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IMPORTANT NOTICE 

This report was prepared by Cambridge Economic Policy Associates (CEPA) Ltd for the 
exclusive use of Ofwat.  

Information furnished by others, upon which all or portions of this report are based, is 
believed to be reliable but has not been independently verified, unless expressly indicated. 
Public information, industry, and statistical data are from sources we deem to be reliable; 
however, we make no representation as to the accuracy or completeness of such information, 
unless expressly indicated. The findings enclosed in this report may contain predictions based 
on current data and historical trends. Any such predictions are subject to inherent risks and 
uncertainties. 

The opinions expressed in this report are valid only for the purpose stated herein and as of 
the date of this report. No obligation is assumed to revise this report to reflect changes, 
events or conditions, which occur subsequent to the date hereof. 

CEPA Ltd does not accept or assume any responsibility in respect of the Report to any readers 
of the Report (Third Parties), other than the client(s). To the fullest extent permitted by law, 
CEPA Ltd will accept no liability in respect of the Report to any Third Parties. Should any Third 
Parties choose to rely on the Report, then they do so at their own risk. 

CEPA Ltd reserves all rights in the Report. 

. 
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EXECUTIVE SUMMARY 

Cambridge Economics Policy Associates Limited (CEPA) was engaged to support Ofwat with 
Cost Assessment and Modelling for PR19. Specifically, CEPA was asked to develop 
econometric models that Ofwat could use as part of the assessment of costs for wholesale 
activities during PR19.  

CEPA was supported in the development of this report by a panel of engineers and 
econometricians. These individuals provided input into the assumptions used during the 
development of the models as well as peer-reviewed a previous draft of this report. 

Methodology for the development of the econometric models  

To support Ofwat in the identification of econometric models that could be used in PR19, 
CEPA ran a two stages process. These two stages are presented in the figure below.  

Figure 1: Model development phases 

 

Source: CEPA 

In a first phase, CEPA identified models that had the minimum characteristics required for a 
model to be considered further. In a second phase, models that were selected in Phase 1 were 
evaluated further by running the whole set of robustness tests discussed above.  

This process allowed CEPA to identify and evaluate models that complied with three main 
selection criteria: robustness, transparency and economic/technical rationale.  

Phase 1

Identify preferred models 
based on:
• Explanatory power of 

historic data (adjusted 
R-squared)

• Statistical significance
• Economic / engineering 

rationale
• Consistency with other 

components of the 
regulatory framework

Phase 2

Additional robustness 
analysis:
• Regional wage 

adjustment
• Time trend
• Enhancement 

smoothing
• Removal of years / 

companies from panel
• Random effects
• Within sample 

forecasting



5 
 

Figure 2: Model selection criteria 

 

Source: CEPA  

As a result, the models put forward in this report should be robust from both a statistical and 
sensitivity point of view while at the same time provide results that are consistent with 
economic and technical rational. In addition, by ensuring transparency Ofwat would allow 
companies to replicate them to ensure they can develop relevant challenges during PR19.  

Conclusions 

We found that: 

 Botex models are viable at different degrees of activity aggregation. 

 Models including botex and some enhancement costs (botex plus) are viable at 
different degrees of activity aggregation. 

 No viable model was identified for raw water distribution in isolation at both a botex 
and botex plus level.  

 Viable models were identified at both a botex and botex plus level for bioresources. 
However, these models could require further consideration due to data issues, 
including different approaches to the accounting of energy costs over time. 

The tables below provide a more detailed summary of the models that were selected for every 
level of cost aggregation that was considered in this report. 

Table 1: Summary of selected water models 

Degree of aggregation 
of costs 

Costs included Number of models 
presented 

Main characteristics 
of the models 

Wholesale water  Water resources 

 Raw water 
distribution 

 Water treatment  

 10 botex models  

 6 botex plus models 

 Scale of activities 

 Density 

 System 
characteristics 

 Level of activity 
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Degree of aggregation 
of costs 

Costs included Number of models 
presented 

Main characteristics 
of the models 

 Treated water 
distribution 

Water resources plus  Water resources 

 Raw water 
distribution 

 Water treatment  

 4 botex models 

 4 botex plus models 

 Scale of activities 

 System 
characteristics 

Water network plus  Raw water 
distribution 

 Water treatment  

 Treated water 
distribution 

 15 botex models 

 10 botex plus 
models 

 Scale of activities 

 Density 

 System 
characteristics 

 Level of activity 

Water resources  Water resources  9 botex models 1 

 9 botex plus models 
2 

 Scale of activities 

 System 
characteristics 

Raw water 
distribution 

 Raw water 
distribution 

 3 botex models 

 3 botex plus models 

 Scale of activities 

 System 
characteristics 

Water treatment  Water treatment  4 botex models  

 4 botex plus models 

 Scale of activities 

 System 
characteristics 

Treated water 
distribution 

 Treated water 
distribution 

 8 botex models  

 8 botex plus models 

 Scale of activities 

 Density 

 System 
characteristics 

 Level of activity 

 
Table2: Summary of selected wastewater models 

Degree of aggregation 
of costs 

Costs included Number of models 
presented 

Main characteristics 
of the models 

Wholesale wastewater Sewage collection 
Sewage treatment 
Bioresources 

 6 botex models 

 5 botex plus models 

 Scale of activities 

 Density 

 System 
characteristics 

 Level of activity 

                                                      
1  2 proposed and 7 alternative models. 
2  2 proposed and 7 alternative models. 
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Degree of aggregation 
of costs 

Costs included Number of models 
presented 

Main characteristics 
of the models 

Wastewater network 
plus 

Sewage collection 
Sewage treatment 

 8 botex models 

 3 botex plus models 

 Scale of activities 

 Density 

 System 
characteristics 

Bioresources plus Sewage treatment 
Bioresources 

 3 botex models 

 3 botex plus models 

 Scale of activities 

 Density 

 System 
characteristics 

Sewage collection Sewage collection  3 botex models 

 3 botex plus models 

 Scale of activities 

 Density 

 System 
characteristics 

Sewage treatment Sewage treatment  4 botex models 

 2 botex + models 

 Scale of activities 

 Density 

 System 
characteristics 

Bioresources Bioresources  2 botex models  Scale of activities 

 System 
characteristics 

 Level of activity 
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1. INTRODUCTION 

 Scope of work 

Cambridge Economics Policy Associates Limited (CEPA) was engaged to support Ofwat with 
the Cost Assessment and Modelling for PR19. Specifically, CEPA was asked to develop 
econometric models that Ofwat could use as part of the assessment of costs for the wholesale 
activities during PR19.  

As part of this engagement CEPA also supported Ofwat in the review of those sections of the 
data provided by water and wastewater companies that constituted an input to the 
development of the econometric models. CEPA reviewed the data provided by Ofwat and 
identified those areas where additional information would be required to ensure consistency 
across submissions. Ofwat requested this information from the companies and provided CEPA 
with the relevant dataset.  

CEPA was supported in the development of this report by a panel of engineers and 
econometricians. These individuals provided input into the assumptions used during the 
development of the models as well as peer-reviewed a previous draft of this report. 

Overall, this report provides a range of robust models that Ofwat could use in the assessment 
of the costs that companies will submit as part of their PR19 submissions.  

 Structure of report 

The specific structure of the report is as follows: 

 Section 2 describes CEPA’s approach to the development of these models 

 Section 3 presents the steps we followed in the development of the data to be used 
for the development of the PR19 models. 

 Section 4 presents the econometric methodology CEPA used when development the 
models presented in this report. 

 Section 5 summarises the criteria that were used to evaluate the robustness of the 
different models. 

 Section 6 describe the stages Ofwat followed to develop the models that are 
presented in section 7. 

The report is complemented with a number of annexes that presents a more detailed 
description of some of the issues in the report.  
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2. APPROACH TO MODELLING 

In the methodology for PR19 published in December 2017, Ofwat confirmed its high level 
approach to cost assessment. As a result, Ofwat will combine econometric and non-
econometric cost models when evaluating the cost proposals included in the companies’ 
business plans.  

The focus of this report is to present Ofwat with econometric models that could be used in 
this assessment. To develop these potential models, CEPA built on the work done in PR14. 
However, modifications were required to account of the new PR19 regulatory framework. 
Furthermore, CEPA also accounted for the concerns relating to these models that were put 
forward after Ofwat published its PR14 Final Determinations.  

 Concerns relating to PR14 econometric models 

A number of concerns were raised as part of the CMA’s decision on Bristol Water’s appeal to 
PR14. In this determination, the CMA raised issues in relation to Ofwat’s econometric models, 
summarised in Table 2.1. 

Table 2.1: Modelling criticisms raised by the CMA 

Issue raised by CMA Description of CMA comment 

No disaggregation 
below wholesale water 

The CMA considered that Ofwat’s exclusive use of top-down models 
did not give sufficient regard to the benefits of more disaggregated 
modelling. 

Timing of investment 
needs 

Ofwat’s models combined opex and capex. Beyond using a smoothed 
version of capex, Ofwat’s models did not give sufficient regard to the 
timing of investment needs. 

Totex models that 
include enhancements 

Enhancement expenditure is lumpy over time and likely to be 
sufficiently different across companies at any given time. Furthermore, 
the cost of different enhancement solutions is likely to vary across 
regions. Ofwat’s water totex models did not sufficiently capture the 
heterogenous nature of enhancement. 

Counter-intuitive 
coefficients 

Some models had coefficients that were not aligned with engineering 
or economic logic.  

Number of explanatory 
variables relative to 
sample size 

The CMA considered the number of variables to be large compared to 
the sample size, particularly for the full totex model, but also for other 
models. This risked inaccuracies in the results. 

Translog models The models contained higher-order terms (squared terms) and cross-
terms, which the CMA considered complicated the interpretation of 
models and was ambitious given the sample size. The CMA also noted 
that the specific implementation of the translog model used by Ofwat 
did not totally follow the standard translog cost function from 
economic theory as the interaction and square terms were only applied 
to a subset of the identified cost drivers. 
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Issue raised by CMA Description of CMA comment 

Relationships between 
costs and cost drivers 

The CMA considered that the way some variables were included in the 
models did not make intuitive sense. 

Endogeneity Some variables were likely to be correlated with the error term, 
resulting in ‘endogeneity’ in the model which would cause bias in 
model estimates. 

Source: CEPA 

Our approach to developing econometric models for PR19 largely addressees the comments 
made by the CMA. Following Ofwat’s PR19 methodology, we have developed both 
aggregated and granular benchmarking models, and excluded areas of enhancement 
expenditure that we considered not suitable for our models. We have made sure the 
coefficients align with expectations and have not used translog models. 

 Methodology for the development of the econometric models  

To ensure a clear and transparent process to develop econometric models, CEPA specified 
and undertook some preliminary stages that constituted the basis of our analysis. It was only 
after this preliminary analysis that the actual modelling process started:  

Figure 2.1: Stages in the development of the cost models 

 

Source: CEPA 

The result of each one of these stages will be discussed in detail in the following sections. 

  

CEPA reviewed the data required for the development of the econometric models and 
identified additional information required. This information was collected by Ofwat to 
provide us with the final database.

Data preparation

Considered potential approaches to the development of models and selected 
preferred options based on feedback from Ofwat and technical advisors. 

Identify model development 
methodology

CEPA, in combination with Ofwat and independent engineers, identified the relevant 
cost drivers for each part of the value chain as well as the variable(s) that could be 
used to reflect each one of the cost drivers. 

Identify cost drivers

CEPA, in communication with Ofwat and technical advisors, identified the criteria to 
be used to identify the relevant models.

Identify model selection 
criteria

In a first phase CEPA considered all the potential models and identified those that 
complied with some minimum requirements. Only those models could be considered 
for further analysis.

Run econometric models

Those models selected in the previous phase were rigorously tested by conducting 
several model robustness tests.  Model robustness testing
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3. DATA PREPARATION 

In parallel to the development of the modelling approach that is presented in the following 
sections, CEPA worked alongside Ofwat to develop the database required for the modelling 
exercise. Most of the data used in this exercise was provided to CEPA by Ofwat. This data 
came from the regulatory submission received from the companies for the period 2011/12 -
2016/17 and it was challenged by Ofwat ahead of being provided to CEPA. In addition to that 
information, CEPA also used information from a 2017 United Utilities report prepared by Vivid 
Economics and Arup titled “Understanding the exogenous drivers of wholesale wastewater 
costs in England and Wales”, 3 with the aim of replicating the relevant wholesale water cost 
drivers proposed in the report. 

To ensure its robustness, CEPA undertook a review of the data entering the analysis. This was 
to identify potential areas/data points that required additional clarification by the companies. 
These clarifications were raised by Ofwat with the relevant companies. Once companies had 
addressed these questions, Ofwat finalised the new dataset that constitutes the basis for this 
analysis on 11 January 2018.4 

Once the database was checked and the information as robust as possible, CEPA started its 
analysis by developing an estimate of the costs of the companies that could be used as the 
dependent variable in an econometric analysis. The assumptions used for this analysis are 
discussed in the rest of this chapter. 

