: Variables considered in our Phase 2 assessment
Model BR1 BR2
Alternative density drivers
MSOA (population) °

LAD from MSOA (population)

Properties per length of mains e

Economies of scale in sludge treatment

CEPA size bands 6 e

Weighted average bands (WAB) e

Key: Consider Needs further consideration e Do not consider

We present the full results of our Phase 2 assessment for thebioresources models in tables Table 6.13 and Table
6.14.
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Table 6.13: Phase 2 assessment results for the BR1 models

Driver

PR19 MSOA

instead of
LAD

Sludge produced (log) 1.172%** 1.132%**
{0.000} {0.000}

WAD - LAD (log) -0.133
{0.267}

Load treated in STWs bands 1-3 (%) 0.063** 0.064**
{0.011} {0.016}

WAD - MSOA (log) -0.093

{0.642}

WAD - LAD from MSOA (log)

Properties per sewer length (log)

Load treated in STWs 0250,000 people (%)

Weighted average treatment band (CEPA)

(%)

Weighted average treatment band (ANH) (%)

Constant -0.912 -0.946

BR1 Model1 BR1 Model2 BR1 Model 3

LAD from
MSOA

1,176+
{0.000}

0.063*
{0.011}

-0.139
{0.217}

-0.889
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BR1 Model 4

Prop. per
sewer
length
instead of
[WA\D)

1.136%+
{0.000}

0.046**
{0.045}

-0.638
{0.218}

0.744

BR1 Model
11

Load
treated in
STWs >250k

1.157%
{0.000}
-0.07
{0.668}

-0.010%*
{0.029}

-0.708

BR1 Model
14

CEPA
weighted
average
band

1.121%*
{0.000}
-0.109
{0.512}

-1.851*

{0.064}

2.826*

BR1 Model
15

ANH
weighted
average
band

1.123%**
{0.000}
-0.096
{0.576}

-1.242%
{0.039}
1.658
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Driver BR1 Modell BR1Model2 BR1Model3 BR1Model4 BR1 Model BR1 Model BR1 Model
11 14 15
{0.310} {0.479} {0.312} {0.613} {0.455} {0.052} {0.114}
R-squared 0.82 0.815 0.821 0.812 0.783 0.797 0.791
RESET test 0.528 0.409 0.488 0.009 0.326 0.292 0.342
VIF (max) 3.086 3.057 3.066 3.877 2.658 2.659 3.039
Pooling 0.676 0.815 0.753 0.999 0.769 0.811 0.813
Normality 0.267 0.149 0.261 0.124 0.334 0.188 0.242
Heteroskedasticity 0.332 0.212 0.338 0.22 0.521 0.518 0.502
Pooled OLS vs RE (LM test) 0 0 0 0 0 0 0
Minimum efficiency score 0.682 0.67 0.684 0.669 0.718 0.671 0.661
Maximum efficiency score 1.434 1.496 1.436 1.591 1.648 1.609 1.601
Sensitivity of estimated coefficients to e Q

removal of most and least efficient company

Sensitivity of estimated coefficients to
removal of first and last year of sample

Key: Green Amber [ ) Red
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Table 6.14: Phase 2 assessment results for BR2 models

Driver

BR2 Model 1

PR19

BR2 Model 4
>250k

BR2 Model 7

CEPA weighted
average band

BR2 Model 8

ANH weighted
average band

Sludge produced (log) 1.134%** 1.123*** 1.080*** 1.092***

{0.000} {0.000} {0.000} {0.000}
STWSs per property (log) 0.275

{0.174}
Load treated in STWs 0250,000 people (%) -0.011**

{0.024}
Weighted average treatment band (CEPA) (%) -2.152**
{0.027}
Weighted average treatment band (ANH) (%) -1.448**
{0.019}

Constant 0.808 -1.034* 2.792** 1.507*

{0.316} {0.075} {0.034} {0.071}
R-squared 0.784 0.781 0.795 0.789
RESET test 0.374 0.32 0.442 0.494
VIF (max) 3.359 2.086 2.151 2.347
Pooling 0.974 0.977 0.99 0.99
Normality 0.04 0.195 0.138
Heteroskedasticity 0.757 0.397 0.31 0.373
Pooled OLS vs RE (LM test) 0 0 0 0
Minimum efficiency score 0.597 0.712 0.67 0.661
Maximum efficiency score 1.471 1.713 1.72 1.697
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Driver BR2 Model 1 BR2 Model 4 BR2 Model 7 BR2 Model 8

Sensitivity of estimated coefficients to removal of most and
least efficient company

Sensitivity of estimated coefficients to removal of first and last
year of sample

Key: Green Amber ° Red

96



CEPA

In summary, our statistical tests show that:
9 None of the density drivers tested in BR1 are statistically significant.
9 Al alternative Economies of Scale drivers are statistically significant.

9 Most alternative model specifications have an explanatory power (R?) that is lower than the PR19 model
specifications. The exceptions are:

o BR1 Model 3, with LAD from MSOA as an alternative density driver.

o BR2 Models 4 and 9, with CEPA WAB and ANH WAB as alternative Economies of Scale drivers
respectively.

9 The models generally perform well on the RESET, VIF,and pooling tests. Only BR2 Model 4 using properties
per sewer length as the density driver fails the RESET test.The LM test for all models is supportive of a
Random Effects specification.

I Some models fail the normality and heteroskedasticity tests. We do not consider this problematic due to the
use of a Random Effects specificationand the use of robust standard errors respectively.

1 We find that all the BR2 models are robust to the removal of companies and years from the sample.

I Wwe find that some BR1 models are not robust to the removal of companies and years from the sample, we
discuss this in more detail below.

We set out our overall conclusions of our Phase 2 assessment ofBR models below.

For the alternative density variables, we find that none of the density variables are statistically significant. We
further tested the BR1 model without the density variable (i.e., we tested a model with only scale and economies of
scale drivers). We found that the impact on R-squared was minimal, decreasing from 0.82 for the PR19 specification
to 0.817. Therefore, Ofwat could consider dropping the density variable from BR1. However, as the inclusion of a
density driver is the main difference between models BR1 and BR2, excluding the density driver could result in
Ofwat having to rely on a single model to estimate bioresources costs at PR24. We consider that there is a strong
technical rationale as to why density can affect both sludge treatment and sludge transport and disposal costs and
this could justify the inclusion of density in the BR models; although the extent to which density captures different
impacts from the economies of scale at STWsdrivers would need to be explored further.

We also note that the LAD from MSOA variable in model 3 has a lower p-value than the PR19 density variable WAD
2 LAD in model 1, and the R-squared is marginally higher in model 3 than in model 1. Furthermore, as explained in
previous sections, MSOA-based density measures have the advantage, compared to the PR19 density measure,
that they do not rely on mapping of company areas to LADs. Therefore, if Ofwat wishes to retain a density driver,
we consider that replacing the WAD 2 LAD variable with the LAD from MSOA variable could represent an
improvement particularly in terms of transparency and reliability of the underlying dataset.

For the alternative economies of scale variables , we find that the PR19 variablein BR1 (load treated in bands 1-
3) performs well. The % of load in STWs ©250,000 people is statistically significant in BR1, but the R-square of this
model decreases compared to the PR19 specification. The model is also sensitive to the removal of the mog
efficient company (NES), in which case the EoS driver becomes statistically insignificant. A further consideration is
that the selected economies of scale at STWs driver in the BR modelsshould be consistent with the driver used in
the SWT and WWWN+ modsds. In the case of SWT and WWWN+ models,we concluded that the inclusion of % of
load in STWs ©250,000 may not be appropriate as the econometric results could be skewed by the use of a
smaller number of observations.

For the BR1 models, the WAB variables are sensitive to the removal ofthe most efficient company and the last year
of data, becoming statistically insignificant. We also note thatthe density variable in these specifications changes its
sign. This is likely to be because we are replacing a variable that accounts for the prevalence of small STWs

(generally associated with sparser areas)with a variable that also reflects the impact of large STWs (associated with
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denser areas). The models including the WAB variables also have a lower Rsquared compared to the PR19 model
specification. Overall, for the BR1 model, we recommend that Ofwat retains the PR19 variable of Load treated in
STWs bands 1-3.

For the BR2 models (that do not include a density driver), we find that the PR19 variable (STWSs per property) is
statistically insignificant, while the WAB variables and the alternative band size variable are statistically significant.
However, the alternative size band (% of load in STWs 0250,000 people) is sensitive to the removal of the most
efficient company, in which case the EoS driver becomes statistically insignificant. The WAB variables arerobust to
the removal of years and companies. Furthermore, we find that the CEPA WAB variable has a higher explanatory
power than the ANH WAB variable. One concern related to the WAB variable, as presented in our discussion of
SWT models, is that it relies on assumptions about the appropriate definition of bands.

Overall, we suggest that Ofwat consider models that include:
I ascale driver (sludge produced);

I an economies of scale driver: load treated in size bands 1-3, sewage treatment works per number of properties
or the CEPA WAB variable; and

9 potentially a density driver (with LAD from MSOA being the best performing density variable in the BR models
based on our analysis) if there is a sufficiently strong technical rationale to suggest density should be used
either in addition or instead of an economies of scale driver.
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7. DEVELOPING OPTIONS FOR CONSIDERATION AT PR24

In Section 6 we set out the outcome of our assessment of alternative models that Ofwat might use at PR24.1In this
section, we summarise the individual variables that we consider to be viable alternatives for the PR24 cost models
and further assess their impacts by testing combinations of the alternative variables that performed best based on
our analysis.

7.1. WATER MODELS

Following the Phase 2 assessment set out inSection 1, we suggest that Ofwat should consider the following
variables for the PR24 base costwater models:

9 Average Pumping Head (TWD) (in the TWD and WW models) 2 which leads to small improvements in the
statistical performance of the TWD model and is supported by a strong technical rationale. APH (TWD)
performs slightly better in the WW models in terms of statistical robustness and data quality than APH (all), as
discussed in 6.1.3. Therefore, we have used APH (TWD) in the WW modelspresented in this section as our
preferred option.

I Alternative density drivers (used at all levels of cost aggregation) 2 these do not necessarily lead to
improvements in the statistical performance of the models but can be justified on the grounds of improving the
data quality and the accuracy of the density measure relative to the PR19 density measure which is more prone
to error. The recommendations we considered are:

o MSOA density;
0 LAD density aggregated from MSOA; and

0 properties per length.

9 Length of mains (in the WW models) 2 which performs well as an alternative scale driver in the WW model
although does not offer a clear improvement over the PR19 model specification and has an impact on the
performance of the booster per length driver in the WW models, as discussed in section 6.1.3.