 Pre-modelling adjustment to costs  

The table below summarises those costs that were excluded from the analysis. The reasons 
behind excluding certain costs was if: 

 the cost pool (i.e. aggregation of costs being modelled) does not follow the same cost 
drivers as the other costs of the company; 

 the costs are only significant for a small number of companies; and/or  

 historic information is unlikely to be a good reflection of future expenditure. 

                                                      
3 Vivid Economics and Arup. (2017). Understanding the exogenous drivers of wholesale wastewater costs in 
England & Wales. 
4 After that date Ofwat received some minor modifications to the data. These modifications were not 
incorporated into the analysis as their small size was considered to have a very small effect on the results of this 
report. These adjustments, however, will need to be included in the final version of the models Ofwat will use 
in PR19.  
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Table 3.1: Cost excluded from the analysis 

Cost Rationale 

Business rates As per Ofwat’s Price Review methodology 

Pension deficit costs As per Ofwat’s Price Review methodology 

Third party services Third party services are for the most part outside of the price control. 
Furthermore, the significance of third party costs is likely to be influenced 
by historical factors.5 As a result, they are to some extent outside the 
control of the company and are unlikely to follow the same cost drivers 
to other costs. This is reflected in a large variation in third part service 
costs across companies. This affects both water and wastewater 
activities. 

Other cash items Defined by Ofwat as “Other cash items not included in the accounting 
charge”. These appear to be one off costs for most companies and very 
variable. As a result they may distort the relationship between costs and 
costs drivers. This affects both water and wastewater activities. 

Total atypical 
expenditure 

As the costs are atypical, their introduction would only distort the data. 
This affects both water and wastewater activities. 

Cost associated with 
the Traffic 
Management Act 
(TMA) 

TMA costs vary significantly across companies, with some companies 
incurring significant TMA costs and others incurring zero because the 
local authority they operate in does not have an operational TMA. This 
affects both water and wastewater activities. 

Abstraction charges / 
Discharge consents 
allocated to water 
resources 

Amendments to the abstraction licence charging scheme in April 2017 
mean that the historical period is not reflective of abstraction charges 
being faced by companies during PR19. In addition, abstraction charges 
are set by the Environment Agency, which reduces their controllability at 
a company level.6 This affects only water activities. 

Statutory water 
softening 

Atypical in nature as only one company incurs costs associated with 
statutory water softening. This affects only water activities 

Costs associated with 
Industrial Emission 
Directive 

Costs associated with the Industrial Emission Directive were only incurred 
by a small number of companies during PR14. In addition, comments 
made by companies in their data submission indicated that the costs 
incurred during PR14 are unlikely to be reflective of the costs incurred 
during PR19. This affects both wastewater activities only. 

Source: CEPA 

The size of these costs reaches a maximum of 26% of total expenditure for water and 12% for 
wastewater services. 7 

                                                      
5 As highlighted by Ofwat engineers during a conference call on the 21st November 2017. 
6 One possible exception is if a company operates over more than one Environment Agency area and it has the 
capacity to transfer water between different regions, there could be a marginal incentive to use a system of 
arbitration between areas. 
7 This value excludes an one off Other cash items of £419 million for one of the companies. 
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An adjustment that, after careful consideration, was not included in the models is one for 
labour cost differences across regions. The reasons for this decision are presented in the box 
below. 

Box 1: Approach to Regional Wage Adjustment 

Regional Wage Adjustment (RWA) 

When assessing the efficiency of a regulated company, regulators face the challenge of how to 
account for differences in labour prices across the country. Given that most regulated companies 
have a regional monopoly, one of the reasons behind the difference in costs (other than differences 
in the levels of efficiency) could be that they face different labour costs.  
To reflect these effects, regulators have used two main approaches to RWA: 

 Ex-ante adjustment to the data: Under this approach, the data is adjusted before it is used 
to develop models. This adjustment needs to account for the difference in costs between 
regions as well as the percentage of labour that is hired locally (and as a result faces regional 
wages). This has been generally the approach used by Ofgem (see Annex A for a detailed 
description of this methodology). 

 Introduction of an explanatory variable into the model: Under this approach the models 
will include a variable to control for the cost differential between regions. As a result, the 
model will indicate whether this variable is significant and what is the expected size of this 
effect. This approach was used by Ofwat in PR14.  

As part of this engagement CEPA considered the potential alternatives for the introduction of RWA 
and determined that an adjustment did not improve the results of the models being considered. To 
arrive at this conclusion CEPA: 

 ran a set of initial models using an ex-ante adjustment. When compared with those models 
without these adjustments, the introduction of this adjustment did not seem to improve 
the capacity of the model to explain the data;  

 ran a set of initial models using an explanatory variable reflecting cost differential.8 This 
variable was not significant in most of the models and the sign and size were different to 
the prior expectation for this variable; and  

 considered the percentage of staff costs in the total expenditure. Using the data provided 
by Ofwat, CEPA found that staff costs represent a relatively small cost pool. Therefore, the 
effect of the cost differential between regions would be limited.  

With this evidence, CEPA decided to run the models without any adjustment for RWA. However, to 
ensure that this assumption is appropriate, all the models that were selected in Phase 1 (to be 
discussed below), were re-run under three scenarios: 

 Ex-ante adjustment (see Annex A for the methodology used to calculate this adjustment) 
where 100% of the costs were assumed to be regional. This adjustment imposes the 
restriction that 100% of labour costs are affected by regional wage pressures. 

                                                      
8 The natural logarithm of the mean regional wage for each company in each year of the data set, using annual 
wage data provided by the Office of National Statistics (ONS) in their Annual Survey of Hours and Earnings 
(ASHE). 
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Regional Wage Adjustment (RWA) 

 Ex-ante adjustment (see Annex A for the methodology used to calculate this adjustment) 
where 70% of labour costs were assumed to be regional.  

 Introduction of a variable in the models of a variable that reflects regional wages (see Annex 
A for the methodology used to calculate this variable).  

The results for each one of these robustness checks were compared against those of the original 
models to evaluate whether these adjustments improved the robustness of the models.  

 Potential explanatory variables 

The next stage in development of the econometric models is the identification of the relevant 
explanatory variables that will be used within the econometric models as a proxy for cost 
drivers.  

To illustrate the difference between a cost driver and an explanatory variable:  

 Cost driver: The concentration of contaminants in a water source will be a cost driver 
for the water treatment activities. 

 Explanatory variable: As the precise measurement of contaminant load in a water 
source is not known and has the potential to be highly variable requiring significant 
amounts of data to define, we need to find a variable for which data is available and 
that constitute a (partial) proxy for this effect. In this case, an example could be the 
percentage of water coming from different sources. Given that different sources are 
expected to have different quantities of contaminant load, these variables could be 
used as a proxy for the overall cost driver. 

To identify these cost drivers and explanatory variables, CEPA developed a list of potential 
variables based on a combination of the work undertaken for PR14, the cost assessment 
workshops run by Ofwat and different reports published by the companies on this topic.9 This 
list was then refined using the feedback of the engineering panel that CEPA has used in this 
project, as well as the technical experts in Ofwat.  

When developing these variables, the focus was to identify those variables that reflected the 
relevant cost drivers. Alternative formulations were considered for some of the variables. 
However, in some cases due to data limitations and in some cases due to variables not being 
appropriated for econometric models, they were not considered as feasible/appropriate.  

3.2.1. Cost drivers 

Even when the activities are very different, the cost drivers can be grouped into the five 
categories in the table below:  

                                                      
9 See report in Ofwat’s marketplace of ideas available in  https://www.water.org.uk/policy/future-of-the-water-
sector  
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Table 3.2: Cost drivers being considered in the modelling exercise 

Cost driver Rationale 

Scale of the 
activities 

The scale of the activities being undertaken by a company is expected to be a 
strong driver of its total costs. It allows to undertake an initial evaluation of 
whether there are economies of scale in the activities and costs being modelled. 

Density The density of population could affect the total cost of some of the activities of the 
companies (e.g. networks). The effect on the costs of the company, however, could 
be ambiguous: 

 Companies could face lower costs in densely populated areas as they can make 
more efficient use of the resources (e.g. reducing travelling distances for 
maintenance or duplication of depots and spare parts). 

 Companies could face higher costs in densely populated areas as working in 
more urban areas (normally correlated with more densely populated areas) 
could come at additional costs (e.g. increase expenditure for traffic 
management, service diversion, surface reinstatement, etc in urban areas).  

One important point for this cost driver is that some of the variables that are 
commonly used as a proxy for density will use at least one of the proxies used for 
the scale variable. As a result, the coefficients will need to be considered jointly. 
For example, if a model includes total connections/total length of mains as a 
measure of density and total connections also as the scale variable, the effect of 
total connections on costs is not provided by a single coefficient.  

System 
characteristics 

The characteristics of the assets and systems operated by the company could also 
affect its total cost for the provision of the services. When considering using this 
cost driver in a model aimed at measuring efficiency, there are two arguments to 
be considered: 

 The costs could reflect previous inefficiencies of the company: A company has 
the capacity to partially affect the structure of its network and assets in the long 
term while in the short term these assets are fixed. Therefore, if previous 
decisions were inefficient, by including this cost driver be propagating previous 
inefficiencies.  

 The costs could reflect characteristics of the area being served by the company: 
In some cases the characteristics of the system are the result of the 
characteristics of the area the company serves (e.g. the area could be very hilly). 
As a result, a company could face higher/lower costs to operate in that area.  

After considering these two effects, CEPA decided to consider this cost driver when 
developing these models as this would facilitate the models being a better 
representation of the actual situation of the company. Furthermore, given that 
efficient decisions change over time (e.g. as new technologies become available), 
it would be difficult to determine whether previous investment decisions were 
inefficient at the moment they were undertaken. 

Quality  Consumers of some of the companies could require higher quality of service or 
additional outcomes. Increasing the quality of the service delivered by the 
companies can have an ambiguous effect. On the one hand, additional quality 
could be coming at an additional cost as the company needs to invest to provide 
this higher quality (requirements – delete). On the other hand, however, high 
quality could also be associated with lower costs. For example, to increase quality 
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the company could need to renew its network to reduce water leakage or sewer 
blockages. This new investment could bring lower associated maintenance costs 
as well as reduced costs coming from answering consumers complaints. 
In addition, the use of these drivers needs to account for other parts of the 
regulatory framework to ensure that companies get the right incentives and they 
are not doubly rewarded for the delivery of certain outcomes.   

Level of 
activity 

Some of the differences in costs could just be the reflection of a higher (but 
efficient) amount of activity being undertaken by the company to deliver specific 
outputs. Therefore, it is important to ensure the models control for this cost driver 
and adjust the outcome as a function of this activity.  

Note: CEPA also considered another potential cost driver: cost of inputs. The evolution of the cost of 
some of the inputs would have a direct effect on the costs of the company. However, no variables were 
included in this group as the prices for the two main inputs (labour and energy costs) were considered 
separately.  
Source: CEPA 

3.2.2. Explanatory variables 

The variables that have been used to reflect each one of these cost drivers is presented in the 
table below. 
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Table 3.3: Explanatory variables when models include water resources 

Explanatory variables Explanation Expected sign 

Scale 10 

Total connections The water resources costs of a company are expected to increase with the size of 
the company. These variables aim to approximate this effect. As these two variables 
are highly correlated, they will not be included in the same model.  
Even when both variables are valid, using number of connections appears to be 
more consistent with Ofwat’s incentives for PR19. Using this variable assumes that 
all companies have a similar level of consumption per connection. As a result, those 
companies less concerned with the efficient use and consumption of water (e.g. 
through higher leakage or less demand management measures), will incur the costs 
of abstracting additional amounts but they will not be compensated for this.  

Positive 

Distribution input 

System Characteristics  

Proportion of water coming from different sources Different water sources could be expected to have different costs. Therefore, these 
variables would aim to reflect the composition of the abstraction resources used by 
the companies.  
Following PR14, CEPA undertook the analysis grouping the different water sources 
into three groups: rivers, boreholes (including boreholes, artificial recharge schemes 
and aquifer storage) and reservoirs (including impounding and pumped storage 
reservoirs).  
In this initial analysis CEPA assumed that reservoirs were expected to have higher 
costs as a result of the additional asset intensity (e.g. needs to maintain an actual 
reservoir). This would be followed by rivers, and then boreholes (even when these 
two variables would have similar costs). 
After conversations with the technical experts, CEPA also considered the effect of 
splitting reservoirs between impounding and pumped storage reservoirs as these 
two types of reservoirs could have very different costs. As part of this debate, the 

 Depends on 
the sources 

being 
included / 
excluded 

                                                      
10 Total length of mains was tested as a scale explanatory variable in the early stages of model development but after discussions with Ofwat’s engineers it was decided that 
total connections and distribution input were more appropriate scale explanatory variables for water resources. 
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Explanatory variables Explanation Expected sign 

technical team in Ofwat pointed out that one should expect that impounding 
reservoirs would actually have the lowest costs of all water sources while the 
ranking above would hold for pumped storage.  