Our assessment shows that all these options performwell against our selection criteria when assessed as an
individual change to the PR19 models. However, as many of these decisions affect the same models, Ofwat will also
need to consider the combined impact of the options on its base cost models. To help Ofwat understand these
potential impacts, we have tested the following combinations of options and assessed the robustness of the model
specifications:

 For TWD, we have tested APH (TWD) instead and alongside boosters per length in combination with alternative
density drivers.

T For Ww, we have tested APH (TWD) instead and alongside boosters per length in combination with alternative
density drivers. We also tested an alternative scale driver (length of mains) in combination with APH (TWD)
alongside and instead of boosters per length.

We considered the statistical performance and robustness of these additional model specifications by applying the
same statistical sensitivity tests set out in Section 1.

We present below a final selection of water models for consideration, including models which test the following
different combinations of options in order to assess the robustness of the model specifications.

7.1.1. Water resources  plus models

We present the conclusions of our analysis of the WRP model specifications in Section6.1.1. There are no
alternative model specifications or combinations of options that we propose should be included in the base cost
modelling suite at PR24. We summarise our final proposed WRP models inTable 7.1 below.
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Table 7.1: Final WRP models

Driver WRP1 Model WRP1 Model WRP1 Model WRP2 Model WRP2 Model WRP2 Model
3 4 5 3 4 5
MSOA LAD from Prop. per MSOA LAD from Prop. per
instead of MSOA length instead of MSOA length
LAD density  density instead of LAD density  density instead of
LAD density LAD density
Properties (log) 1.054*** 1.077*** 1.028*** 1.057*** 1.075*** 1.027***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Water treated in bands 3-6 (%) 0.004*** 0.005*** 0.005***
{0.009} {0.002} {0.001}
Weighted average complexity (log) 0.315 0.343 0.365
{0.234} {0.183} {0.143}
Density variable (log) -4.986** -1.545%** -7.815** -5.048** -1.468** -7.440**
{0.017} {0.007} {0.019} {0.034} {0.026} {0.030}
Squared density variable (log) 0.303** 0.097*** 0.858** 0.306** 0.091** 0.810**
{0.017} {0.008} {0.028} {0.033} {0.031} {0.042}
Constant 9.416 -5.335%** 6.988 9.591 -5.660*** 6.136
{0.226} {0.000} {0.309} {0.286} {0.002} {0.389}
R-squared 0.901 0.909 0.91 0.896 0.902 0.905
RESET test 0.765 0.436 0.324 0.729 0.367 0.203
VIF (max) 1.269 1.206 1.112 1.308 1.253 1.158
Pooling 1.000 0.999 0.983 1.000 0.999 0.997
Normality 0.417 0.522 0.143 0.416 0.812 0.527
Heteroskedasticity 0.000 0.000 0.000 0.000 0.000 0.000
Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000 0.000 0.000
Minimum efficiency score 0.493 0.527 0.507 0.473 0.501 0.484
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Driver WRP1 Model WRP1 Model WRP1 Model WRP2 Model WRP2 Model WRP2 Model
3 4 5 3 4 5
Maximum efficiency score 1.997 2.016 1.975 1.983 1.986 1.948

Sensitivity of estimated coefficients to
removal of most and least efficient company

Sensitivity of estimated coefficients to
removal of first and last year of sample
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7.1.2. Treated water distribution and wholesale water models
Density and APH in TWD and WW Models

As both APH (TWD) and alternative density drivers are good alternatives for PR24, we have combined these
options for TWD and WW models. The results show good statistical performance when combining MSOA/LAD from
MSOA/properties per length with APH alongside or instead of boosters per length in the TWD models (see Table
7.2 below). All variables are statistically significant and pass all robustness tests.The alternative density drivers
perform less well in the WW models without boosters per length, when combining APH (TWD) with MSOA/LAD
from MSOA, as the water treatment complexity drivers (Water treated in bands 3-6 (%) and WAC) lose some
significance or even marginally become statistically insignificant in the model including the MSOA density driver
(see Table 7.3 below). In the WW models including boosters per length, all drivers are statistically significant, when
combining APH (TWD) and alternative density variables.If Ofwat decides to use the MSOA density driver, we
consider that the models including boosters per length are more statistically robust. However, if Ofwat decides to
drop boosters per length in the WW models, and the results remain the same with an additional year of data, it may
need to reconsider whether the statistical performance of the model is sufficiently robust to include in the PR24
suite of models. Ofwat may still decide to include both APH, boosters per length and MSOA density in the model
but in that case, it should reconsider the use of some of the drivers in the model (e.g., explore the inclusion of an
alternative driver for treatment complexity).
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Table 7.2: Final TWD models

Driver

TWD

APH no booster,
MSOA

TWD

APH + booster,
MSOA

TWD

APH no booster,
LAD from MSOA

TWD

APH + booster,
LAD from MSOA

TWD

APH no booster,
prop/length

TWD

APH + booster,
prop/length

Lengths of main (log) 1.017%** 1.017*** 1.062*** 1.062*** 1.045*** 1.060***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Density (log) -6.539*** -5.787*** -2.975%** -2.754%%* 16.623*** -14.233***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Squared density (log) 0.445*+* 0.405*** 0.229*** 0.219*** 2.055*+* 1.811***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Boosters per length (log) 0.305*** 0.345*** 0.386***
{0.004} {0.004} {0.002}
Average Pumping Head - 0.357*** 0.339***
distribution (log) 0.4171*** 0.380*** 0.357*** 0.314***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Constant 16.573*** 14.564*** 1.99 2.547** 26.125%** 21.933%**
{0.000} {0.000} {0.218} {0.029} {0.000} {0.000}
R-squared 0.965 0.968 0.961 0.965 0.966 0.971
RESET test 0.719 0.859 0.439 0.321 0.845 0.856
VIF (max) 1.062 1.599 1.032 1.869 1.037 1.878
Pooling 0.767 0.632 0.798 0.73 0.847 0.536
Normality 0.954 0.469 0.65 0.716 0.474 0.555
Heteroskedasticity 0.828 0.654 0.482 0.673 0.268 0.637
Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000 0.000 0.000
Minimum efficiency score 0.708 0.745 0.722 0.751 0.748 0.822
Maximum efficiency score 1.318 1.351 1.315 1.376 1.284 1.377
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Driver TWD TWD TWD TWD TWD TWD

APH no booster, APH + booster, APH no booster, APH + booster, APH no booster, APH + booster,
MSOA MSOA LAD from MSOA LAD from MSOA prop/length prop/length

Sensitivity of estimated
coefficients to removal of
most and least efficient
company

Sensitivity of estimated
coefficients to removal of
first and last year of sample

Source: CEPA analysis
Key: Green Amber ° Red
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Table 7.3: Final WW models (APH +alternative density variables, no boosters)

Driver WW1 WW2 WW1 WW2 WW1 WW2
APH, no APH, no APH, no APH, no APH | no APH, no
booster, booster, booster, booster, booster, booster,
MSOA MSOA LAD from LAD from prop/length prop/length

MSOA MSOA

Properties (log) 1.041%** 1.037*** 1.066*** 1.059*** 1.025*** 1.020***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}

Water treated in bands 3-6 (%) 0.003** 0.003**

{0.028} {0.014}
Weighted average complexity (log) 0.258 0.318**
{0.108} {0.036}

Density (log) -6.145%** -5.895%** -2.179%** -2.036%** -12.767*** -12.007***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}

Squared density (log) 0.384*** 0.367*** 0.148*** 0.138*** 1.467*** 1.374%**
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}

Average Pumping Head - TWD (log) 0.359*** 0.351%** 0.345%** 0.336*** 0.278** 0.265**
{0.002} {0.002} {0.001} {0.002} {0.022} {0.034}

Constant 13.173** 12.138** -3.750** -4.293** 16.893*** 15.240***
{0.010} {0.022} {0.035} {0.015} {0.000} {0.000}

R-squared 0.961 0.962 0.965 0.965 0.966 0.967

RESET test 0.895 0.935 0.838 0.821 0.781 0.614

VIF (max) 1.271 1.315 1.211 1.267 1.115 1.196

Pooling 0.975 0.97 0.856 0.85 0.979 0.978

Normality 0.395 0.502 0.329 0.794 0.076 0.178

Heteroskedasticity 0.000 0.000 0.000 0.000 0.000 0.000

Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000 0.000 0.000
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Driver

Minimum efficiency score
Maximum efficiency score

Sensitivity of estimated coefficients to
removal of most and least efficient company

Sensitivity of estimated coefficients to
removal of first and last year of sample

WWwW1
APH, no

booster,
MSOA

0.723
1.444

Ww2

APH, no
booster,
MSOA

0.704
1.431

Www1i

APH, no
booster,
LAD from
MSOA

0.745
1.487
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Ww2

APH, no
booster,
LAD from
MSOA

0.722
1.463

Ww1i

APH , no
booster,
prop/length

0.745
1.453

WWw2

APH, no
booster,
prop/length

0.726
1.433
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Table 7.4: Final WW models (APH +alternative density variables+ boosters)

Driver WW1 WW2 WW1 WW2 WW1 WW2
APH + APH + APH + APH + APH + APH +
booster, booster, booster, booster, booster, booster,
MSOA MSOA LAD from LAD from prop/length prop/length

MSOA MSOA

Properties (log) 1.047*** 1.042%** 1.069*** 1.061*** 1.036*** 1.031***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}

Water treated in bands 3-6 (%) 0.003** 0.003** 0.003***

{0.027} {0.011} {0.006}
Weighted average complexity (log) 0.287** 0.321** 0.334**
{0.050} {0.034} {0.019}

Density (log) -5.015*** -4.748*** -1.931%** -1.769*** -10.787*** -10.044***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}

Squared density (log) 0.321*** 0.303*** 0.136*** 0.124*** 1.263*** 1.171%**
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}

Boosters per length (log) 0.420*** 0.409%** 0.357** 0.354*** 0.322** 0.306**
{0.003} {0.003} {0.011} {0.009} {0.030} {0.028}

Average Pumping Head - TWD (log) 0.298*** 0.285** 0.285*** 0.270** 0.249** 0.234*
{0.007} {0.012} {0.007} {0.015} {0.037} {0.062}

Constant 10.078*** 8.962*+* -3.207*** -3.814*** 13.447%** 11.812%**
{0.002} {0.010} {0.008} {0.002} {0.003} -10.044***

R-squared 0.969 0.970 0.970 0.971 0.969 0.970

RESET test 0.964 0.580 0.645 0.545 0.703 0.400

VIF (max) 1.79 1.744 1.96 1.952 1.902 1.888

Pooling 0.995 0.99 0.978 0.963 0.974 0.971

Normality 0.846 0.874 0.969 0.974 0.388 0.395
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Driver ww1 WW2 WWw1 WW2 Ww1 WW2
APH + APH + APH + APH + APH + APH +
booster, booster, booster, booster, booster, booster,
MSOA MSOA LAD from LAD from prop/length prop/length
MSOA MSOA
Heteroskedasticity 0.000 0.000 0.000 0.000 0.000 0.000
Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000 0.000 0.000
Minimum efficiency score 0.782 0.758 0.774 0.749 0.759 0.740
Maximum efficiency score 1.361 1.379 1.338 1.357 1.321 1.306

Sensitivity of estimated coefficients to
removal of most and least efficient company

Sensitivity of estimated coefficients to
removal of first and last year of sample

Source: CEPA analysis

Key: Green Amber [ ) Red
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in the WW models

Including an additional WW model with length of mains as scale driver, instead of number of properties, could be
considered for PR24. We tested this model in combination with LAD from MSOA and with and without APH (TWD)
(alongside or instead of boosters per length). All variables are statistically significanton a 10% basis and pass all
robustness tests, apart from the heteroskedasticity test, which does not cause any issues due to the use of robust
standard errors (see Table 7.5 below). Boosters per length loses some statistical significance, when combining with

Length of mains

length per mains and, even more so, when APH (TWD)is also included.

Ofwat may consider using other alternative density drivers (MSOA or properties per length) in the WW models
using length of mains. However, we consider that the choice of density driver is a separate decision and this should
not affect the choice of whether or not to use length of mains in the WW models. Therefore, to limit the number of
models presented here, we have only included results for model specifications using the LAD from MSOA density
driver (as this is the density driver that most resembles the PR19 WAD LAD measure).

Table 7.5: Combined WW models (Length of mains + LAD from MSOA)

Driver WW1 WW?2 WW1 WW?2 WW1 WW2
Length of  Length Length of Length of Length of Length of
mains, of mains, mains, mains, mains, mains,
LAD from  LAD LAD from  LAD from LAD from LAD from
MSOA, from MSOA, MSOA, MSOA, MSOA,
booster MSOA, APH, APH, APH, no APH, no

booster booster booster booster booster

Lengths of main (log) 1.047*** 1.037*** 1.045%** 1.037*** 1.044*** 1.037***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}

Water treated in bands 3-6 (%) 0.003*** 0.003*** 0.003**

{0.001} {0.007} {0.013}
Weighted average complexity (log) 0.370** 0.330** 0.319**
{0.011} {0.033} {0.048}

WAD - MSOA to LAD (log) -2.255%** -2.063***  -2.347*** -2.179%** -2.474%%* -2.315%**
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}

Squared WAD - MSOA to LAD 0.179*** 0.164*** 0.184*** 0.172%** 0.190*** 0.178***

(log)

{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}

Boosters per length (log) 0.288** 0.279**

{0.032} {0.023}
APH - TWD (log) 0.239%* 0.219% 0.271%*  0.254%%
{0.011} {0.028} {0.004} {0.008}

Constant 2.631* 1.77 1.677 1.033 1.296 0.671
{0.053} {0.198} {0.204} {0.441} {0.286} {0.600}

R-squared 0.968 0.970 0.970 0.972 0.968 0.969

RESET test 0.155 0.094 0.485 0.407 0.663 0.642

VIF (max) 1.835 1.834 1.884 1.882 1.095 1.194

Pooling 0.871 0.728 0.918 0.85 0.918 0.897

Normality 0.632 0.434 0.441 0.259 0.069 0.144

Heteroskedasticity 0 0 0.001 0 0.005 0.004
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Driver WWw1

Length of
mains,

LAD from
MSOA,
booster

Pooled OLS vs RE (LM test) 0
Minimum efficiency score 0.774
Maximum efficiency score 1.355

Sensitivity of estimated coefficients
to removal of most and least
efficient company

Sensitivity of estimated coefficients
to removal of first and last year of
sample

Source: CEPA analysis
Key: Green Amber ° Red

Ww2

Length
of mains,
LAD
from
MSOA,
booster

0.772
1.354
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WW1

Length of
mains,
LAD from
MSOA,
APH,
booster

0.819
1.428

Ww2

Length of
mains,
LAD from
MSOA,
APH,
booster

0.795
14

WW1

Length of
mains,
LAD from
MSOA,
APH, no
booster

0.803
1.518

WWwW2

Length of
mains,
LAD from
MSOA,
APH, no
booster

0.779
1.49
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7.2. WASTEWATER MODELS

Following the Phase 2 assessment set out in Section1, we suggest that Ofwat should consider the following
variables for the PR24 base cost wastewater models:

1

Normalised u rban rainfall (in the SWC and WWWN+ models)? as this results in overall immprovements in the
performance of the models.

Alternative density drivers  (in the SWC2 model) - these do not lead to improvements in the statistical
performance of the models but can be justified on the grounds of improving the data quality and the accuracy
of the density measure. The options we considered are:

o MSOA density; and
o LAD density aggregated from MSOA. 4’

Alternative economies of scale drivers for sewage treatment 2 as this can improve the performance of the
models given that the PR19 drivers have low or no statistical significance.

o For the SWT models, we put forward three alternative economies of scale drivers; load treated in

STWs ©100,000people, CEPA®s wei ghted av e razgge tréatmentsize.an d

o For the WWWN+ models, weconsider 2 economies of scale drivers; CEPA®s wei ght ed

band and weighted average treatment size.

Based on our assessment in Section 1, we found that all of these options perform well against our selection criteria
when assessed as an individual change to the PR19 models.In this section, we present a final selection of models
for consideration, including models which test the following different combinations of options in order to assess the
robustness of the model specifications. These model results are presented in the tables below.

)l

For SWC1, we only considered one additional driver to the PR19 baseline specification, namely the normalised
urban rainfall driver. We do not test any combination of model specifications in this section.

For SWC2, we have tested urban rainfall in combination with MSOA density and LAD from MSOA.

For the SWT models, we have only recommended a selection of the economies of scale drivers. Therefore, we
do not test any combination of model specifications in this section.

For WWWN+, we have tested urban rainfall in combination with CE P A®s we i agé baeddandtivee r
weighted average treatment size driver.

We have considered the statistical performance and robustness of these additional model specifications by
applying the same statistical sensitivity tests set out in Section 1.

We present the related efficiency scores associated with each of our final model recommendations in Appendix B.

3 3333333333333 33333333 3333333333333 32382333

w
w
w
w
w
w
w
w
w
w
w

47 At PR19, Ofwat used properties per length of sewers asa density driver in its SWC1 model specification. We do not re-test
this driver for the SWC2 model here.
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Table 7.6: Final SWC1 models

Driver Baseline SWC1
(PR19 Model 2
SWC1)
Sewer length (log) 0.804*** 0.842*x**
{0.000} {0.000}
Pumping capacity per sewer length (log) 0.344** 0.357**
{0.012} {0.017}
Properties per sewer length (log) 1.043*** 0.972***
{0.000} {0.000}
Urban rainfall per sewer length (log) 0.116***
{0.000}
Constant -7.956***  -7.760***
{0.000} {0.000}
R-squared 0.917 0.920
RESET test 0.356 0.170
VIF (max) 2.337 2.535
Pooling 0.720 0.898
Normality 0.394 0.085
Heteroskedasticity 0.299 0.282
Pooled OLS vs RE (LM test) 0.000 0.000
Minimum efficiency score 0.910 0.934
Maximum efficiency score 1.127 1.17

Sensitivity of estimated coefficients to removal of most and least
efficient company

Sensitivity of estimated coefficients to removal of first and last year of
sample
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Table 7.7: Final SWC2 models

Driver

SWC2 Model 6
MSOA

SWC2 Model 8

LAD from
MSOA

SWC2 Model 13
Urban rainfall +

MSOA

SWC2 Model 14

Urban rainfall +
LAD from
MSOA

Sewer length (log) 0.847*** 0.852*** 0.865*** 0.857***
{0.000} {0.000} {0.000} {0.000}
Pumping capacity per sewer length (log) 0.594*** 0.554*** 0.517*** 0.554***
{0.000} {0.000} {0.000} {0.000}
MSOA Weighted average density (log) -2.291** -4.693***
{0.041} {0.005}
Square MSOA Weighted average density (log) 0.169** 0.315***
{0.021} {0.002}
MSOA Weighted average density, aggregated by LAD (log) -1.989***
{0.001}
Square MSOA Weighted average density, aggregated by LAD (log) 0.336** 0.151***
{0.039} {0.000}
Urban rainfall per sewer length (log) 0.156*** 0.157***
{0.000} {0.000}
Constant 3.016 14.241 13.056** 2.196
{0.501} {0.195} {0.048} {0.325}
R-squared 0.897 0.895 0.918 0.920
RESET test 0.326 0.399 0.759 0.630
VIF (max) 1.9142 1.9962 2.00? 1.922
Pooling 0.982 0.987 0.967 0.951
Normality 0.244 0.376 0.003 0.001
Heteroskedasticity 0.000 0.000 0.002 0.003
Minimum efficiency score 0.877 0.856 0.877 0.897
Maximum efficiency score 1.206 1.157 1.13 1.182
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Driver SWC2 Model 6 SWC2 Model 8
MSOA LAD from

SWC2 Model 13 SWC2 Model 14
Urban rainfall + Urban rainfall +

MSOA MSOA LAD from

MSOA

Sensitivity of estimated coefficients to removal of most and least efficient
company

Sensitivity of estimated coefficients to removal of first and last year of sample

Source: CEPA analysis
@ The reported VIF excludes the squared density term

Key: Green Amber o Red

114



CEPA

Table 7.8: Final SWT models

Driver SWT2 Model 13 SWT2 Model 18 SWT2 Model 20
Load (log) 0.723*** 0.747** 0.788***
{0.000} {0.000} {0.000}
Load treated with ammonia consent O3mg/l 0.006*** 0.006*** 0.006***
{0.000} {0.000} {0.000}
Load treated in STWs 0100,000 people (%) -0.008***
{0.007}
Weighted average CEPA size band (log) -2.015%**
{0.000}
Weighted average treatment size (log) -0.242***
{0.000}
Constant -4.072%+* -1.091 -3.001***
{0.000} {0.221} {0.000}
R-squared 0.869 0.887 0.911
RESET test 0.272 0.228 0.849
VIF (max) 5.347 4.545 4.339
Pooling 1.000 0.999 0.997
Normality 0.221 0.025
Heteroskedasticity 0.764 0.593 0.865
Pooled OLS vs RE (LM test) 0.000 0.000 0.000
Minimum efficiency score 0.875 0.899 0.913
Maximum efficiency score 1.410 1.388 1.244