Distribution input per source This variable measures the average size of the water sources operated by the 
company (measured as distribution input / total number of sources). The 
introduction of this variable allows us to consider whether companies can realise 
economies of the scale in water abstraction.  
Under the assumption that economies of scale exist, one could assume that the 
larger the amount of water coming from a small number of sources the lower the 
costs of the company. 

Negative 

Number of sources The number of sources of a company can increase for two reasons: 

 the average size of their water source is smaller (e.g. because they need to serve 
remote communities) which could mean that they need to coordinate a large 
number of sources and/or they cannot enjoy economies of scale that would arise 
with larger equipment; and 

 the number of sources could also increase with the size of the company. As a 
result, the cost of the company will increase with size.  

These two reasons appear to indicate that one should expect that when the number 
of sources increase the overall costs of abstraction of the company also increase. 

Positive 

Average pumping head – water resources This variable reflects the amount of effort the company needs to undertake to pump 
the water in its water resources operations. This variable aims to provide a proxy for 
the energy requirements the company faces. One could expect that the higher the 
pumping required, the higher the amount of energy costs and, as result, the higher 
the total cost. 

Positive 

Source: CEPA 
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Table 3.4: Explanatory variables when models include raw water distribution 

Explanatory variables Explanation Expected sign 

Scale 

Total length of raw water mains For those companies with raw water distribution, the costs of these activities are 
expected to increase with the size of the company. These variables aim to 
approximate this effect. As they are highly correlated, these variables will not be 
included in the same model.  

Positive 

Total connection 

System Characteristics 

Proportion of water coming from different sources Different water sources could be more prone to require a significant amount of raw 
water transportation. For example, reservoirs, given their large size and geographic 
needs, are less likely to be co-located with the treatment plant (this does not 
necessary imply that this is always the case). Therefore, a company with more 
reservoirs could require a more complex raw water system.  

In the case of rivers and boreholes, one could expect that the abstraction points 
could be closer to the treatment plant.  

Depends 

Average pumping head – raw water distribution This variable reflects the amount of effort the company needs to undertake to pump 
the water in its raw water distribution operations. This variable aims to provide a 
proxy for the energy requirements the company faces. One could expect that the 
higher the pumping required, the higher the amount of energy costs and, as result, 
the higher the total cost. 

Positive 

Source: CEPA 
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Table 3.5: Explanatory variables when models include water treatment 

Explanatory variables Explanation Expected sign 

Scale 

Total connections Treatment costs would be expected to increase with the size of the company. The 
three variables on the left aim to approximate this effect. As these variables are 
highly correlated, they will not be included in the same model. 

Even when all the variables are approximations of the size of the company, using 
number of connections appear to be more consistent with Ofwat’s incentives for 
PR19. Using this variable assumes that all companies have a similar level of water 
being treated per connection. As a result, those companies less concerned with the 
efficient use and consumption of water (e.g. through higher leakage or less demand 
management measures), will incur the costs of treating additional amounts but they 
will not be compensated for it. 

Positive 

Volume of water treated 

Total length of mains 

System Characteristics 

Proportion of water coming from different sources The amount of treatment and consequently its costs, would be linked with the 
concentration of contaminants in the water. To proxy this driver, CEPA has used the 
percentage of water coming from different abstraction sources. CEPA, with the 
support of technical experts, has assumed that water coming from rivers is likely to 
have a higher volume of contaminants which result in additional treatment costs. 
On the contrary, water coming from boreholes is the cheapest.  
Generally speaking, borehole water could be expected to have a small concentration 
of contaminants as it has been naturally filtered. River and reservoir water could 
have the same quality originally. However, it could be expected that during the time 
in the reservoirs, some of the contaminants will settle out and, as a result, the water 
coming from reservoirs would be easier to treat than the one coming directly from 
rivers. With direct river abstraction especially in the case of heavily utilised rivers 
the potential for variable quality from the source could be expected to be much 
greater than that of a borehole and reservoir. The need to effectively treat over a 
wide range of water quality has the potential to increase complexity and cost. 

Depends on 
which water 

source 
variables are 
included in 
the model 
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Explanatory variables Explanation Expected sign 

Average pumping head – water treatment This variable reflects the amount of effort the company needs to undertake to pump 
the water in its water treatment operations. This variable aims to provide a proxy 
for the energy requirements the company faces. One could expect that the higher 
the pumping required, the higher the amount of energy costs and, as result, the 
higher the total cost. 

Positive 

% of water treated in different treatment works 
sizes (bands 7-8) 

As treatment plants grow in size, one could expect that they can benefit of additional 
economies of scale. This variable groups together percentage of water being treated 
in the two largest treatment plants (alternative specifications were considered as 
part of CEPA’s initial modelling exercise but this specification showed the best initial 
results).  

Under the assumption that these economies of scale materialise, a company with a 
larger amount of water being treated in larger plants could be expected to have 
lower expected treatment costs.  

Negative 

% of water treated in different treatment works 
sizes (bands 1-2) 

This variable is the reverse to the previous one as it includes the smallest WTWs.  Positive 

Complexity of treatment works (bands 4-6) Given that not all WTW provide the same level of treatment (this could be a function 
of the quality of the water being received and/or the quality of the water 
requirements), one could expect that treatment costs will increase with the 
complexity of these treatments. Complexity bands 4-6 are the most complex 
treatment works. Therefore, the assumption is that as more water is treated in 
complex WTW the treatment costs of the company would increase. 

Positive 

Number of treatment works As with water resources, the number of WTWs can increase due to a smaller size of 
the average WTWs as well as with the size of the company. Therefore, applying the 
same logic, the costs of the treatment activities would increase with the number of 
WTWs.  

Positive 

Source: CEPA 
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Table 3.6: Explanatory variables when models include treated water distribution 

Explanatory variables Explanation Expected sign 

Scale 

Total connections The total network costs of a company could be expected to increase with its size. 
Both variables on the left aim to approximate this effect. As these variables are 
highly correlated, they will not be included in the same model. 

Both variables are equally valid making choosing between them difficult. As 
indicated above, total number of connections has the advantage of providing 
incentives to monitor the efficient use of water. However, the use length of mains 
allows to account not only for the size of the company but also for some other cost 
drivers such as sparsity of the population and geographic characteristics.  

Positive 

Total length of mains 

Density 

Total connections / Total length of mains Density is normally considered to have an ambiguous effect on costs. However, 
CEPA was advised by its technical advisors to expect a positive relationship between 
density and costs in water networks. These three measures of density aim to 
approximate this effect. Given that these variables aim to identify the same cost 
driver, no model will consider more than one of them. 

Total connections / total length of mains is the measure CEPA used in PR14 and it is 
similar to those used by other UK regulators. The other two variables were built by 
Ofwat to test whether alternative methodologies would better reflect the water 
sector.  

Therefore, except if any of the alternative methodologies would work sensibly 
better, CEPA would use a consistent approach and presents models that include 
total connections / total length of mains for consistency with PR14.  

Positive 

Ofwat density index 11 

Ofwat weighted density measure 12 

   

                                                      
11 For an explanation of this variable please see ANNEX B. 
12 Same as above. 
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Explanatory variables Explanation Expected sign 

System Characteristics 

Number of service reservoirs, booster pumping 
stations and water towers. 

This variable will reflect the asset intensity of the company. It would come at the 
cost of increase operation and maintenance costs.  

Positive 

% of mains installed post 1981 Older networks are expected to have additional maintenance costs. Therefore, as 
the network ages the costs of the company are expected to increase.  

To consider the age of the network, CEPA built a variable that includes all the mains 
that have been built by the company since privatisation, i.e. those where the current 
company has had the capacity to decide about. Given the limitations in the data this 
variable needed to start in 1981 in order to include all the mains installed since 1989. 

Negative 

Average pumping head – treated water distribution This variable reflects the amount of effort the company needs to undertake to pump 
the water in its distribution network. This variable aims to provide a proxy for the 
energy requirements the company faces. One could expect that the higher the 
pumping required, the higher the amount of energy costs and, as result, the higher 
the total cost. Furthermore, this variable could also reflect the geographic 
conditions the company faces with companies operating in flat areas facing lower 
costs. 

Positive 

Level of activity 

Length of mains refurbished and relined The cost of a company would increase with the volume of activity they need to 
undertake to deliver their outputs. These variables have a certain degree of 
endogeneity as they are, at least partially, under management control. Furthermore, 
some of them could be the result of inefficient decision in the past. However, they 
could also be the result of the company needing to incur additional inputs to deliver 
its outcomes. Therefore, CEPA decided to consider these variables in the 
development of the models. If they are included in the final version of the models, 
Ofwat should consider how to ensure the efficiency of the estimates of the 
estimated volumes for these variables.  

Positive 

Metering activity 

Number of new connections 
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Explanatory variables Explanation Expected sign 

Quality 

Leakage The aim of including leakage in these models would be to ensure that companies 
that are investing to reduce leakage have the right level of resources. Therefore, it 
would provide an indication that companies who have spent more on maintenance 
and capex in the past in order to provide a better quality of service (in terms of 
reduced leakage) in supplying water to their customers. 

Negative* 

* Leakage would only be included if the sign is negative. Otherwise it would violate Ofwat’s policy and, as a result, excluded from our analysis. 
Source: CEPA
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Table 3.7: Explanatory variables when models include sewage collection 

Explanatory variables Explanation Expected sign 

Scale 

Total properties connected The costs of operating the sewage collection network are expected to increase with its 
size. All four variables could be considered to be good proxies of this effect.  

All variables except for total load will reflect the expected size of the sewage collection 
network(s). Across these variables, volume of wastewater could have the added effect of 
accounting for the volume of surface water drainage. Accounting for this effect in the 
analysis can generate two contradictory effects. By allowing additional costs as a result of 
additional surface water coming into the system, Ofwat would providing a perverse 
incentive for companies to avoid measures to reduce drainage into the sewer system. On 
the other hand, by using this variable, Ofwat could be recognising that wastewater 
companies need to adjust their network to account for surface water drainage.  

Positive 

Length of sewers 13 

Volume of wastewater 

Total load  

Density 

Total properties connected / length of sewers These six variables aim to approximate the effect of density on costs of density. Total 
properties connected / length of sewers is the measure CEPA used in PR14 and it is similar 
to those used by other UK regulators.  

The remaining variables were proposed by either Ofwat or Arup / Vivid (the three variables 
proposed by Arup / Vivid were developed based on the information provided in their 

Ambiguous 
 
 
 

Ofwat density index 15 

Ofwat weighted density measure 16 

Urban runoff (Arup / Vivid) 

                                                      
13 For the botex models, this variable only includes “Total length of “legacy” public sewers as at 31 March. For the botex plus models, these variables include “Total length of 
“legacy” public sewers at 31 March” and “length of formerly private sewers and lateral drains” given that we include enhancement expenditure attributable to “Transferred 
private sewers and pumping stations” in modelled costs. 
15 For an explanation of this variable please see annex B. 
16 For an explanation of this variable please see annex B. 
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Explanatory variables Explanation Expected sign 

% of urban customers (Arup / Vivid) report. 14 These variables use alternative methodologies to approximate the effect of 
density in the sewage collection costs. Except if any of the alternative methodologies 
works sensibly better, CEPA would prefer to use a variable that has been well tested in the 
past and has regulatory precedent. 
As discussed in more detail in Annex B, the effect of density on costs is normally considered 
to be ambiguous. However, CEPA was advised by its technical advisors to expect a positive 
relationship between density and costs in wastewater networks. 

% of urban (sparse) assets (Arup / Vivid) 

System Characteristics 

Number of pumping stations The costs of sewage collection would increase with the asset intensity of the company. 
Companies with more assets would need to incur in additional maintenance for those 
assets and, as result, their costs would increase. This variable aims to proxy the degree of 
asset intensity of the company. 

Positive 

Storage capacity of CSOs17 

Total length of sewer laid or structurally 
refurbished post 2001 

Measures length of sewer laid / renewed post 2001, which provides a proxy for the age of 
network element. The year 2001 was selected because of data availability.18  

Negative 

Proportion of the network laid or structurally 
refurbished post 2001 

Energy consumption 19 These variables reflect the amount of effort the company needs to undertake to pump 
sewage as part of the wastewater collection network as that would be the main use of 
energy in this network. This effort could reflect the geographic conditions the company 
faces as well as the historic development of the network. However, it could also reflect 
inefficiencies if the company consumers too much energy.  

Positive 

Energy consumption per Ml of wastewater 20 

   

                                                      
14 Vivid Economics and Arup. (2017). Understanding the exogenous drivers of wholesale wastewater costs in England & Wales. 
17 The main target of these assets is to meet spill frequency objectives. 
18 The variables is named “sewer age profile” in Ofwat’s data template. 
19 Only available for sewage collection and sewage treatment combined. 
20 Only available for sewage collection and sewage treatment combined. 
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Explanatory variables Explanation Expected sign 

Level of activity   

Length of gravity sewers rehabilitated The cost of a company would increase with the volume of activity they need to undertake 
to deliver their outputs. These variables have a certain degree of endogeneity as they are, 
at least partially, under management control. Furthermore, some of them could be the 
result of inefficient decision in the past. However, they could also be the result of the 
company needing to incur additional inputs to deliver its outcomes. Therefore, CEPA 
decided to consider these variables in the development of the models. However, if Ofwat 
were to include these variables into the final versions of the models, the estimates for 
these variables used to forecast the expenditure will need to be carefully evaluated to 
ensure it only include efficient activities. 

Positive 

Number of new connections 

Quality 

Total number of sewer blockages Measure of the quality of service provided by the companies (i.e. by increasing 
serviceability the company will be improving its service).  
Ideally would have a negative sign otherwise may lead to a perverse incentive to deliver a 
lower level of serviceability (e.g. more blockages lead to higher costs). 
However, the sign can also have a positive sign as companies could also be spending more 
money as a result of an increased number of failures.  

Depends 

Total number of gravity sewer blockages 

Total number of sewer rising main bursts / 
collapses 

Designated bathing waters 

Source: CEPA 
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Table 3.8: Explanatory variables when models include sewage treatment 

Explanatory variables Explanation Expected sign 

Scale 

Total properties connected The costs of operating sewage treatment are expected to increase with the size of the company. 
The variables could be considered to be good proxies of this effect.  

As for sewage collection, volume of wastewater could have the added effect of accounting for the 
volume of surface water drainage.  

Positive 

Total load received at sewage 
treatment works 

Volume of wastewater 

Density 

Total properties connected / length 
of sewers 

The cost of treatment increases with the amount of contaminants and volume of water in need of 
treatment. Urban areas (those with a higher density) will affect both these two components. More 
drainage water will enter into the system as it will not be able to drain naturally and, at the same 
time, the water will have more contaminants as the result of the pollution in these areas. At the 
same time, companies serving densely populated areas may be more able to have larger treatment 
plants and therefore benefit from economies of scale. As a result, the effect is ambiguous. 

Ambiguous 

Ofwat density index 21 

Ofwat weighted density measure 22 

% urban assets (Arup / Vivid) 

% sparse assets (Arup / Vivid) 

System Characteristics 

% of total load being treated in 
bands 1-3 

As treatment plants grow in size, one could expect that they can benefit of additional economies 
of scale. This variable groups together percentage of load being treated in the three smaller types 
of STW (alternative specifications were considered as part of CEPA’s initial modelling exercise but 
this specification showed the best initial results).  

Under the assumption that these economies of scale materialise, a company with a larger amount 
of wastewater being treated in small plants could be expected to have higher expected treatment 
costs. 

Positive 

                                                      
21 For an explanation of this variable please see annex B. 
22 Provided by CEPA by Ofwat. Please refer to Ofwat for more details on how this variable was constructed. 
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Explanatory variables Explanation Expected sign 

Total number of sewage treatment 
works 

Capture the asset intensity of the company. Higher asset intensity is likely to increase the cost of 
the company as it increases maintenance and operation costs. 

Most likely to 
be positive 

Volume of trade effluent as a 
proportion of volume of wastewater 

Higher proportion of trade effluent would increase the cost of the company as they are likely to be 
more expensive to treat than those coming from households. 

Positive 

Energy consumption 23 These variables reflect the amount of effort the company needs to undertake to treat wastewater. 
This effort could reflect the load the company receives in its treatment plant. However, it could 
also reflect inefficiencies if the company consumers too much energy. 

Positive 

Energy consumption per Ml of 
wastewater 

Percentage of wastewater subject to 
tertiary treatment 

Enhanced and stringent permits lead to more complex sewage treatment and as a result increased 
costs. Suggested as a potential explanatory variable by Arup / Vivid. 24 

Positive 

Quality 

Intermittent discharge sites Captures compliance with discharge consent and in turn the quality of service provided (where 
quality is measured as better environmental performance). 
Ideally would have a sign consistent with the incentives Ofwat would like to provide (e.g. positive 
when a company has more designated bathing areas or negative for the number of odour related 
complaints). 
However, the sign can also have a reverse sign as companies could also be spending more money 
as a result of an increased number of failures. 

Depends 

Designated bathing areas 

Number of odour related complaints 

Source: CEPA 

                                                      
23 Only available for sewage collection and treatment combined. 
24 Vivid Economics and Arup. (2017). Understanding the exogenous drivers of wholesale wastewater costs in England & Wales. 
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Table 3.9: Explanatory variables when models include bioresources 

Explanatory variables Explanation Expected sign 

Scale 

Total properties connected The costs of operating the bioresources operations are expected to increase with the 
size of the company. The variables could be good proxies of this effect.  

All variables reflect the expected size of the sewage treatment activities. The 
variables are interchangeable as they all reflect the volume of biomass that would be 
expected to be dealt by the company at different points of the bioresource 
operations. This link is probably weaker when using total properties connected. 

Positive 

Total load received at sewage treatment works 

Total sludge produced 

Total sludge disposed 

System Characteristics 

% of sludge disposed to farmland The approach used to dispose the treated sludge will affect the company as different 
sludge disposal routes are likely to have different cost structures. The use of variables 
that reflect the percentage of treated sludge disposed using different routes, 
however, could provide incentives for companies to modify their disposal methods 
as this variable can be endogenous and under management control.  
However, the capacity of the companies to change between different options is 
limited and, as a consequence, CEPA has considered this variable of this analysis. 
Furthermore, to keep the number of variables manageable, CEPA focuses the analysis 
in the effect of one of the methods of disposal, disposal to farmland. This is one of 
the cheapest option as well as the most common.  

Ambiguous 

Energy consumption 25 Higher energy consumption is likely to reflect the different sludge treatment 
processes conducted by companies. Hence, higher energy consumption is likely to be 
the result of more complex treatment process, and in turn higher costs. This variable 
is partially under management control. 

Positive 

% of intersiting work done by different transport 
options – tanker, truck and pipeline 

The method to transport sludge between the STW and the sludge treatment plant 
will affect the cost of the company. Tanker and truck are expected to be the most 
expensive transport option, and then by pipeline. Even when in the long term the 

Depends 

                                                      
25 Available for bioresources. 
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Explanatory variables Explanation Expected sign 

choice of the mean of transport is endogenous, it is difficult to change in the short 
term. As a result, CEPA decided to include it in the variables to be considered. 

% of sludge produced treated by different sludge 
treatment processes 

Different sludge treatment processes will have different cost structures. Thus, the 
proportion of sludge produced treated using different treatment processes will likely 
lead to different costs. 
The expected value for this technology will depend, at least, on the amount of energy 
they consume and their assets intensity. Therefore, CEPA has assumed that 
incineration is more expensive than anaerobic digestion followed by lime treatment 
and composting, and finishing with untreated sludge.  

Depends 

Total sludge disposed as a percentage of total 
sludge produced 

Captures the different sludge treatment processes used by companies. For example, 
advanced anaerobic digestion produces less sludge to dispose of than conventional 
digestion which produced less sludge than simply adding lime to sludge.  

Ambiguous 

Level of activity 

Total work done in intersiting sludge operations 
(km * ttds) 

This variable measures the volume of sludge the company transports and over what 
distance. This allows us to develop an understanding of the ‘level of effort’ the 
company undertakes in terms of untreated sludge transport. 
Companies that transport larger volumes of sludge and/or larger distances are likely 
to incur higher costs in their bioresources transport activities than those that 
undertake all their treatment in co-located treatment plants. This could reflect the 
geographic characteristics of the area operated by the company. However, it could 
also be the result of inefficient decisions. Therefore, when used for forecasting Ofwat 
may need to develop an efficient level of activity going forward. 

Positive 

Source: CEPA 

 



32 
 

4. MODEL DEVELOPMENT METHODOLOGY 

The PR19 methodology published by Ofwat on 13th December 2017 introduced six caps 
covering the activities of the water and wastewater companies: water resources, water 
network plus, wastewater network plus, bioresources, residential retail and non-residential 
retail.26 As a result, Ofwat needs to estimate the costs that an efficient company would be 
expected to incur in each one of these caps. To develop the wholesale models, CEPA used a 
well-established methodology presented in the figure below: 

Figure 4.1: CEPA’s general approach to developing econometric models 

 

Source: CEPA 

The different stages in the process diagram (above) are discussed in the following sections. 

 Selection of level of aggregation of costs 

The first stage was to consider the costs to be included in each of the models. To define these 
costs, CEPA considered three dimensions: 

 The degree of aggregation/disaggregation of the models. Models can range from 
covering one single activity (e.g. pumping water for water resources development and 
supply) to covering all the activities undertaken by the company. 

 Types of costs included in the models. For each one of the activities the model can 
cover all the costs incurred by the companies or can focus on specific types of costs 
(e.g. opex or capex).  

                                                      
26 https://www.ofwat.gov.uk/regulated-companies/price-review/2019-price-review-final-methodology/  
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 Treatment of grants and contributions: When companies receive grants and 
contributions the costs can be evaluated before or after accounting for these 
revenues, i.e. costs can be assessed on a ‘gross’ or ‘net’ basis.  

The challenges presented by each of these dimensions are discussed in the following sections. 

4.1.1. Degree of aggregation/disaggregation 

In its PR19 methodology Ofwat set out its intention to develop models at different levels of 
cost aggregation. Selecting these activities requires careful consideration of trade-offs that 
include, at least: 

 Cost allocation across business units: As data becomes more granular there is an 
increasing risk that companies using different allocation methodologies can have very 
different results. Therefore, to ensure comparability there would be a need to 
interrogate more carefully the different allocation methodologies used by the 
companies. 

 Interaction between models: As models become more granular the need to consider 
the interaction between these models increases to avoid introducing negative effects 
/ incentive. This has normally been discussed in relation to different types of costs (i.e. 
potential for the generation of a capex bias) but it could also affect the decision about 
where to perform certain activities (e.g. introduce pre-treatment in the abstraction 
point vs focusing all treatment in the Water Treatment Plant).  

 Facility to identify relevant cost drivers: As models become more granular it would 
be possible to identify better cost drivers that affect that specific costs under 
consideration.  

After considering these potential effects, CEPA, in agreement with Ofwat, considered models 
with the following levels of aggregation: 
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Table 4.1: Level of aggregation of costs 

Activities being included 

High degree of aggregation Medium degree of aggregation Disaggregated model 

 Wholesale water 

 Wholesale wastewater 

 Water resources plus: Water 
resources + Raw water 
distribution +Water treatment 

 Water network plus: Raw 
water distribution + Water 
treatment + Treated water 
distribution 

 Wastewater network plus: 
Sewage collection + Sewage 
treatment 

 Bioresources plus: 
Bioresources +Sewage 
treatment 

 Water resources 

 Raw water distribution 

 Water treatment 

 Treated water distribution 

 Sewage collection 

 Sewage treatment 

 Bioresources 

Source: CEPA  

The development of models with different levels of disaggregation allows Ofwat additional 
flexibility when developing their cost assessment methods. When the disaggregated models 
are robust enough to be used, Ofwat could consider the possibility of introducing different 
degrees of disaggregation in their modelling suite.  

4.1.2. Types of costs included in the models 

When choosing the costs to be included, it is important to keep in mind that an econometric 
model can be used to forecast future expenditure when historic costs are a good indicator for 
future performance. Under this premise, it is possible to include certain enhancement costs 
in the econometric models if: (i) companies have incurred these costs in the past; (ii) follow 
similar cost drivers than the main activities; and (iii) no significant change in the pattern of 
these costs is expected.  

As a result, for water and wastewater respectively, CEPA has considered the two types of 
costs aggregation described below: 
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Table 4.2: Types of costs included in the models  

Model aggregation Water Wastewater 

Botex  Opex 

 Capex – Maintenance 

 Opex 

 Capex – Maintenance 

Botex plus  Opex 

 Capex – Maintenance 

 Supply/Demand balance 
enhancement 

 Metering 

 New connections 

 Resilience 

 Opex 

 Capex – Maintenance 

 New development and growth 
(including STW) 

 Transferred private sewers and 
pumping stations 

 Growth at sewage treatment works 
(excluding sludge treatment) 

 Resilience 

Source: CEPA  

At a wholesale level, we have included up to 100% of total water enhancement expenditure, 
and up to 55% of total wastewater enhancement expenditure. 