Sensitivity of estimated coefficients to removal of most and least efficient company

Sensitivity of estimated coefficients to removal of first and last year of sample
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Table 7.9: Final WWWN+ models

Driver Baseline WWWN+ WWWN+ WWWN+ WWWN+ WWWN+
(WWWN+ Model 23 Model 31 Model 33 Model 44 Model 45
model 21) Urban rainfall CEPA WAB WATS Urban rainfall Urban rainfall

+ CEPA WAB + CEPA WATS

Load (log) 0.646*** 0.650*** 0.715*** 0.714*** 0.725*** 0.722%+*

{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Pumping capacity per sewer length (log) 0.367*** 0.355*** 0.332%** 0.295*** 0.316*** 0.271***
{0.000} {0.000} {0.001} {0.002} {0.000} {0.000}
Load treated with ammonia consent O3mg/l 0.005*** 0.005*** 0.005*** 0.005*** 0.005*** 0.005***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Urban rainfall per sewer length (log) 0.076** 0.089** 0.092***
{0.017} {0.011} {0.009}
Weighted average CEPA size band (log) -0.843*** -0.885***
{0.002} {0.003}
Weighted average treatment size (log) -0.092** -0.096***
{0.012} {0.001}
Constant -2.984*** -2.807*** -2.283*** -2.929*** -2.068*** -2.712%**
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}

R-squared 0.947 0.953 0.953 0.956 0.962 0.964

RESET test 0.572 0.163 0.801 0.901 0.318

VIF (max) 4.169 4.239 4.545 4.352 4.550 4.469

Pooling 0.978 0.997 0.991 0.973 0.932 0.909

Normality 0.435 0.651 0.102 0.249 0.242

Heteroskedasticity 0.515 0.231 0.474 0.167

Pooled OLS vs RE (LM test) 0.000 0.000 0.000 0.000 0.000 0.001
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Driver Baseline WWWN+ WWWN+ WWWN+ WWWN+ WWWN+
(WWWN+ Model 23 Model 31 Model 33 Model 44 Model 45
model 21) Urban rainfalll CEPA WAB WATS Urban rainfall Urban rainfall

+ CEPA WAB + CEPA WATS

Minimum efficiency score 0.917 0.934 0.939 0.953 0.956 0.970

Maximum efficiency score 1.069 1.104 1.068 1.092 1.060 1.055

Sensitivity of estimated coefficients to removal of most
and least efficient company

Sensitivity of estimated coefficients to removal of first
and last year of sample
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7.2.1. Sewage collection models

Both combined SWC2 models perform well, in line with our Phase 2 assessment of the individual options. All
estimated coefficients are statistically significant at the 1% level and there is a notable improvement in the
explanatory power of the model when the urban rainfall driver is included. In particular, it is worth noting that the
performance of the alternative density drivers (especially MSOA) improves when urban rainfall is also included in
the SWC2 model.

7.2.2. Sewage treatment models

We present the conclusions of our analysis of the alternative economies of scales drivers in Section 6.2.2. There
are no alternative drivers that we propose should be included in the amended base cost modelling suite.

7.2.3. Wastewater network plus models

The models including urban rainfall and weighted average economies of scale drivers perform well. All estimated
coefficients are statistically significant at the 1% level and there is a notable improvement in the explanatory power
of the model compared to the baseline WWWN+ model. The point estimate of the urban rainfall and the two
economies of scale drivers in the combination model specifications are comparable to the model specifications
considered in Section 6.2.3.4

However, the significance and point estimate of the urban rainfall driver remains sensitive to the removal of the first
year of data (2011-12). In the model with urban rainfall and the CEPA weighted average band, the point estimate of
the urban rainfall variable falls from 0.089 under the full sample (p=0.011) to 0.059 (p=0.220) when the first year of

data is excluded. Similarly, in the model with urban rainfall and weighted average treatment size, the point estimate
of the urban rainfall variable falls from 0.092 under the full sample (p=0.009) to 0.063 (p=0.182) when the first year

of data is excluded.

Given the strength of these drivers individually and in combination, these WWWN+ models could be considered for
PR24.

7.3. BIORESOURCES MODELS

Following the Phase 2 assessment set out in Sedion 1, we suggest that Ofwat should consider the following
variables for the PR24 base cost water models:

9 Density drivers : we would recommend either excluding the density driver from the BR models, as none of the
density drivers tested are statistically significant, or using the LAD from MSOA variable as this is the driver that
performs best from a statistical perspective in the BR1 model.

I Economies of scale at SWT drivers: the following variables can be considered:

0 % load treated in bands 1-3 (the PR19 BR1 EoS driver);
o STWs per property (the PR19 BR2 EoS driver); and
o CEPAweighted average band.

We present these models below. The only addition compared to the models presented in Phase 2 isa model
excluding density drivers. The best performing model in terms of explanatory power remains the PR19 BR1 model
specification using LAD from MSOA as an alternative model specification. Removing the density driver slightly

3 333333 333333333 333333333333 333 33333 3333333333333 33

48 The point estimate for the urban rainfall driver is similar in WWWN+ Model 23, compared to the model specifications including
urban rainfall and either economies of scale driver, as shown in Table 7.7. The point estimate for the CEPA weighted average
band is -0.843 in WWWN+ Model 31 (p=0.002), and is-0.885 when the normalised urban rainfall driver is also added (p=0.003).
Similarly, the point estimate for the weighted average treatment size is-0.092 in WWWN+ Model 33 (p=0.012),and is -0.096
when the normalised urban rainfall driver is also added (p=0.001).
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reduces the explanatory power of the model but also slightly improves the significance of the economies of scale
driver.

Table 7.10: Final bioresources models

Driver BR1 Model 3 BR1 Model BR2 Model 1 BR1 Model 7
26
LAD from No density PR19 BR2 CEPA
MSOA variable weighted
average
band
Sludge produced (log) 1.176%+* 1.119%** 1.134%%* 1.080%**
{0.000} {0.000} {0.000} {0.000}
WAD - LAD from MSOA (log) -0.139
{0.217}
Load treated in STWSs bands 1-3 (%) 0.063** 0.073***
{0.011} {0.004}
STWSs per property (log) 0.275
{0.174}
Weighted average treatment band (CEPA) -2.152**
(%)
{0.027}
Constant -0.889 -1.654** 0.808 2.792**
{0.312} {0.014} {0.316} {0.034}
R-squared 0.821 0.817 0.784 0.795
RESET test 0.488 0.278 0.374 0.442
VIF (max) 3.066 2.455 3.359 2.151
Pooling 0.753 0.944 0.974 0.99
Normality 0.261 0.141 0.04
Heteroskedasticity 0.338 0.197 0.757 0.31
Pooled OLS vs RE (LM test) 0 0 0 0
Minimum efficiency score 0.684 0.675 0.597 0.67
Maximum efficiency score 1.436 1.527 1471 1.72

Sensitivity of estimated coefficients to
removal of most and least efficient company

Sensitivity of estimated coefficients to
removal of first and last year of sample

7.4. SUMMARY OF RECOMMENDATIONS

For the PR24 base cost water modelling, we recommend that Ofwat should consider the following models:

I The PR19 treated water distribution models and wholesale water models with the inclusion of APH (TWD) if the
APH data is sufficiently robust once an additional year of data becomes available Ofwat should also consider
whether there is an engineering rationale for including boosters per length alongside APH.
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An alternative wholesale water model with length of mains used as the scale driver, though the impact on the
boosters per length variable of including length of mains and possibly APH in the WW models should be
considered further.

For all water models, Ofwat should consider whether an alternative density driver (MSOA, LAD aggregated from
MSOA or properties per length of mains) would improve data quality and increase the robustness of the density
variable. If an alternative density driver is chosen, then Ofwat should review how the alternative density driver
performs in combination with any other changes to the model specification.

For the PR24 base cost wastewater modelling, we recommend that Ofwat should consider the following models:

1

The PR19 sswage collection models with the addition of normalised urban rainfall . Ofwat should also consider
whether an alternative density driver (MSOA or LAD aggregated from MSOA) would improve the data quality
and robustness of the density variable.

The PR19 swage treatment models with alternative economies of scale drivers. Ofwat should consider
which alternative driver is best supported by technical rationale. Our assessment indicates that the drivers that
perform the best against our model selection criteria are:

o For economies of scale drivers based on threshold size (SWT models only):
A load treated in STWs ©100,000.

o For weighted average economies of scale drivers (SWT and WWWN+ models)
A CEPA®s wei ghhtiaedd average

A Weighted Average Treatment Size

Wastewater network plus models that include:
o load;
0 pumping capacity per sewer length;
o load treated with ammonia consent O3mgl/l;
o urban rainfall per sewer length; and

o aweighted average band or weighted average treatment size variable.

For the PR24 base cost bioresources models , we recommend that Ofwat should consider models that include:

a scale driver (sludge produced);

an economies of scale driver: load treated in size bands 1-3, sewage treatment works per number of properties
or the CEPA WAB variable; and

potentially a density driver (with LAD from MSOA being the best performing density variable in the BR models
based on our analysis) if there is a sufficiently strong technical rationale to suggest density should be used
either in addition or instead of an economies of scale driver.

120



= CEPA

economics matters
Appendix A PHASE 1 RESULTS
A.l1. WATER MODELS

A.l1.1.Average Pumping Head

Table A-1: WRP1 with Average Pumping Head

Model WRP1 Model 1 WRP1 Model 2
Version PR19 APH (all but distribution), no
booster stations

Properties (log) 1.074*** 1.099***

{0.000} {0.000}

Water treated in bands 3-6 (%) 0.006*** 0.005**

{0.000} {0.010}

WAD - LAD (log) -1.614%** -1.889***

{0.000} {0.000}

Squared WAD - LAD (log) 0.101*** 0.122***

{0.000} {0.000}

APH - transport, resources and treatment (log) 0.152

{0.209}

Constant -5.093*** -5.076%**

{0.000} {0.000}

- 0000000000000
R-squared 0.917 0.919
RESET test 0.439 0.745
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Table A-2: WRP2 with Average Pumping Head

Model WRP2 Model 1 WRP2 Model 2
Version PR19 APH (all but distribution), no

booster stations

Properties (log) 1.069*** 1.098***

{0.000} {0.000}

Weighted average complexity (log) 0.377 0.281

{0.123} {0.241}

WAD - LAD (log) -1.412%** -1.753***

{0.005} {0.001}

Squared WAD - LAD (log) 0.087*** 0.112%**

{0.009} {0.001}

APH - transport, resources and treatment (log) 0.165

{0.112}

Constant -5.805*** -5.618***

{0.000} {0.000}

-]
R-squared 0.907 0.911
RESET test 0.324 0.584
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Table A-3: TWD with Average Pumping Head

Model TWD Model 1 TWD Model 2 TWD Model 3
Version PR19 APH (distribution ), no booster APH (distribution), with booster

stations stations

Lengths of main (log) 1.077*%* 1.069*** 1.069***

{0.000} {0.000} {0.000}

Boosters per length (log) 0.437*** 0.333***

{0.002} {0.008}

WAD - LAD (log) -2.946*** -3.203*** -2.879***

{0.000} {0.000} {0.000}

Squared WAD - LAD (log) 0.235*** 0.245%** 0.228***

{0.000} {0.000} {0.000}

APH - distribution (log) 0.313*** 0.276***

{0.000} {0.000}

Constant 4.723*+* 2.892* 3.024**

{0.002} {0.057} {0.032}

- _____0_00_000__0_0_0000_]
R-squared 0.957 0.96 0.964
RESET test 0.102 0.599 0.476
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Table A-4: WW1 with Average Pumping Head

Model WW1 Model 1 WW1 Model 2 WW1 Model 3 WW1 Model 4
Version PR19 APH (all), no booster APH (distribution ), no APH (all), with booster
stations booster stations stations
Properties (log) 1.071%** 1.096*** 1.066*** 1.093***
{0.000} {0.000} {0.000} {0.000}
Water treated in bands 3-6 (%) 0.004*** 0.003* 0.004*** 0.003**
{0.000} {0.059} {0.005} {0.032}
WAD - LAD (log) -2.094*** -2.579%** -2.321%** -2.250%**
{0.000} {0.000} {0.000} {0.000}
Squared WAD - LAD (log) 0.147*** 0.177*** 0.157*** 0.159***
{0.000} {0.000} {0.000} {0.000}
Boosters per length (log) 0.335** 0.318**
{0.032} {0.017}
APH - distribution (log) 0.279%**
{0.004}
APH - all (log) 0.323*** 0.297***
{0.008} {0.007}
Constant -1.565* -2.888* -3.028*** -2.838***
{0.074} {0.072} {0.010} {0.005}
- ____00000000___0000000_0000000_]

R-squared 0.97 0.969 0.971 0.972
RESET test 0.223 0.786 0.827 0.597
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Table A-5: WW2 with Average Pumping Head
Model

Version
Properties (log)

Boosters per length (log)

WAD - LAD (log)

Squared WAD - LAD (log)
Weighted average complexity (log)
APH - distribution (log)

APH - all (log)

Constant

R-squared
RESET test

WW2 Model 1

PR19
1.059%+
{0.000}
0.334*
{0.019}
-1.832%+
{0.000}
0.128%+
{0.000}
0.430%**
{0.001}

-2.589%+
{0.001}

0.971
0.122

WW2 Model 2

APH (all), no booster
stations

1.087*+
{0.000}

-2.401%+
{0.000}
0.164%+*
{0.000}
0.280*
{0.094}

0.309***
{0.008}
-3.486*
{0.021}

0.969
0.824

WW2 Model 3

APH (dist), no booster

stations
1.057***
{0.000}

-2.104%+
{0.000}
0.142%%
{0.000}
0.371*
{0.021}
0.270%*
{0.009}

-3.833%+
{0.001}

0.97
0.771

WW2 Model 4

APH (all), with booster

stations
1.083***
{0.000}
0.319**
{0.012}
-2.051%**
{0.000}
0.145%**
{0.000}
0.309*
{0.052}

0.275*
{0.012}
-3.476%*
{0.000}

0.973
0.543
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A.1.2.Density

Table A-6: WRP1 with alternative density measures
Model

Version

Properties (log)

Water treated in bands 3-6 (%)
WAD - LAD (log)

Squared WAD - LAD (log)

WAD - MSOA (log)

Squared WAD - MSOA (log)

WAD - MSOA to LAD (log)
Squared WAD - MSOA to LAD (log)
Properties per length (log)
Squared properties per length (log)
Constant

R-squared
RESET test

WRP1 Model 1 WRP1 Model 3 WRP1 Model 4 WRP1 Model 5 WRP1 Model 6
PR19 MSOA instead of LAD from MSOA Prop. per length  No squared density
LAD instead of LAD term
1.074*** 1.054*** 1.077*%** 1.028*** 1.045***
{0.000} {0.000} {0.000} {0.000} {0.000}
0.006*** 0.004**+* 0.005*** 0.005*** 0.006***
{0.000} {0.009} {0.002} {0.001} {0.000}
-1.614*+* -0.199**
{0.000} {0.025}
0.101***
{0.000}
-4.986**
{0.017}
0.303**
{0.017}
-1.545%**
{0.007}
0.097***
{0.008}
-7.815**
{0.019}
0.858**
{0.028}
-5.093**+* 9.416 -5.335**+* 6.988 -9.548*+*
{0.000} {0.226} {0.000} {0.309} {0.000}
T
0.917 0.901 0.909 0.91 0.912
0.439 0.765 0.436 0.324 0.6
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Table A-7: WRP2 with alternative density measures
Model

Version

Properties (log)

WAD - LAD (log)

Squared WAD - LAD (log)

Weighted average complexity (log)

WAD - MSOA (log)

Squared WAD - MSOA (log)

WAD - MSOA to LAD (log)

Squared WAD - MSOA to LAD (log)

Properties per length (log)

Squared properties per length (log)

Constant

R-squared
RESET test

WRP2 Model 1 WRP2 Model 3 WRP2 Model 4 WRP2 Model 5 WRP2 Model 6
PR19 MSOA instead of LAD from MSOA Prop. per length  No squared density
LAD instead of LAD term
1.069*** 1.057*** 1.075%** 1.027*** 1.043***
{0.000} {0.000} {0.000} {0.000} {0.000}
-1.412%** -0.201**
{0.005} {0.030}
0.087***
{0.009}
0.377 0.315 0.343 0.365 0.397
{0.123} {0.234} {0.183} {0.143} {0.104}
-5.048**
{0.034}
0.306**
{0.033}
-1.468**
{0.026}
0.091**
{0.031}
-7.440**
{0.030}
0.810**
{0.042}
-5.805%** 9.591 -5.660%** 6.136 -9.639%**
{0.000} {0.286} {0.002} {0.389} {0.000}
- 0000000000000
0.907 0.896 0.902 0.905 0.905
0.324 0.729 0.367 0.203 0.302
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Table A-8: TWD with alternative density measures

Model TWD Model 1 TWD Model 4 TWD Model 5 TWD Model 6 TWD Model 7
Version PR19 MSOA instead of LAD from MSOA Prop. per length  No squared density
LAD instead of LAD term
WAD - LAD (log) -2.946%** 0.394***
{0.000} {0.000}
Squared WAD - LAD (log) 0.235%**
{0.000}
Lengths of main (log) 1.077** 1.026*** 1.070%** 1.072%** 1.006***
{0.000} {0.000} {0.000} {0.000} {0.000}
Boosters per length (log) 0.437*** 0.433*** 0.461*** 0.488*** 0.658***
{0.002} {0.001} {0.002} {0.001} {0.000}
WAD - MSOA (log) -5.561***
{0.000}
Squared WAD - MSOA (log) 0.393***
{0.000}
WAD - MSOA to LAD (log) -2.729%**
{0.000}
Squared WAD - MSOA to LAD (log) 0.219***
{0.000}
Properties per length (log) -14.921***
{0.000}
Squared properties per length (log) 1.898***
{0.000}
Constant 4.723%* 15.638*** 4,155+ 25.065*** -5.385***
{0.002} {0.002} {0.008} {0.000} {0.000}
- _____0000__00000000__0000000_]
R-squared 0.957 0.952 0.955 0.958 0.926
RESET test 0.102 0.122 0.09 0.489 0.019
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Table A-9: WW1 with alternative density measures

Model WW1 Model 1 WW1 Model 5 WW1 Model 6 WW1 Model 7 WW1 Model 8
Version PR19 MSOA instead of LAD from MSOA Prop. per length  No squared density
LAD instead of LAD term
Properties (log) 1.071%** 1.052%** 1.072%** 1.044*** 1.035***
{0.000} {0.000} {0.000} {0.000} {0.000}
Water treated in bands 3-6 (%) 0.004*** 0.003** 0.003*** 0.003*** 0.003***
{0.000} {0.011} {0.002} {0.001} {0.002}
WAD - LAD (log) -2.094*** 0.006
{0.000} {0.933}
Squared WAD - LAD (log) 0.147**
{0.000}
Boosters per length (log) 0.335** 0.509%** 0.457*** 0.377** 0.496***
{0.032} {0.003} {0.008} {0.033} {0.004}
WAD - MSOA (log) -4.684***
{0.001}
Squared WAD - MSOA (log) 0.301x**
{0.000}
WAD - MSOA to LAD (log) -1.849%**
{0.000}
Squared WAD - MSOA to LAD (log) 0.132%**
{0.000}
Properties per length (log) -11.259***
{0.000}
Squared properties per length (log) 1.318%***
{0.000}
Constant -1.565* 10.300* -1.958 15.655*** -7.711%**
{0.074} {0.056} {0.206} {0.003} {0.000}
- ____0000___000000000___000000000_]
R-squared 0.97 0.963 0.965 0.965 0.955
RESET test 0.223 0.178 0.164 0.205 0.286
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Table A-10: WW2 with alternative density measures