The one exception to this list of priorities is for bioresources models. Ofwat’s methodology 
sets out that any new assets for bioresources will be considered separately and, as a result, 
they have not been included in the econometric models.  

4.1.3. Treatment of grants and contributions 

For some activities companies receive grants and contributions (G&C), which means that 
some of their costs do not need to be recovered from the final consumers. When developing 
cost models G&C can be treated in two potential ways:  

 Gross models: These models consider the actual expenditure incurred by the 
company. They will require the regulator to introduce an assumption about the 
amount of G&C the company is likely to obtain going forward. This allows that 
different volumes of G&C are applied across companies.  

 Net models: These models include the actual expenditure after subtracting G&C. In 
this case, the models assume that there is an efficient level of G&C that the company 
should be able to achieve. This assumes that all companies are able to obtain the same 
levels of G&C.  

Both approaches have advantages and disadvantages as shown in the table below: 
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Table 4.3: Advantages and disadvantages of the potential modelling approaches 

Approach Advantages Disadvantages 

Gross models  Actual costs are regressed against 
the cost drivers making it easier to 
identify this relationship and to 
forecast the total cost of the 
company going forward.  

 It allows flexibility on the 
assumptions of G&C going 
forward. The regulator could use 
different approaches for different 
companies.  

 It does not require allocation of 
G&C between activities which can 
be quite arbitrary.  

 It requires the regulator to 
determine the G&C going forward. 
Therefore, increasing the number 
of regulatory decisions. 

Net models  It does not require the regulator to 
determine the amount of G&C 
going forward.  

 It focuses the analysis on the costs 
to be recovered from consumers.  

 By removing these revenues 
without affecting the amount of 
activity, this approach could 
introduce distortions in the 
relationship between cost drivers 
and the costs being modelled.  

 It requires interrogation of the 
G&C allocation between activities. 

Source: CEPA  

Based on the table above, CEPA decided, in conversation with Ofwat, to develop the models 
gross of G&C. This allowed us to develop models where the relationship between costs and 
cost drivers is not distorted by G&C. Furthermore, these models avoid the need to consider 
the allocation of G&C between different caps which could generate significant distortions.  

This approach is a departure from Ofwat’s previous price controls. The reason for this change 
is that, as more caps are introduced, the difficulty of allocating G&C increases. Furthermore, 
when the models are used to estimate the costs of an efficiency company, the relationship 
between costs and cost drivers needs to be as clear as possible. 27 

 Selection of econometric methods  

Once the relevant costs have been identified it is important to consider the approach to be 
applied for the estimation of the models. The economic literature has proposed multiple 
methods for the estimation of the cost assessment models.28 Methods can be classified into 
two main groups: pooled and panel data methodologies. Pooled data methods disregard the 

                                                      
27 As a result, “income treated as negative expenditure” has been excluded from modelled costs. 
28 See “CEPA. (2014). Ofwat – Cost Assessment – Advanced Econometric Models.” for a detailed description of 
the number of methodologies for the estimation of cost assessment models that are available. 
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time component implicit in the observations for each of the companies and assume these are 
uncorrelated observations. On the contrary, panel data methods introduce assumptions 
about the sources of this potential correlation such that they can account for the time 
component in the data. 

The table below presents a description of the main methodologies under consideration: 

Table 4.4: Econometric estimation techniques 

Estimation 
method 

Description Strengths Weaknesses 

Pool 
models 
(e.g. 
Corrected 
Ordinary 
Least 
Squares 
(COLS)) 

 Pool models can be 
run on a cross-section 
(one year) or on 
multiple years. The 
Pooled OLS model 
treats each data point 
as if it is a unique firm.  

 Pool models place 
equal weight on the 
‘between variation’ 
(differences between 
companies) and 
‘within variation’ 
(differences between 
years for the same 
company). 

 Use of pooled data 
increases the sample 
size and few 
distributional 
assumptions are 
required.  

 Estimates of efficiency 
are also variable over 
time but assumes that 
each data point is a 
different firm. 

 Relatively easy to 
understand and 
replicate. 

 Pool models do not 
include assumptions 
that allow separation 
between the “noise”, 
company 
heterogeneity, and 
inefficiency in the 
errors term. 
Everything is included 
in the error term of 
the equation. 

 No structure to 
estimates of efficiency 
across time. 

Panel data 
models 
with 
Random 
Effects (RE) 

 Uses GLS which places 
more weight on the 
‘within’ variation than 
OLS when calculating 
parameter estimates.  

 Requires that firm-
specific effects be 
uncorrelated with cost 
drivers. 

 Panel methods in 
general have the 
advantage that 
estimation accounts 
for the structure of 
the data. 

 The structure imposed 
on the error term 
allows efficiency to be 
differentiated from 
“noise”.  

 Efficiency is assumed 
to be constant over 
time. 

 Relatively complicated 
compared to pool 
models. 

 Does not distinguish 
between unobserved 
heterogeneity from 
inefficiency. 

Panel data 
models 
with Fixed 
Effects (FE) 

 Allows for company 
specific effects to be 
correlated with cost 
drivers by estimating 
the company effect. 

 Takes account of the 
panel structure of the 
data. 

 Produces unbiased 
and consistent 
parameter estimates 
in the presence of 
correlation between 
company effects and 
cost drivers. 

 Efficiency is assumed 
to be constant over 
time. 

 Difficult to distinguish 
between inefficiency 
and company 
heterogeneity.  

 Data requirements are 
relatively high. 
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Estimation 
method 

Description Strengths Weaknesses 

Stochastic 
Frontier 
Analysis 
(SFA)  

 A maximum likelihood 
estimation method, 
requiring 
distributional 
assumptions on both 
the error term and 
efficiency. 

 Allows for white noise 
to be separated from 
inefficiency and 
imposes a structure 
on the progression of 
inefficiency over time. 

 Requires 
distributional 
assumptions and is 
data intensive. 

 SFA models have 
proven to be hard to 
implement, and 
although they have 
been considered by 
regulators, they are 
rarely pursued. 

Source: CEPA  

In this analysis, CEPA, following discussions with Ofwat, decided to prioritise the modelling 
approaches which have proved to be feasible in the past, namely COLS. RE models were 
considered when statistical tests seemed to indicate that this approach would be more 
appropriate. Similar tests were considered for FE. However, no model seemed to indicate that 
FE would better fit the data. 

While the way in which “noise” is separated from inefficiency in SFA models is appealing, SFA 
models require large amounts of data. The reduction in the size of the panel for most of the 
models in PR19 (due to developing more granular models) makes the implementation of this 
methodology even less appealing/feasible.29 In addition, these models are more complex and 
less transparent and, as a result, they should only be used when other, simpler, models do 
not provide robust enough estimates. Furthermore, since SFA is not a statistical technique, it 
is not possible to implement tests to evaluate the accuracy of the results.  

It is also worth noticing that SFA models were developed in PR14 and both Ofwat and the 
CMA found that they provided limited additional value.  As a result, this modelling approach 
was not considered as part of the modelling suite for PR19. 

4.2.1. Selection of functional form 

When choosing the methodology, CEPA also needed to consider the functional form as this 
introduces assumptions about the expected relationship between the different cost drivers 
and the existence of economies of scale.  

Among the multiple options presented in the academic literature, CEPA focused on the use 
of Cobb-Douglas models. 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 

                                                      
29 In PR14 the panel included 9 years for water and wastewater. However, the introduction of smoothing reduced 
the amount of observations that were actually used to only 5 years. Therefore, Ofwat would have been able to 
use 9 years in the development of the SFA models instead of the current 6 years available for PR19. 
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allows marginal costs to vary and for coefficients to be interpreted as cost elasticities. Cobb-
Douglas models are relatively easy to replicate and interpret but suffer from the imposition 
of a single degree of economies of scale being assumed across the industry (i.e. all companies 
are assumed to have the same level of economies of scale). Therefore, the use of this form 
could require the introduction of other variables that can reflect variations in economies of 
scale across companies.  

As discussed above, in PR14 Ofwat decided to introduce models incorporating some translog 
components to recognise that different companies could face different economies of scale. 
Translog models relax the assumption of a single value for economies of scale across the 
industry by allowing economies of scale to vary by company. However, the use of these 
models makes it more difficult to identify the specific effect of each variable on costs. 
Furthermore, they also require the introduction of a larger number of explanatory variables 
in each one of the models to account for these variations. Given the small size of the sample, 
however, the introduction of more variables could require that the model fails to account for 
other cost drivers. 

As a result, when developing the PR19 models, CEPA did not consider translog functions. 
However, if models failed the linearity test (discussed below) the following options were 
considered: 

 including a quadratic component for the size variables; and/or 

 including additional cost drivers that could reflect the reasons causing the economies 
of scale. 

This allowed CEPA to identify potential economies of scale by introducing variables that 
reflected the reasons that could underpin these economies of scale. Therefore, the models in 
this report focus more on engineering principals (instead of statistical models) when 
considering economies of scale. 

4.2.2. Approach to introducing new variables into the models 

When developing the models, CEPA used an approach from ‘specific’ to ‘general’, i.e. we 
started running the models with only a scale -related variable and then expanded the number 
of variables to evaluate the potential effects of adding each one of these additional variables.  

When deciding the variables to be added, CEPA considered the expected order of relevance 
and independence of each one of the cost drivers. As a result, more relevant cost drivers with 
independent variables were added first while those cost drivers where companies have a 
certain degree of control were added later. In principle, the cost drivers were added using the 
following order:  

 Scale;  

 Density; 
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 System characteristics; 

 Quality measures; and 

 Level of activity. 

However, using this approach with a small panel required us to determine when to stop 
adding additional variables into the equation. When specifying a model, one would want to 
achieve a balance between considering additional cost drivers (i.e. introducing additional 
variables) and imposing smaller requirements in the data available (i.e. reducing the number 
of variables). Given that econometric theory cannot provide a ‘theoretically correct’ number 
of variables that can be included into these models, CEPA developed a simple ‘rule of thumb’.  

As a result, CEPA considered models that included up to six explanatory variables (one for 
each group of cost drivers). When choosing the final set of models to be used in PR19, Ofwat 
could focus more on those that use a reduced number of variables to facilitate the statistical 
robustness. These models could, as done by Ofwat and the CMA in PR14, be triangulated to 
mitigate potential issues with each one of the models in isolation. 
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5. MODEL ASSESSMENT FRAMEWORK 

The last stage prior to running econometric models was to identify the criteria to be used to 
select between models. To ensure the robustness of these econometric models, CEPA refined, 
in conversation with Ofwat and technical advisors, the framework used in PR14 to develop a 
new framework that is composed of three main high-level criteria:  

Figure 5.1: Model selection criteria 

 

Source: CEPA  

To implement them in practice, these high-level criteria were articulated into actual tests. 
These tests are discussed in more detail in the following sections. However, before presenting 
these tests, it is important to note that not all tests have the same effect on the capacity for 
these models to estimate the costs of the companies going forward. Therefore, as part of the 
process to develop this framework, the effect on the results of failing a set test were 
considered and, as a result, whether Ofwat could use a model that fails some of those tests. 
These potential trade-offs are discussed in more detail in annex C.  

 Robustness of models 

There are different ways of defining the robustness of a model. This report will consider three 
potential definitions: 

 Statistical robustness: These are tests which focus on evaluating whether the 
models have the right statistical characteristics. 

 Stability of the model: These tests focus on evaluating whether the results of the 
models (e.g. coefficient estimates, predictions, efficiency scores / rankings) are 
robust to changes in the underlying assumptions and data.  

 Predictive power of the model: These tests focus on assessing the capacity of the 
models to explain the data and, consequently, their capacity to forecast the 
expenditure of the companies going forward.  

Each of these areas, and their associated tests, are discussed below. 
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5.1.1. Statistical robustness testing 

When considering econometric models it is important to consider whether they have the right 
statistical properties. Therefore, the framework includes tests of the statistical significance of 
explanatory variables as well as testing the underlying assumptions of the models. 

Statistical significance of explanatory variables 

The statistical significance of a coefficient indicates the precision of estimates and whether it 
can be confidently said that the impact of an explanatory variable is not zero. Ideally, models 
would not include insignificant variables but there are trade-offs in terms of having a more 
holistic model that protects against omitted variables versus statistical significance.  

The table below shows the tests that have been used to evaluate statistical significant: 

Table 5.1: Statistical significance of variables 

Focus of test Test statistic Description 

Statistical significance of 
individual parameters 

T-test A coefficient is significant when it can be tested that 
it is different from zero with a certain probability.  

Statistical significance of 
multiple parameters 

F-test Tests whether a group of coefficients are jointly 
different from zero with a certain probability.  