Model WW2 Model 1 WW2 Model 5 WW2 Model 6 WW2 Model 7 WW?2 Model 8
Version PR19 MSOA instead of LAD from MSOA Prop. per length  No squared density
LAD instead of LAD term
Properties (log) 1.059%** 1.046*** 1.061*** 1.036*** 1.027***
{0.000} {0.000} {0.000} {0.000} {0.000}
WAD - LAD (log) -1.832%** -0.007
{0.000} {0.910}
Squared WAD - LAD (log) 0.128***
{0.000}
Weighted average complexity (log) 0.430*** 0.322** 0.354** 0.366*** 0.367**
{0.001} {0.030} {0.016} {0.007} {0.023}
Boosters per length (log) 0.334** 0.486*** 0.444*** 0.351** 0.466***
{0.019} {0.003} {0.005} {0.033} {0.002}
WAD - MSOA (log) -4.308***
{0.002}
Squared WAD - MSOA (log) 0.276%**
{0.001}
WAD - MSOA to LAD (log) -1.648**
{0.001}
Squared WAD - MSOA to LAD (log) 0.117***
{0.000}
Properties per length (log) -10.322%**
{0.000}
Squared properties per length (log) 1.201***
{0.000}
Constant -2.589%** 8.674 -2.795* 13.516%** -7.931%**
{0.001} {0.108} {0.064} {0.008} {0.000}
- ___00__0000000___000000000_]
R-squared 0.971 0.965 0.967 0.968 0.959
RESET test 0.122 0.075 0.075 0.072 0.294
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A.1.3. Alternative water treatment complexity drivers

Table A-11: WRPL With alternative water treatment complexity drivers
WRP1 Model 1 WRP1 Model 7 WRP1 Model 8 WRP1 Model 9 WRP1 Model 10 WRP1 Model 11 WRP1 Model 12 WRP1 Model 13

GW treated GW treated GW treated
Treated water Treated water Treated water bands 3-6, SW  bands 3-6, SW  bands 3-6, SW GW treated
complexity complexity complexity treated bands treated bands treated bands bands 3-6, SW
Version bands 4-6 bands 5-6 bands 6 3-6 4-6 5-6 treated bands 6
Properties
(log) 1.074** 1.099*** 1.074%* 1.098*** 1.097*** 1.089*** 1.093*** 1.098***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Water treated
in bands 3-6
(%) 0.006***
{0.000}
WAD - LAD
(log) -1.614*** -1.359** -1.545** -1.740*** -1.601*** -1.652*** -1.604*** -1.613***
{0.000} {0.015} {0.021} {0.008} {0.001} {0.001} {0.003} {0.001}
Squared WAD
- LAD (log) 0.101%*=* 0.081** 0.096** 0.110** 0.100%*=* 0.104+*** 0.100%** 0.101%**
{0.000} {0.031} {0.030} {0.010} {0.003} {0.002} {0.006} {0.003}
Water treated
in bands 4-6
(%) 0.004
{0.156}
Water treated
in bands 5-6
(%) 0.002
{0.519}
Water treated
in band 6 (%) -0.115%**
{0.000}
GW treated in
bands 3-6 (%) 0.003** 0.003** 0.003** 0.003**
{0.025} {0.020} {0.028} {0.025}
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SW treated in

bands 3-6 (%) 0.006***
{0.003}
SW treated in
bands 4-6 (%) -0.001
{0.837}

SW treated in
bands 5-6 (%)

{0.952}

SW treated in
band 6 (%) -0.067***

{0.000}
Constant -5.093*** -5.990%*** -4.888*** -4.505%* -5.744x*= -4.815%** -5.064*** -5.079***

0.000 0.001 0.006 0.011 0.000 0.006 0.001 0.000

R-squared 0.917 0.902 0.893 0.892 0.905 0.909 0.907 0.908
RESET test 0.439 0.492 0.358 0.625 0.55 0.575 0.53 0.62
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Table A-12: WW1 with alternative water treatment complexity drivers

Version
Properties
(log)

Water treated
in bands 3-6
(%)

WAD - LAD
(log)

Squared WAD
- LAD (log)

Boosters per
length (log)

Water treated
in bands 4-6
(%)

Water treated
in bands 5-6
(%)

Water treated
in band 6 (%)

GW treated in
bands 3-6 (%)

WW1 Model 1

1.071%
{0.000}

0.004%+*
{0.000}

-2.094%%*
{0.000}

0,147+
{0.000}

0.335*
{0.032}

WW1 Model 9

Treated water

complexity
bands 4-6

1.089%+
{0.000}

-1.796%**
{0.000}

0.124%%
{0.000}

0.355*
{0.030}

0.003%**
{0.008}

WW1 Model 10

Treated water
complexity
bands 5-6

1.058%
{0.000}

-1.871%
{0.000}

0.130%**
{0.000}

0.332%
{0.036}

0.003*
{0.061}

WW1 Model 11

Treated water
complexity
bands 6

1.083%+
{0.000}

-2.108%**
{0.000}

0.149%**
{0.000}

0.402%
{0.038}

0.057
{0.274}
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WW?1 Model 12

GW treated
bands 3-6, SW
treated bands

3-6

1.092%+
{0.000}

2,201+
{0.000}

0.152%+*
{0.000}

0.223*
{0.075}

0.004%+*
{0.000}

WW1 Model 13

GW treated
bands 3-6, SW
treated bands

4-6

1.095*
{0.000}

-2.083*%+
{0.000}

0.144%+
{0.000}

0.251*
{0.054}

0.004%+*
{0.000}

WW1 Model 14
GW treated
bands 3-6, SW

treated bands
5-6

1.091%
{0.000}

-2.139%*
{0.000}

0.147%+
{0.000}

0.271*
{0.066}

0.003%**
{0.000}

WW1 Model 15

GW treated
bands 3-6, SW
treated bands 6

1.086***
{0.000}

-2.192%*
{0.000}

0.152%+*
{0.000}

0.247*
{0.056}

0.004%+*
{0.000}
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SW treated in

bands 3-6 (%) 0.006***
{0.000}
SW treated in
bands 4-6 (%) 0.001
{0.362}
SW treated in
bands 5-6 (%) 0.001
{0.442}
SW treated in
band 6 (%) 0.033*
{0.058}
Constant -1.565* -2.573* -1.849** -1.119 -2.300*** -2.149** -1.734* -1.606**
0.074 0.021 0.042 0.396 0.002 0.012 0.018 0.031
R-squared 0.97 0.966 0.965 0.958 0.972 0.972 0.972 0.972
RESET test 0.223 0.133 0.045 0.113 0.346 0.281 0.153 0.279
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Table A-13: WRP2with alternative water treatment complexity drivers

Model WRP2 Model 1 WRP2 Model 7 WRP2 Model 8 WRP2 Model 9
Version PR19 Alternative WAC 1 (1, 2, 2,3, Alternative WAC 2 (1, 4, 9, 16, Alternative WAC 3 (1, 4, 4, 9,
4,4,5) 25, 36, 49) 16, 16, 25)
Properties (log) 1.069*** 1.075%** 1.079*** 1.072%**
{0.000} {0.000} {0.000} {0.000}
Weighted average complexity 0.377
(log)
{0.123}
WAD - LAD (log) -1.412%** -1.402*** -1.420%** -1.420%***
{0.005} {0.007} {0.008} {0.008}
Squared WAD - LAD (log) 0.087*** 0.086** 0.087** 0.087**
{0.009} {0.011} {0.014} {0.014}
Alternative WAC 1 (log) 0.430**
{0.011}
Alternative WAC 2 (log) 0.258**
{0.035}
Alternative WAC 3 (log) 0.238
{0.225}
Constant -5.805*** -5.882*** -5.990%*** -5.967*+*
{0.000} {0.000} {0.000} {0.001}
- 0000000000000
R-squared 0.907 0.906 0.904 0.904
RESET test 0.324 0.381 0.389 0.313
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Table A-14: WW2 with alternative water treatment complexity drivers

Model WW?2 Model 1 WW?2 Model 9 WW2 Model 10 WW?2 Model 11
Version PR19 Alternative WAC 1 (1, 2, 2,3, Alternative WAC 2 (1, 4, 9, 16, Alternative WAC 3 (1, 4, 4, 9,
4,4,5) 25, 36, 49) 16, 16, 25)
Properties (log) 1.059*** 1.068*** 1.071%** 1.059***
{0.000} {0.000} {0.000} {0.000}
Weighted average complexity 0.430***
(log)
{0.001}
WAD - LAD (log) -1.832*** -1.838*** -1.843*** -1.812%**
{0.000} {0.000} {0.000} {0.000}
Squared WAD - LAD (log) 0.128*** 0.129*** 0.129*** 0.126***
{0.000} {0.000} {0.000} {0.000}
Boosters per length (log) 0.334** 0.357** 0.357** 0.329**
{0.019} {0.017} {0.021} {0.022}
Alternative WAC 1 (log) 0.422***
{0.001}
Alternative WAC 2 (log) 0.251***
{0.008}
Alternative WAC 3 (log) 0.283***
{0.002}
Constant -2.589%** -2.497** -2.635** -2.904***
{0.001} {0.010} {0.011} {0.001}
- 0000000000000
R-squared 0.971 0.968 0.967 0.97
RESET test 0.122 0.134 0.128 0.1
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A.1.4. Alternative scale drivers in wholesale water models

Table A-15: WW1 with alternative scale drivers

Model WW1 Model 1 WW1 Model 16
Version PR19 Lengths of mains instead of
nr of properties
Properties (log) 1.071%**
{0.000}
Water treated in bands 3-6 (%) 0.004*** 0.004***
{0.000} {0.000}
WAD - LAD (log) -2.094*** -2.446%**
{0.000} {0.000}
Squared WAD - LAD (log) 0.147*** 0.192%**
{0.000} {0.000}
Lengths of main (log) 1.052***
{0.000}
Boosters per length (log) 0.335** 0.244*
{0.032} {0.081}
Constant -1.565* 3.058**
{0.074} {0.031}
- 0000000000000
R-squared 0.97 0.969
RESET test 0.223 0.152

137



= CEPA

economics matters

Table A-16: WW?2 with alternative scale drivers

Model WW2 Model 1 WW2 Model 12
Version PR19 Lengths of mains instead of
nr of properties

Properties (log) 1.059***

{0.000}
WAD - LAD (log) -1.832%** -2.222%**

{0.000} {0.000}
Squared WAD - LAD (log) 0.128*** 0.175%**

{0.000} {0.000}
Weighted average complexity 0.430*** 0.383***
(log)

{0.001} {0.006}
Lengths of main (log) 1.042***

{0.000}

Boosters per length (log) 0.334** 0.244*

{0.019} {0.053}
Constant -2.589*** 2.127

{0.001} {0.113}

- __////0_]

R-squared 0.971 0.97
RESET test 0.122 0.084
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A.1.5. Network reinforcement drivers