Correlation between 
explanatory variables 

Max or Min 
Variance 
Inflation 
Factor (VIF) 
>10 

Models with a max and/or mean VIF above 10 are 
considered to have a relatively high risk of suffering 
from multicollinearity, i.e. some of the variables are 
providing similar information into the model.  

Source: CEPA  

When considering statistical significance, it is important to discuss the potential distortion to 
this analysis that could be generated by multicollinearity. Multicollinearity arises when two 
or more variables aim to explain the same information, e.g. km of mains and number of 
consumers are both likely to be higher for a large company, and larger companies have higher 
costs. Therefore, if variables with high multicollinearity are used in the model, the parameters 
will be picking up the same information. As a result, the effect will be divided between 
different cost drivers which could cause some variables to not be significant even when they 
reflect a relevant cost driver.  

Even when there is no set test for multicollinearity, CEPA used a two-stage approach to 
minimise the risk of multicollinearity. First, we do not include any two variables in a model 
which were more than 90% correlated with each other. As a result, in the final results, CEPA 
did not include any model where energy consumption was a potential variable to reduce the 
risk of multicollinearity in any of the models. Secondly, CEPA also considered the VIF from any 
estimated model. Even when a model cannot “fail” this test, it is standard practise to consider 
that models with VIF>10 (mean and max) could present multicollinearity issues.  
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Testing the underlying assumptions of the models 

Econometric models rely on a number of underlying assumptions to produce consistent and 
unbiased results. These assumptions vary depending on the type of estimation method used. 
Furthermore, the relevance for the robustness of the model of each of these assumptions 
varies significantly. Therefore, to ensure a robust assessment of the model, Annex C discuss 
the potential effects and trade-offs identified for the different tests.  

The tests that have been used in this report are explained in the table below.  
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Table 5.2: Tests of underlying assumptions of models 

Focus of test Test statistic Description 

Linearity of the 
model 

Ramsey’s RESET 
test (F-test) 

Tests whether there are any omitted non-linearities in 
the model. It can assist in choosing between Cobb-
Douglas and other function forms. This test is 
performed for OLS and RE models. 

Homoscedasticity 
of model residuals 

White’s test Tests whether the error variance is constant across 
observations. To account for the fact that the variance 
between observations coming from one company and 
those coming from different companies could be 
different, CEPA has used cluster robust standard errors 
where appropriate. This test is performed for OLS 
models only. 

Normality of model 
residuals 

Joint skewness & 
kurtosis test (F-test) 

The test used to evaluate statistical significance is 
based on the assumption that residuals follow a normal 
distribution. This is more important in small samples 
because we cannot use central limit theorem, which 
states that for large sample sizes the sampling 
distribution of the estimator converges to normality. 
This test is performed for OLS and RE models. 

Pooling test Chow test For each model, we test whether the true coefficients 
of the pooled OLS model are significantly different from 
the true coefficients of the same model run on each 
individual cross-section of the data (i.e. 2011/12, 
2012/13, etc.). If this test fails (p-value of less than 
0.01) this provides evidence that panel data analysis 
may not be appropriate. 

Tests of pooled OLS 
versus random 
effects models 

Breusch-Pagan LM 
test 

Tests whether the variance of the individual fixed effect 
is equal to zero. If the test result implies that this is not 
the case (CEPA used a p-value of less than 0.01) this 
provides evidence that random effects or other panel 
estimation methods may be more appropriate.30 

Test of fixed versus 
random effects 
models (where 
appropriate) 

Hausman test Tests whether the estimated coefficients between 
random effects and fixed effects are significantly 
different. If they are, this indicates that random effects 
estimation maybe biased and inconsistent. If the p-
value of the test result is less than 0.01 CEPA 
considered that random effects estimation may not 
produce unbiased and consistent parameter estimates. 

Source: CEPA  

                                                      
30 If the unbiasedness and consistency assumptions of random effects hold then Pooled OLS will also produce 
unbiased and consistent parameter estimates. The only benefit of random effects is that it takes into account 
the structure of the data and is therefore a more efficient estimator than pooled OLS. 
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5.1.2. Sensitivity of results 

Another topic that needs to be considered is the stability of the models and whether there 
are specific observations (or specific companies) driving the results. Therefore, this 
framework included a test of the sensitivity of results to modifications on: 

a) the length of the panel (removing years); 

b) the companies included in the sample (dropping companies); and 

c) modifications of the assumptions used when developing the models. 

In addition to evaluating the stability of the coefficients, it important to consider the stability 
/ dispersion of the error terms. Without further adjustment, econometric models allow us to 
estimate the allowance required by a company with an average level of efficiency. However, 
Ofwat could use alternative definitions of efficiency (e.g. upper quartile).31 To move between 
different definitions of efficiency, Ofwat could need to use the error terms obtained in the 
different models. As a result, CEPA also considered the dispersion of the level of 
efficiency/inefficiency obtained (i.e. the efficiency rankings). Significant variations in the 
dispersion across models could provide an indication that either the model does not account 
for certain characteristics of the industry (omitted variables) or that one/ some of the 
companies have characteristics that make them significantly different and their inclusion 
distort the final estimation.  

The table below outlines all the robustness tests we have conducted to test the sensitivity of 
results. 

                                                      
31 Page 147 in Ofwat (2017), “Delivering Water 2020: Our final methodology for the 2019 price review” states 
that they will look to strengthen the efficiency benchmark used in PR14 and use forward-looking efficiency 
projections. Once in PR14 Ofwat used an Upper Quartile approach to efficiency, in PR19 it should be possible to 
include also a similar adjustment. 
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Table 5.3: Testing the sensitivity of results 

Focus of test Test statistic Description 

 Introducing a time trend into the 
analysis. 

 Introducing an average regional 
wage variable in logs (see ANNEX A 
for more details). 

 Introducing quadratic components 
when the RESET test fails. 

Statistical 
significance 
of the new 
variable 

CEPA considered whether the new 
variable being included was consistently 
significant across models using OLS.  
When appropriate, CEPA also considered 
whether the results were consistent with 
the prior identified for some of the 
variables.  

 Introducing an ex-ante labour 
adjustment assuming 100% of 
labour costs are subject to regional 
wage pressures. 

 Introducing an ex-ante labour 
adjustment assuming 70% of labour 
costs are subject to regional wage 
pressures. 

 Introducing a 3-year smoothing for 
enhancement costs. 

Variations in 
corrected R2 
higher than 
1% 

CEPA aimed to evaluate whether these 
modifications improved the capacity of 
the models to explain the data using OLS.  
To consider the models with and without 
these assumptions were compared and 
the explanatory power compared 
(through a comparison of the adjusted R2). 
If the models developed with the 
corrected data introduced an increase in 
explanatory power higher than 1%, the 
model was considered to fail this test.  

 Removing one year from the sample. 

 Removing the most or least efficient 
company in the sample for each 
model. 

Seemingly 
Unrelated 
Regression 
Estimation 
(SURE) to 
test whether 
coefficients 
are equal 
between 
models  

CEPA evaluated whether the two different 
sets of data (i.e. the one 
including/excluding the additional 
years/companies/variable) produce 
estimated coefficients that are 
significantly different from each other. 
This test was performed using SURE. 
CEPA considered a model was sensitive to 
the inclusion / exclusion of a specific year 
or company if the resulting p-value of the 
test statistic was less than 0.01. 

 Introducing Random Effects (RE) 
when OLS failed the relevant test. 

Statistical 
significance 
and sign of 
explanatory 
variables 

If the Breusch-Pagan LM test for random 
effects indicated that random effects 
estimation is preferred over pooled OLS, 
CEPA evaluated whether the explanatory 
variables in the models remained 
statistically significant at a 10% level and 
had the correct sign when estimated using 
random effects estimation. 

Source: CEPA 
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Table 5.4: Testing the stability of relative efficiency across models 

Focus of test Description 

 Comparison with PR14 efficiency 
rankings (Wholesale botex models 
only) 

CEPA identified the three most efficient and inefficient 
companies on average across the PR14 wholesale botex 
models. CEPA considered a significant variation to be 
when the most and least efficient company from each 
wholesale model selected as part of this model 
development process fell outside of the three most 
efficient and inefficient companies in PR14. This test was 
conducted using either OLS or RE, depending on the result 
of the Breusch-Pagan LM test for RE.    

 Stability of efficiency rankings 32 CEPA considered a significant variation to be when the 
most/least efficient company in the efficiency rankings 
obtained in the model are not in the top 3 most/less 
efficient companies on the average efficiency rankings to 
be calculated from all the relevant models. This test was 
conducted using either OLS or RE, depending on the result 
of the Breusch-Pagan LM test for RE. 

 Stability of inefficiency range 33   CEPA also considered that a model fails to provide a 
consistent efficiency range if the efficiency percentage of 
the less efficient company is outside of a range of +/- 5% 
around the average efficiency percentage across the 
models that passed Phase 1. This test was conducted 
using either OLS or RE, depending on the result of the 
Breusch-Pagan LM test for RE. 

Source: CEPA 

5.1.3. Testing the predictive power of the models 

Given the expected use of these models, it was important to consider the predictive power 
of the models and whether the cost estimates lie within a reasonable range. The table below 
presents the tests that has been used to evaluate this criterion: 

                                                      
32 Conducted based on either Pooled OLS or Random Effects estimation results, depending on the result of the 
Breusch-Pagan LM test for random effects. Random effects estimation was selected if the p-value of this test 
result was less than 0.01 but Pooled OLS was selected if the p-value of this test result was 0.01 or above. 
33 Same as above. 
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Table 5.5: Assessing the predictive power of the models 

Focus of test Test statistic Description 

Overall 
goodness-of-fit 
(OLS models) 

Adjusted R2 Measures the extent to which the explanatory variables 
explain the variation the dependent variable and across time 
while adjusting for the number of explanatory variables. 

Alternative 
measure of 
goodness-of-fit 
(GLS models) 

Square of the 
correlation 
between 
observed and 
predicted values. 

R2 is not valid when using GLS models. Thus, this test statistic 
provides an alternative measure of goodness-of-fit for GLS 
models (Stata’s R-squared overall, which is calculated as 
correlations squared). 

Within sample 
forecast power 
of the model 

R2 of the 
forecasted year 

The model was run removing the last year of the sample. The 
resulting model will be used to estimate the last year of the 
sample. The model should be able to forecast at least the R2-
2% of the historic model. This test was running using OLS. 

Source: CEPA  

 Transparency 

In addition to the robustness of the models, it is vitally important that the model selection 
process is transparent. We ensured that our analysis was as transparent as possible by:  

 using a standard and readily available statistical package to conduct the analysis 
(CEPA has used Stata for this exercise); 

 providing a clear description and rationale of the data used and any adjustments 
made to the data;  

 considering the ease of interpreting model results (i.e. the complexity of the 
models); and 

 sharing the final consolidated dataset and Stata commands with Ofwat, so they 
can be shared with the companies.  

Most of the points above are process related and, as result, this exercise was undertaken to 
facilitate transparency.  

 Economic and technical rationale 

Economic and technical rationale can be broken down into three main areas that have been 
considered as part of the model development process: 
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Table 5.6: Assessing the economic and technical rationale 

Focus of test Description 

Coefficient consistent with a 
priori technical expectations 

Explanatory variables should reflect the cost drivers identified ex-
ante from a technical engineering perspective. 

Coefficients consistent with a 
priori expectations on sign 
and size 

Before starting the modelling, CEPA set the expected sign and 
approximate size (e.g. size variables should be positive and close to 
1) of each one of the cost drivers as set out in Table 3.3 to Table 3.9 
above. 

Models consistent with 
policy 

An overarching requirement for all models is consistency with the 
price control framework and the provision of efficiency incentives. 

Source: CEPA  
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6. DEVELOPMENT OF THE MODELS FOR THIS REPORT 

To keep the modelling process manageable CEPA carried it out in two phases. In a first phase, 
CEPA identified those models that had the minimum characteristics required for a model to 
be considered further.  

In a second phase, those models that were selected in Phase 1 were evaluated further by 
running the whole set of robustness tests discussed above.  

Figure 6.1: Model development phases 

 

Source: CEPA 

 Phase 1: Overall running of models 

In this phase CEPA started by running a simple model including a constant and a size variable 
and expanded them to consider all the potential cost drivers using Pooled OLS estimation. 
This allowed us to generate a comprehensive set of potential models. The models selected at 
the end of this phase were those for which: 

 all variables were individually significant at a 10% confidence level; 

 no two variables included in a model were correlated by more than 90%; 

 all coefficients were consistent with our prior expectations based on economic and 
engineering rationale; 

 the adjusted R2 was higher than 80%; and 

 the coefficients were consistent with Ofwat’s incentives for PR19 (e.g. models where 
leakage would grant higher allowance to companies would be excluded). 

Phase 1

Identify preferred models 
based on:
• Explanatory power of 

historic data (adjusted 
R-squared)

• Statistical significance
• Economic / engineering 

rationale
• Consistency with other 

components of the 
regulatory framework

Phase 2

Additional robustness 
analysis:
• Regional wage 

adjustment
• Time trend
• Enhancement 

smoothing
• Removal of years / 

companies from panel
• Random effects
• Within sample 

forecasting
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The models that are being presented in this report are those that were selected as part of 
Phase 1. Given the large number of models CEPA tested, over 1,500, it would be impractical 
to present them all in this report.  

 Phase 2: Robustness checks 

Once the first selection of models was undertaken, CEPA considered the robustness of each 
one of these models. The robustness checks were conducted in the six separate steps below: 

Figure 6.2: Stages in Phase 2 

 

Source: CEPA 

Please see section 5.1 for more details on how each robustness test was conducted.  

 Final evaluation of models 

With the information obtained during these two phases, CEPA evaluated all the models 
selected in Phase 1 using the criteria discussed above. Ideally the final models selected by 
Ofwat should pass all the model tests discussed above. However, setting such a high standard 
might make it almost impossible to develop econometric models for PR19. 

Therefore, as discussed above, before disregarding a model because it fails some of the tests, 
it is important to consider the effect that failing that test will have and the limitations it could 
impose on the use of the model.  

To consider the relative importance of each one of the tests discussed above, the table below 
presents the potential effect of a model failing specific tests (with further detail in Annex C). 
In this table we have classified the tests depending on their importance into: 

 Very High: Tests that when failed, would disqualify the model automatically; 

Testing input and 
quadratic 
explanaotry 
variables
• Regional wage in the 

model
• Linear time trend
• Quadratic terms

Pre-modelling 
adjustment to the 
data
• Regional wage assuming 

100% labour cost are 
regional

• Regional wage assuming 
70% labour cost are 
regional

• Enhancement smoothing 

Testing sensitivity 
to changes in the 
panel
• Excluding least efficienty 

company
• Excluding the most 

efficient company
• Drop individual years

Testing models 
using random 
effects when 

deemed 
appropriate

Testing stability of 
efficiency
• Stability of efficiency 

rankings
• Stability of efficiency 

scores
• Stability with PR14 (when 

appropriate)

Testing sample 
forecasting power
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 High: Tests that when failed would raise serious concerns about using the model in 
PR19; 

 Medium: Tests that when failed would raise some concerns about using the model in 
PR19 but the model could be used with caution if it passes all the other tests; and 

 Low: Tests that when failed would raise very limited concerns about using the model 
in PR19. The model could be used if it offers the right incentives.  

Table 6.1: PR19 Model Selection Criteria Summary 

Level of importance Tests 

Very High  Jointly statistical significant (F-test) 

 Overall goodness of fit 

 Consistency with policy in other parts of the price control 

High  Data availability 

 Predictability power of the model 

 Consistency with a priori expectations of magnitude and signs of 
estimated coefficients 

Medium  Sensitivity to: 

o removal / addition of a year 

o changes in adjustment for regional labour costs 

o introduction of time trend 

o the removal of the most / less efficient company 

o introduction of quadratic or RE components 

 Statistical significance of individual parameters (t-test) 

 Tests of pooled OLS versus random effects models - Breusch-Pagan LM 
test for random effects 

 Pooling test 

 Transparency of results / ease of interpretation 

 Stability of efficiency rankings 

 Stability of inefficiency range 

Low  Multicollinearity tests 

 Linearity 

 Homoscedasticity 

 Normality 

 Hausman test for fixed effects 

 Comparison with PR14 efficiency rankings (Wholesale botex models only) 

Source: CEPA  
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7. MODEL SELECTION 

As discussed in the previous section, CEPA conducted our model development in two phases. 
To ensure that this report is digestible for the reader, the tables below only present a selection 
of the short-listed models following Phase 2 of the model development process. We have 
arrived at this selection of models by: 

 Excluding any models that include a scale variable as the only explanatory variable.34 

 Given that many of the model specifications of the shortlisted models are the same 
but with different scale explanatory variables (see Table 3.3 to Table 3.9 above), we 
have only selected models which contain the scale variable that provides Ofwat with 
the largest range of models. However, if this selection criterion was not met (i.e. equal 
number of shortlisted models per scale explanatory variable) we have selected the 
scale driver which explains the largest variation of costs in the univariate model.35 

 For those models including a density variable, we only select models which contain 
the density scale explanatory variable that appears in the most number of shortlisted 
models. 

To facilitate the presentation, CEPA: 

 decided not to include any numerical parameter estimates or statistical test results in 
this section of the report. For thoroughness, however, the full set of shortlisted 
models are presented in supporting appendices to this report.  

 presented the full names of the variables. However, the reader needs to remember 
that the models are developed in logs except for percentage variables that have been 
modelled using levels. 

 included in the tables the results of running the models using OLS or RE, whatever was 
indicated to be appropriate based on the Breusch-Pagan LM test for RE.36  

The remainder of this section is organised as follows:  

 Short-listed water activities model results. 

 Short-listed wastewater activities model results.  

                                                      
34 The exception being water resources. 
35 The only exceptions to this rule are: 

 Water treatment: due to the limited choice of preferred models we present all shortlisted models that 
included more than one explanatory variable. 

 Wastewater Network Plus: we also present a selection of models containing total properties as the 
scale variable in addition to total load given that our robustness tests indicated that the quadratic of 
total properties was statistically significant, produced a sensible estimated coefficient, and improved 
the performance of the RESET. 

36 See Section 5 for more details.   
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 Short listed water activities models 

7.1.1. Water resources 

For the development of these models, CEPA used the explanatory variables included in Table 
3.3. 

CEPA results for water resource models are divided between proposed water resource 
models that contain only one explanatory variable and an alternative selection of water 
resource models that control for other cost drivers.  

While the set of alternative models work well from a statistical and econometric perspective 
there remains questions on the relationship between the coefficients on the variables 
developed using the percentage of distribution input from different sources. As indicated in 
section 3.2, these models were initially developed using a variable that included the 
percentage of water coming from reservoirs that included storage and impounding reservoirs. 
However, in conversations with Ofwat, CEPA decided to consider the effect of disaggregating 
this variable between the two types of reservoirs. The assumption for this change is that 
impounding reservoirs are cheaper to operate than pumped storage reservoirs and, as a 
result, they should have different estimated coefficients.  

However, after running the models splitting the water reservoir variable between pumped 
and impounding storage, CEPA observed that the estimated coefficients were not statistically) 
different from each other. As a result, we consider these models have good properties but 
cannot be considered as preferred options without further analysis. As part of the further 
analysis Ofwat may want to engage with the companies to understand the findings of the 
econometric models and the reasons that could justify the results. 
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Botex – proposed models 

Table 7.1: Water Resources Botex Proposed Model Results 
Variables Model 

1 
Model 

2 
Total connections   
Distribution input   
Constant   
Test 
Jointly statistically significant (F-test)   
Linearity   
Homoscedasticity   
Normality   
Overall predictive power   
Chow test / Pooling test   
Test of pooled OLS versus RE RE RE 
Hausman test for fixed effects RE RE 
Consistency with a priori 
expectations of magnitude and signs 
of estimated coefficients 

  

Consistency with policy in other parts 
of the price control 

  

Is the mean VIF less than 10?   
Is the max VIF less than 10?   
Sensitivity of estimated coefficients 
to removal of least efficient company 

  

Sensitivity of estimated coefficients 
to removal of most efficient company 

  

Sensitivity of estimated coefficients 
to removal of individual years 

  

Stability of efficiency rankings    
Stability of efficiency scores   
Is the within sample forecasting 
power within 2 percentage points of 
the predictive power of the 5-year 
model?  

  

Source : CEPA 
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Botex – alternative models 

Table 7.2: Water Resources Botex Alternative Model Results 
Variables Model 

1a 
Model 

2a 
Model 

3a 
Model 

4a 
Model 

5a 
Model 

6a 
Model 

7a 
Total connections        
% of distribution input from 
reservoirs 

       

% of distribution input from rivers        
% of distribution input from 
boreholes, artificial recharge 
schemes and aquifer storage 

 
      

Input per source        
Total number of sources        
Total connections squared        
Constant        
Test 
Jointly statistically significant (F-test)        
Linearity        
Homoscedasticity        
Normality        
Overall predictive power        
Chow test / Pooling test        
Test of pooled OLS versus RE RE RE RE RE RE RE RE 
Hausman test for fixed effects RE RE RE RE RE RE FE 
Consistency with a priori 
expectations of magnitude and signs 
of estimated coefficients 

       

Consistency with policy in other parts 
of the price control 

       

Is the mean VIF less than 10?        
Is the max VIF less than 10?        
Sensitivity of estimated coefficients 
to removal of least efficient company 

       

Sensitivity of estimated coefficients 
to removal of most efficient company 

       

Sensitivity of estimated coefficients 
to removal of individual years 

       

Stability of efficiency rankings         
Stability of efficiency scores        
Is the within sample forecasting 
power within 2 percentage points of 
the predictive power of the 5-year 
model?  

       

Source: CEPA 
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Botex Plus – proposed models 

Table 7.3: Water Resources Botex Plus Proposed Model Results 
Variables Model 

1 
Model 

2 
Total connections   
Distribution input   
Constant   
Test 
Jointly statistically significant (F-test)   
Linearity   
Homoscedasticity   
Normality   
Overall predictive power   
Chow test / Pooling test   
Test of pooled OLS versus RE RE RE 
Hausman test for fixed effects RE RE 
Consistency with a priori expectations 
of magnitude and signs of estimated 
coefficients 

  

Consistency with policy in other parts 
of the price control 

  

Is the mean VIF less than 10?   
Is the max VIF less than 10?   
Sensitivity of estimated coefficients 
to removal of least efficient company 

  

Sensitivity of estimated coefficients 
to removal of most efficient company 

  

Sensitivity of estimated coefficients 
to removal of individual years 

  

Sensibility of efficiency rankings    
Sensibility of efficiency scores   
Is the within sample forecasting 
power within 2 percentage points of 
the predictive power of the 5-year 
model?  

  

Does enhancement smoothing 
significantly increase predictive 
power of the model? 

Yes Yes 

Source: CEPA
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Botex Plus – alternative models 

Table 7.4: Water Resources Botex Plus Alternative Model Results 
Variables Model 

1a 
Model 

2a 
Model 

3a 
Model 

4a 
Model 

5a 
Model 

6a 
Model 

7a 
Total connections        
% of distribution input from 
reservoirs 

       

% of distribution input from 
rivers 

       

% of distribution input from 
boreholes, artificial recharge 
schemes and aquifer storage 

       

Input per source        
Total number of sources        
Total connections squared        
Constant        
Test 
Jointly statistically significant (F-
test) 

       

Linearity        
Homoscedasticity        
Normality        
Overall predictive power        
Chow test / Pooling test        
Test of pooled OLS versus RE RE RE RE RE RE RE RE 
Hausman test for fixed effects RE RE RE RE RE RE RE 
Consistency with a priori 
expectations of magnitude and 
signs of estimated coefficients 

       

Consistency with policy in other 
parts of the price control 

       

Is the mean VIF less than 10?        
Is the max VIF less than 10?        
Sensitivity of estimated 
coefficients to removal of least 
efficient company 

       

Sensitivity of estimated 
coefficients to removal of most 
efficient company 

       

Sensitivity of estimated 
coefficients to removal of 
individual years 

       

Stability of efficiency rankings         
Stability of efficiency scores        
Is the within sample forecasting 
power within 2 percentage 
points of the predictive power of 
the 5-year model?  

       

Does enhancement smoothing 
significantly increase predictive 
power of the model? 

No No No No No No Yes 

Source: CEPA 
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Performance against assessment criteria 

Proposed Water Resource Models 

The proposed water resource models only contain a scale variable and as a result may be 
subject to omitted variable bias. However, on the whole, the models perform well against our 
model selection criteria. A summary of the findings from our proposed water resource models 
is presented below: 

 In the two univariate proposed models there appears to be limited evidence of 
economies of scale at a company level, with the estimated coefficient on the scale 
variable approximately one. 

 All statistical robustness tests perform well, except for the normality test which fails 
in all proposed water resource models. However, we place a low level of importance 
on this test result as it does not distort the estimated coefficients. 

 The Breusch Pagan LM test result indicates that random effects estimation is preferred 
ahead of Pooled OLS estimation in all proposed water resource models. 

 Models perform well in the other tests: pass the Chow / Pooling test; are consistent 
with other parts of the price control; and have a high predictive power for companies 
on the whole despite only containing one explanatory variable. 