Table A-17: TWD with network reinforcement drivers

Model TWD Model 1 TWD Model 8 TWD Model 9 TWD Model 10
Version PR19 % new properties as % properties growth % population growth
proportion of total properties
Lengths of main (log) 1.077%** 1.074%** 1.074%** 1.076***
{0.000} {0.000} {0.000} {0.000}
Boosters per length (log) 0.437*** 0.449*** 0.449*** 0.442***
{0.002} {0.001} {0.001} {0.002}
WAD - LAD (log) -2.946%** -2.931%** -2.931*** -2.977***
{0.000} {0.000} {0.000} {0.000}
Squared WAD - LAD (log) 0.235%** 0.233*** 0.233*** 0.237***
{0.000} {0.000} {0.000} {0.000}
New properties as a proportion 0.039
of total properties (%)
{0.337}
Growth in properties (%) 0.039
{0.338}
Population growth (%) -0.005
{0.648}
Constant 4.723*** 4.739*** 4.739%x* 4.858***
{0.002} {0.002} {0.002} {0.002}
- ____000000000___0000000000_]
R-squared 0.957 0.956 0.956 0.956
RESET test 0.102 0.109 0.109 0.104
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A.1.6.Weather

related drivers

Table A-18: WRP1 with weather related drivers
Model

Version

Properties (log)

Water treated in bands 3-6 (%)

WAD - LAD (log)

Squared WAD - LAD (log)

Rainfall (log)

Rainfall per length (log)

PET (log)

Peak DI (log)

Peak DI per annual DI (log)

Constant

R-squared
RESET test

WRP1 Model 1 WRP1 Model 14 WRP1 Model 15 WRP1 Model 16 WRP1 Model 17 WRP1 Model 18
PR19 Rainfall ~ Rainfall per length PET as proxy for Peak demand Peak demand per
temperature annual DI
1.074*** 1.074%** 1.122%** 1.075%** 1.230*** 1.074%**
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
0.006*** 0.006*** 0.006*** 0.006*** 0.006*** 0.006***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
-1.614*+* -1.599*+* -1.597*+* -1.634*+* -1.726%+* -1.613*+*
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
0.101*** 0.100*** 0.099*** 0.103*** 0.110*** 0.101***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
0.05
{0.466}
0.047
{0.471}
-0.037
{0.901}
-0.154
{0.228}
0.068
{0.783}
-5.093*+* -5.528*+* -5.672%+* -4.798** -5.883*+* -5.113%+*
{0.000} {0.000} {0.000} {0.033} {0.000} {0.000}
T
0.917 0.919 0.918 0.917 0.917 0.917
0.439 0.457 0.461 0.439 0.475 0.456
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Table A-19: WRP2 with weather related drivers
Model

Version

Properties (log)

Weighted average
complexity (log)

WAD - LAD (log)

Squared WAD - LAD (log)

Rainfall (log)

Rainfall per length (log)

PET (log)

Peak DI (log)

Peak DI per annual DI (log)

Constant

R-squared
RESET test

WRP2 Model 1 WRP2 Model 10 WRP2 Model 11 WRP2 Model 12 WRP2 Model 13 WRP2 Model 14
PR19 Rainfall Rainfall per length PET as proxy for Peak demand Peak demand per
temperature annual DI
1.069*** 1.068*** 1.118*** 1.070*** 1.226*** 1.072%**
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
0.377 0.409* 0.397* 0.376 0.375 0.369
{0.123} {0.078} {0.093} {0.110} {0.126} {0.137}
-1.412%** -1.347%** -1.360%*** -1.433%** -1.529%** -1.438***
{0.005} {0.005} {0.005} {0.005} {0.006} {0.005}
0.087*** 0.082*** 0.082*** 0.088*** 0.095*** 0.088***
{0.009} {0.008} {0.009} {0.009} {0.009} {0.009}
0.055
{0.407}
0.049
{0.443}
-0.051
{0.852}
-0.155
{0.233}
0.067
{0.790}
-5.805*** -6.449%** -6.522%** -5.420** -6.587*** -5.736***
{0.000} {0.000} {0.000} {0.039} {0.000} {0.000}
- 0000000000000
0.907 0.91 0.909 0.907 0.907 0.906
0.324 0.355 0.363 0.327 0.382 0.35
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Table A-20: TWD with weather related drivers

Model TWD Model 1 TWD Model 11 TWD Model 12 TWD Model 13 TWD Model 14 TWD Model 15
Version PR19 Rainfall Rainfall per length PET as proxy for Peak demand Peak demand per
temperature annual DI
WAD - LAD (log) -2.946*** -2.874%** -2.874%** -2.909*** -2.462%** -2.968***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Squared WAD - LAD (log) 0.235%** 0.229%** 0.229%** 0.231%** 0.190*** 0.236***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Lengths of main (log) 1.077%** 1.074%** 1.038*** 1.076*** 0.623*** 1.081***
{0.000} {0.000} {0.000} {0.000} {0.002} {0.000}
Boosters per length (log) 0.437*** 0.429%** 0.429%** 0.425*** 0.472%** 0.440%**
{0.002} {0.001} {0.001} {0.001} {0.001} {0.002}
Rainfall (log) -0.036
{0.532}
Rainfall per length (log) -0.036
{0.532}
PET (log) 0.278**
{0.011}
Peak DI (log) 0.458**
{0.016}
Peak DI per annual DI (log) 0.281
{0.252}
Constant 4.723*+* 4,764+ 4,764+ 2.821* 5.097*** 4.750%**
{0.002} {0.010} {0.010} {0.061} {0.001} {0.003}
- 0 ___0___00000__000000000__000000000_]
R-squared 0.957 0.958 0.958 0.958 0.961 0.957
RESET test 0.102 0.064 0.064 0.174 0.071 0.117
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Table A-21: WW1 with weather related drivers
Model

Version

Properties (log)

Water treated in bands 3-6 (%)

WAD - LAD (log)

Squared WAD - LAD (log)

Boosters per length (log)

Rainfall (log)

Rainfall per length (log)

PET (log)

Peak DI (log)

Peak DI per annual DI (log)

Constant

R-squared
RESET test

WW1 Model 1 WW1 Model 17 WW1 Model 18 WW1 Model 19 WW1 Model 20 WW1 Model 21
PR19 Rainfall  Rainfall per length PET as proxy for Peak demand Peak demand per
temperature annual DI
1.071*** 1.071%** 1.068*** 1.068*** 0.905*** 1.071%**
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
0.004*** 0.004#** 0.004#** 0.005*** 0.004#** 0.005***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
-2.094*** -2.098*** -2.093*** -2.081%** -1.984*** -2.119%**
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
0.147** 0.147** 0.147** 0.145%** 0.138*** 0.147**
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
0.335** 0.336** 0.333** 0.315** 0.334** 0.308**
{0.032} {0.033} {0.032} {0.031} {0.032} {0.025}
0.006
{0.905}
-0.002
{0.966}
0.131
{0.389}
0.164
{0.258}
0.331*
{0.097}
-1.565* -1.596 -1.556 -2.503*** -0.694 -1.677*
{0.074} {0.169} {0.229} {0.006} {0.511} {0.046}
- 0000000000000
0.97 0.97 0.97 0.971 0.97 0.972
0.223 0.232 0.223 0.259 0.165 0.269
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Table A-22: WW?2 with weather related drivers

Model WW2 Model 1 WW2 Model 13 WW2 Model 14 WW2 Model 15 WW2 Model 16 WW2 Model 17
Version PR19 Rainfall Rainfall per length PET as proxy for Peak demand Peak demand per
temperature annual DI
Properties (log) 1.059%** 1.060*** 1.065*** 1.058*** 0.895*** 1.058***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
WAD - LAD (log) -1.832%** -1.842%** -1.835%** -1.820%** -1.726%** -1.819%**
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Squared WAD - LAD (log) 0.128*** 0.129*** 0.128*** 0.127*** 0.120*** 0.126***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Weighted average 0.430*** 0.421%** 0.425*** 0.445%** 0.424*** 0.508***
complexity (log)
{0.001} {0.001} {0.001} {0.000} {0.001} {0.000}
Boosters per length (log) 0.334** 0.334** 0.335** 0.327** 0.334** 0.320**
{0.019} {0.020} {0.019} {0.019} {0.018} {0.014}
Rainfall (log) 0.017
{0.729}
Rainfall per length (log) 0.006
{0.897}
PET (log) 0.072
{0.621}
Peak DI (log) 0.163
{0.257}
Peak DI per annual DI (log) 0.274
{0.161}
Constant -2.589*** -2.677%* -2.641** -3.115%** -1.710* -2.809%***
{0.001} {0.009} {0.022} {0.002} {0.058} {0.000}
- 0000000000000
R-squared 0.971 0.97 0.97 0.971 0.971 0.972
RESET test 0.122 0.145 0.13 0.128 0.082 0.13
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A.1.7Z.Economies of scale in water resources

Table A-23: WRP1 with economies of scale drivers

Model WRP1 Model 1 WRP1 Model 19 WRP1 Model 20
Version PR19 Number of sources Average DI per source
Properties (log) 1.074*** 1.046*** 1.079***
{0.000} {0.000} {0.000}
Water treated in bands 3-6 (%) 0.006*** 0.006*** 0.006***
{0.000} {0.003} {0.003}
WAD - LAD (log) -1.614%** -1.593*** -1.612%**
{0.000} {0.000} {0.000}
Squared WAD - LAD (log) 0.101*** 0.100%** 0.102%**
{0.000} {0.000} {0.000}
Number of sources (log) 0.03
{0.782}
Average DI per source (log) -0.054
{0.606}
Constant -5.093*** -4.958*** -5.155%**
{0.000} {0.000} {0.000}
- 0000000000000}
R-squared 0.917 0.918 0.918
RESET test 0.439 0.373 0.376
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Table A-24: WRP2 with economies of scale drivers

Model WRP2 Model 1 WRP2 Model 15 WRP2 Model 16
Version PR19 Number of sources Average DI per source
Properties (log) 1.069*** 1.079*** 1.072%**

{0.000} {0.000} {0.000}
WAD - LAD (log) -1.412%* -1.443%** -1.433%**

{0.005} {0.009} {0.006}
Squared WAD - LAD (log) 0.087*** 0.089** 0.088***

{0.009} {0.011} {0.009}
Weighted average complexity 0.377 0.366 0.375
(log)

{0.123} {0.163} {0.156}
Number of sources (log) -0.009

{0.945}
Average DI per source (log) -0.016
{0.899}

Constant -5.805%** -5.764%** -5.753%**

{0.000} {0.000} {0.000}

- 0000000000000}

R-squared 0.907 0.906 0.906
RESET test 0.324 0.297 0.282
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A.1.8.Economies of scale at water treatment works

Table A-25: WRP1 with economies of scale at water treatment works

Model WRP1 Model 1 WRP1 Model 21 WRP1 Model 22 WRP1 Model 23 WRP1 Model 24 WRP1 Model 25 WRP1 Model 26
Version PR19 % Dl in band 1 % DIl in bands % DIl in bands % DI in bands 8 % DI in bands % DI in bands
1-2 1-3 7-8 6-8
Properties (log) 1.074*** 1.081*** 1.080*** 1.081*** 1.060*** 1.021%** 1.056***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Water treated in bands 3-6 (%) 0.006*** 0.004** 0.004** 0.004*** 0.005*** 0.004*** 0.005***
{0.000} {0.021} {0.036} {0.009} {0.000} {0.001} {0.010}
WAD - LAD (log) -1.614*** -1.723%** -1.739*** -1.653*** -1.512%** -1.556*** -1.553***
{0.000} {0.000} {0.000} {0.000} {0.009} {0.000} {0.001}
Squared WAD - LAD (log) 0.101*** 0.107*** 0.105*** 0.101*** 0.094** 0.092*** 0.094***
{0.000} {0.000} {0.000} {0.001} {0.021} {0.003} {0.006}
Dl in band 1 (%) -0.03
{0.423}
DI in bands 1-2 (%) -0.021
{0.114}
Dl in bands 1-3 (%) -0.008**
{0.041}
Dl in band 8 (%) 0.001
{0.697}
DI in bands 7-8 (%) 0.005*
{0.075}
DI in bands 6-8 (%) 0.003
{0.252}
Constant -5.093*** -4.498*** -4.181*** -4,595%** -5.223*** -4.369*** -4.986***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.001}
]
R-squared 0.917 0.918 0.92 0.922 0.917 0.917 0.923
RESET test 0.439 0.411 0.099 0.357 0.401 0.22 0.137
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Table A-26: WRP2 with economies of scale at water treatment works
WRP2 Model 1 WRP2 Model 17

Model
Version

Properties (log)
WAD - LAD (log)

Squared WAD - LAD (log)

Weighted average complexity

(log)

Dl in band 1 (%)

DI in bands 1-2 (%)

DI in bands 1-3 (%)

DI in band 8 (%)

DI in bands 7-8 (%)

DI in bands 6-8 (%)

Constant

R-squared
RESET test

PR19 % DI in band 1 % DI in bands % Dl in bands % DI in bands 8 % DI in bands % DI in bands
1-2 1-3 7-8 6-8
1.069*** 1.079*** 1.079*** 1.078*** 1.052%** 1.019*** 1.052**=
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
-1.412%** -1.595%** -1.636*** -1.523%** -1.299** -1.443%** -1.394***
{0.005} {0.000} {0.000} {0.001} {0.042} {0.006} {0.007}
0.087*** 0.097*** 0.098*** 0.091*** 0.078* 0.083** 0.082**
{0.009} {0.001} {0.001} {0.003} {0.074} {0.022} {0.021}
0.377 0.241 0.203 0.251 0.347 0.229 0.281
{0.123} {0.148} {0.271} {0.218} {0.175} {0.259} {0.277}
-0.032
{0.339}
-0.022*
{0.072}
-0.009***
{0.009}
0.001
{0.607}
0.005*
{0.068}
0.004
{0.229}
-5.805%** -4.,904*** -4,501%** -5.042%** -5.907*** -4.696*** -5.510%***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.001} {0.001}
- 0000000000000}
0.907 0.911 0.914 0.918 0.907 0.908 0.917
0.324 0.36 0.078 0.326 0.288 0.236 0.111

WRP2 Model 18 WRP2 Model 19
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A.1.9. Water resource drivers

Table A-27: WRP1 withwater resource drivers

Model

Version

Properties (log)

Water treated in
bands 3-6 (%)

WAD - LAD (log)

Squared WAD -
LAD (log)

DI from reservoirs
(%)

DI from pumped
reservoirs (%)

DI from impounding
reservoirs (%)

Number of pumped
reservoirs (log)

Number of
impounding
reservoirs (log)

WRP1 Model 1

PR19

1.074%
{0.000}
0.006***

{0.000}
-1.614%*
{0.000}
0.101%**

{0.000}

WRP1 Model
27
% of DI from

pumped &
impounding
reservoirs

1.037***

{0.000}
0.004%

{0.004}
-1.259%*
{0.003}
0.077++

{0.005}
0.005+**

{0.001}

WRP1 Model

28

% of DI from
pumped
reservoirs

1.076%*
{0.000}
0.005**

{0.005}
-0.925*
{0.073}

0.05

{0.160}

0.006***

{0.006}

WRP1 Model

29

% of DI from
impounding
reservoirs

1.047%
{0.000}
0.006***

{0.000}
-1.808%*
{0.000}
0.117++

{0.000}

0.004

{0.155}
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WRP1 Model

30

Number of
pumped
reservoirs

1.025%
{0.000}
0.007

{0.184}
-1.614%+
{0.008}
0.102%*

{0.015}

0.039

{0.675}

WRP1 Model

31

Number of
impounding
reservoirs

1.058%
{0.000}
0.007*

{0.021}
-2.014%+
{0.001}
0.132%**

{0.001}

0.058**

{0.046}

WRP1 Model

32

Number of
reservoirs

0.923%
{0.000}
0.006

{0.122}
-1.376*
{0.014}
0.093%*

{0.008}

WRP1 Model
33

% DI from all
pumped
sources

1.047%
{0.000}
0.006%**

{0.000}
-1.814%
{0.000}
0.118%**

{0.000}
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Number of 0.124*
reservoirs (log)

{0.077}

DI from all pumped -0.004
sources (%)

{0.139}

Constant -5.093*** -5.936*** -7.415%+* -4,195%** -4.563*** -3.808** -4.641%+* -3.809***

{0.000} {0.000} {0.000} {0.001} {0.004} {0.014} {0.001} {0.009}

]
R-squared 0.917 0.909 0.906 0.918 0.901 0.917 0.912 0.918
RESET test 0.439 0.519 0.733 0.29 0.429 0.298 0.28 0.289
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Table A-28: WRP2 withwater resource drivers

Model

Version

WRP2 Model 1

PR19

WRP2 Model
23
% of DI from

pumped &
impounding
reservoirs

WRP2 Model

24

% of DI from
pumped
reservoirs

WRP2 Model

25

% of DI from
impounding
reservoirs

WRP2 Model

26

Number of
pumped
reservoirs

WRP2 Model

27

Number of
impounding
reservoirs

WRP2 Model

28

Number of
reservoirs

WRP2 Model
29

% DI from all
pumped
sources

Properties (log) 1.069*** 1.032%** 1.074%** 1.040%** 1.006*** 1.027*** 0.881*** 1.039***

{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
WAD - LAD (log) -1.412%** -1.122% -0.743 -1.632*** -1.473* -1.742%* -1.053** -1.639***

{0.005} {0.021} {0.154} {0.001} {0.026} {0.006} {0.020} {0.001}
Squared WAD - 0.087*** 0.068** 0.037 0.105*** 0.093** 0.114*** 0.072** 0.105***
LAD (log)

{0.009} {0.033} {0.296} {0.001} {0.039} {0.009} {0.014} {0.001}
Weighted average 0.377 0.258 0.264 0.368 0.068 0.52 0.4 0.368
complexity (log)

{0.123} {0.324} {0.297} {0.138} {0.902} {0.373} {0.520} {0.138}
DI from reservoirs 0.006***
(%)

{0.001}
DI from pumped 0.006***
reservoirs (%)
{0.005}
DI from impounding 0.004
reservoirs (%)
{0.135}
Nr. of pumped 0.06
reservoirs (log)
{0.550}
Nr. of impounding 0.075**
reservoirs (log)
{0.012}
Nr. of reservoirs 0.151**
(log)
{0.017}
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DI from all pumped -0.004
sources (%)

{0.120}

Constant -5.805*** -6.392%** -8.033*** -4.797*** -4.374* -4.662** -5.418*** -4.368***

{0.000} {0.000} {0.000} {0.003} {0.071} {0.047} {0.004} {0.010}

- _ _ ______0___0000___00000___000000_]
R-squared 0.907 0.9 0.896 0.91 0.884 0.916 0.908 0.91
RESET test 0.324 0.594 0.545 0.2 0.316 0.253 0.293 0.2
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Table A-29: WW1 with water resource drivers

Model WW1 Model 1  WW1 Model 22 WW1 Model 23 WW1 Model 24 WW1 Model 25 WW1 Model 26 WW1 Model 27 WW1 Model 28
Version PR19 % of DI from % of DI from % of DI from Number of Number of Number of % DI from all
pumped & pumped impounding pumped impounding reservoirs pumped
impounding reservoirs reservoirs reservoirs reservoirs sources
reservoirs
Properties (log) 1.071%*=* 1.051*** 1.072%** 1.064*** 1.069*** 1.128*** 1.067*** 1.064***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Water treated in 0.004*** 0.003*** 0.003** 0.004*** 0.005** 0.006*** 0.006*** 0.004***
bands 3-6 (%)
{0.000} {0.007} {0.017} {0.000} {0.017} {0.000} {0.001} {0.000}
WAD - LAD (log) -2.094*** -1.826%*** -1.515%** -2.158*** -2.212%** -2.031*** -2.250%** -2.160%***
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Squared WAD - 0.147*** 0.129*** 0.106*** 0.152%** 0.156*** 0.140*** 0.158*** 0.152%**
LAD (log)
{0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000} {0.000}
Boosters per length 0.335** 0.390** 0.448** 0.327* 0.440** 0.475*** 0.324* 0.327*
(log)
{0.032} {0.038} {0.021} {0.055} {0.022} {0.000} {0.051} {0.055}
DI from reservoirs 0.003***
(%)
{0.002}
DI from pumped 0.004***
reservoirs (%)
{0.002}
DI from impounding 0.001
reservoirs (%)
{0.564}
Nr. of pumped 0.017
reservoirs (log)
{0.788}
Nr. of impounding -0.028***
reservoirs (log)
{0.004}
Nr. of reservoirs 0.008

(log)
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{0.820}

DI from all pumped -0.001
sources (%)

{0.547}

Constant -1.565* -2.085** -3.140%** -1.309 -0.802 -1.963** -1.233 -1.205

{0.074} {0.014} {0.003} {0.191} {0.503} {0.023} {0.221} {0.266}

]
R-squared 0.97 0.968 0.97 0.969 0.972 0.968 0.967 0.969
RESET test 0.223 0.257 0.157 0.217 0.083 0.199 0.294 0.217
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