Alternative Water Resource Models 

The set of alternative water resource models presented above contain variables that belong 
to cost driver groups ‘scale of the activities’ and ‘system characteristics’ (see section 3.2 for 
more details). All of the models perform well from a statistical and econometric perspective. 
But, as mentioned, questions remain on the sensibility of some of the estimated parameters 
from an engineering perspective, and as a result we cannot recommend these models. A 
summary of the findings from our alternative water resource models is presented below: 

 The estimated coefficients on the explanatory variables are of a sensible sign and 
magnitude with the exception of the variables covering percentage of distribution 
input from different sources, which do not align with prior engineering expectations. 

 When additional explanatory variables are controlled for, there is evidence of 
economies of scale in water resources, with the estimated coefficient on the scale 
variable (total connections in the table presented above) consistently less than one. 
In addition, the returns to scale appear to be also be supported by other variables:  

o Input per source – This variable gets coefficients between 0 and -1. This 
appears to indicate that companies that operate larger sources benefit from 
larger economies of scale. 

o Total number of sources –This variable gets coefficients between 0 and 1. This 
could indicate that companies operating larger sources (i.e. with a smaller 
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number of sources) actually face lower costs. However, in this case, the effect 
could also reflect that larger companies have additional costs.  

o Total connections squared – This variable coefficient lies between 0 and -1, 
which implies that economies of scale increase with the size of the company, 
i.e. increasing returns to scale. 

 All statistical robustness tests perform well except for the normality test, which fails 
for a number of models. However, we place a low level of importance on this test 
result as it does not distort the estimated coefficients. 

 Models perform well in the other tests: pass the Chow / Pooling test; are consistent 
with other parts of the price control; and have a high predictive power for companies 
on the whole. 

Overall, there appears to be no significant difference in the performance of water resources 
botex and botex plus shortlisted models. 

Robustness testing 

Proposed Models 

Overall, the proposed water resource models also stand up to scrutiny against our set of 
robustness tests. A summary of the key findings is presented below: 

 There was no evidence that the inclusion of a time trend or regional wage explanatory 
variable was warranted based on the evaluation criteria described above. 

 Both pre-modelling regional wage adjustments did not significantly improve the 
predictive power of the models (i.e. increase in adjusted R-squared by more than one 
percentage point). 

 There is no indication that the model estimation results are significantly influenced by 
the inclusion / exclusion of the most / least efficient company. 

 Enhancement smoothing does improve the predictive power of the models (as 
indicated by change in the adjusted R-squared) by more than one percentage point in 
the botex plus models. However, even when enhancement smoothing does increase 
the predictive power of a model, it is important Ofwat considers the trade-off between 
increased predictive power and reduced degrees of freedom. The latter may result in 
an increase in model sensitivity and / or place tighter restrictions on the number of 
explanatory variables that can be controlled for in the model.  

 Efficiency rankings are stable according to our evaluation criteria. However, the 
efficiency scores are less stable, which possibly reflects the fact that we are only 
controlling for one explanatory variable in the proposed set of water resource models. 

A potential challenge for these models is their performance in the within-sample forecast 
power test. Only 25 percent of models pass this test which appears to indicate that the models 
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could have a relatively low explanatory power. However, this could also be caused by 
distortions in the data in the last year of CEPA’s sample. Therefore, Ofwat may want to repeat 
this exercise once the data for 2017/18 becomes available.  

Alternative Models 

Overall, the alternative water resource models also stand up to scrutiny against our set of 
robustness tests. A summary of the key findings is presented below: 

 There was no evidence that the inclusion of a time trend or regional wage explanatory 
variable was warranted based on the evaluation criteria described above. 

 Both pre-modelling regional wage adjustments did not significantly improve the 
predictive power of the models (i.e. increase in adjusted R-squared by more than one 
percentage point).  

 The risk of multicollinearity in all models, as indicated by the mean and max VIF, is 
within a suitable threshold (less than 10). 

 There is no indication that the model estimation results are significantly influenced by 
the inclusion / exclusion of one year or company. 

 The test for random effects indicated in all cases that random effects is preferred to 
pooled OLS for the estimation of these models.37 In addition, the Hausman test result 
only raised concern in models where we included the quadratic term to capture 
varying returns to scale (botex and botex plus models). But as discussed in ANNEX C, 
we do not consider this test result on its own to be sufficient to rule out using random 
effects or pooled OLS estimation. 

 However, random effects estimation leads to input per source and total number of 
sources not being statistically significant at a 10 percent level in a number of models. 
But the estimated coefficients on these variables remain sensible and comparable to 
the estimated coefficients on the same models estimated using pooled OLS. 

 Out of the alternative models, enhancement smoothing significantly improves the 
predictive power of the model in one out of the seven models presented. As above, it 
will be important to consider the trade-off between additional explanatory power and 
the reduction in degrees of freedom this modification could bring.  

 Overall, efficiency rankings are more stable in the botex plus models than in the botex 
models, but the efficiency scores appear to be stable across the majority of the 
alternative water resource models presented. In addition, the within-sample forecast 
power of all the alternative water resource models are good. 

                                                      
37 But under the assumption that Random Effects produces unbiased and consistent parameter estimates, 
pooled OLS will also. However, from and econometric theory perspective, random effects is more efficient than 
Pooled OLS.  
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7.1.2. Raw water distribution 

For the development of these models, CEPA used the explanatory variables included in Table 
3.4. 

Botex 

Table 7.5: Raw Water Distribution Botex Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Total connections    
Average pumping head – raw water distribution    
% of distribution input from boreholes, artificial 
recharge schemes and aquifer storage 

   

Constant    
Test 
Jointly statistically significant (F-test)    
Linearity    
Homoscedasticity    
Normality    
Overall predictive power    
Chow test / Pooling test    
Test of pooled OLS versus RE RE RE RE 
Hausman test for fixed effects RE RE RE 
Consistency with a priori expectations of 
magnitude and signs of estimated coefficients 

   

Consistency with policy in other parts of the 
price control 

   

Is the mean VIF less than 10?    
Is the max VIF less than 10?    
Sensitivity of estimated coefficients to removal 
of least efficient company 

   

Sensitivity of estimated coefficients to removal 
of most efficient company 

   

Sensitivity of estimated coefficients to removal 
of individual years 

   

Stability of efficiency rankings      
Stability of efficiency scores     
Is the within sample forecasting power within 2 
percentage points of the predictive power of the 
5-year model?  

   

Source: CEPA 
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Botex Plus 

Table 7.6: Raw Water Distribution Botex Plus Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Total connections    
Average pumping head – raw water distribution    
% of distribution input from boreholes, artificial 
recharge schemes and aquifer storage 

   

Constant    
Test 
Jointly statistically significant (F-test)    
Linearity    
Homoscedasticity    
Normality    
Overall predictive power    
Chow test / Pooling test    
Test of pooled OLS versus RE RE RE RE 
Hausman test for fixed effects RE RE RE 
Consistency with a priori expectations of 
magnitude and signs of estimated coefficients 

   

Consistency with policy in other parts of the 
price control 

   

Is the mean VIF less than 10?    
Is the max VIF less than 10?    
Sensitivity of estimated coefficients to removal 
of least efficient company 

   

Sensitivity of estimated coefficients to removal 
of most efficient company 

   

Sensitivity of estimated coefficients to removal 
of individual years 

   

Stability of efficiency rankings      
Stability of efficiency scores     
Is the within sample forecasting power within 2 
percentage points of the predictive power of the 
5-year model?  

   

Does enhancement smoothing significantly 
increase predictive power of the model? 

N/A N/A N/A 

Source: CEPA 
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Performance against assessment criteria 

Our model selection process did not produce any robust raw water distribution models. 
Unfortunately, all model specifications we tested did not pass the initial Phase 1 tests. In 
particular, the predictive power of the models did not meet the required threshold of 80%. 

For avoidance of doubt, we tested the inclusion of quadratic variable in the models presented 
but these proved to be statistically insignificant and did not improve the performance of the 
RESET. 

There can be a number of reasons underpinning the low explanatory power obtained by these 
models. One reason could be that the models fail to consider relevant cost drivers. However, 
after discussing with both the technical team supporting CEPA and the technical team in 
Ofwat, CEPA did not identify any additional cost drivers.  

This appears to indicate that this (relatively) low explanatory power could be caused by issues 
related with differences in cost allocation methodologies between companies. Raw water 
distribution is a relatively small cost pool and, as a result, even small differences in cost 
allocation methodologies could cause significant distortions in costs that are likely to be 
difficult to capture using econometric models. 

However, for thoroughness, the models presented above are the raw water distribution 
models that performed the best out of those tested.38 

Robustness testing 

Not applicable for raw water distribution models given that no models were passed through 
to Phase 2 of the model development process. 

 

                                                      
38 With regards to model 2, it is important to note that ‘average pumping head – raw water distribution’ is not 
statistically significant at a 10 percent level when estimated using random effects. 
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7.1.3. Water treatment 

For the development of these models, CEPA used the explanatory variables included in Table 
3.5. 

Botex 

Table 7.7: Water Treatment Botex Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Total water treated     
Total connections     
Total length of mains     
% of distribution input from 
boreholes, artificial recharge 
schemes and aquifer storage 

    

Complexity of treatment works 
(bands 4-6) 

    

Constant     
Test 
Jointly statistically significant (F-test)     
Linearity     
Homoscedasticity     
Normality     
Overall predictive power     
Chow test / Pooling test     
Test of pooled OLS versus RE RE RE RE RE 
Hausman test for fixed effects RE RE RE RE 
Consistency with a priori 
expectations of magnitude and signs 
of estimated coefficients 

    

Consistency with policy in other parts 
of the price control 

    

Is the mean VIF less than 10?     
Is the max VIF less than 10?     
Sensitivity of estimated coefficients 
to removal of least efficient company 

    

Sensitivity of estimated coefficients 
to removal of most efficient company 

    

Sensitivity of estimated coefficients 
to removal of individual years 

    

Stability of efficiency rankings       
Stability of efficiency scores      
Is the within sample forecasting 
power within 2 percentage points of 
the predictive power of the 5-year 
model?  

    

Source: CEPA 
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Botex Plus 

Table 7.8: Water Treatment Botex Plus Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Total water treated     
Total connections     
Total length of mains     
% of distribution input from 
boreholes, artificial recharge 
schemes and aquifer storage 

    

Complexity of treatment works 
(bands 4-6) 

    

Constant     
Test 
Jointly statistically significant (F-test)     
Linearity     
Homoscedasticity     
Normality     
Overall predictive power     
Chow test / Pooling test     
Test of pooled OLS versus RE RE RE RE RE 
Hausman test for fixed effects RE RE RE RE 
Consistency with a priori 
expectations of magnitude and signs 
of estimated coefficients 

    

Consistency with policy in other parts 
of the price control 

    

Is the mean VIF less than 10?     
Is the max VIF less than 10?     
Sensitivity of estimated coefficients 
to removal of least efficient company 

    

Sensitivity of estimated coefficients 
to removal of most efficient company 

    

Sensitivity of estimated coefficients 
to removal of individual years 

    

Stability of efficiency rankings       
Stability of efficiency scores      
Is the within sample forecasting 
power within 2 percentage points of 
the predictive power of the 5-year 
model?  

    

Does enhancement smoothing 
significantly increase predictive 
power of the model? 

Yes Yes Yes Yes 

Source: CEPA 
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Performance against assessment criteria 

The shortlisted water treatment models presented above contain variables that belong to 
cost driver groups ‘scale of the activities’ and ‘system characteristics’ (see section 3.2 for more 
details), and perform well against all model selection criteria. A summary of the findings is 
presented below: 

 The estimated coefficients on the explanatory variables all have a sensible sign and 
magnitude.  

 Even when the use of length of mains as an explanatory variable could not seem 
intuitive, this variable is a good proxy for the estimated size of the company and 
provide robust models. 

 There is some evidence of economies of scale in water treatment but this is not 
consistent across all scale proxy variables. More specifically, the inclusion of total 
water treated and total connections indicate that there are economies of scale in 
water treatment (estimated coefficient of less than 1). However, when total length of 
mains is used to proxy the size of the company, it appears to indicate that there are 
no economies of scale in water treatment.  

 In addition, we tested the percentage of water treated in different size treatment 
work bands to try and capture economies of scale at an asset level. However, with the 
data available, we found no evidence of economies of scale by asset level. 

 All statistical robustness tests perform well on the whole. The majority of models fail 
the test for homoscedasticity. However, given we have used standard errors which 
are robust to heteroscedasticity and serial correlation we do not deem this to be a 
significant concern. Similarly, a few models fail the normality test but we also place a 
low level of importance on this test result as it does not distort the estimated 
coefficients. 

 Models appear to perform well in other tests : all models pass the Chow / Pooling test; 
are consistent with other parts of the price control; and have a high predictive power 
for companies on the whole. 

 Overall, there appears to be no significant difference in the performance of water 
treatment botex and botex plus shortlisted models. 

Robustness testing 

The shortlisted water treatment models also performed well against our set of robustness 
tests. A summary of the key findings is presented below: 

 There was no evidence that the inclusion of a time trend or regional wage explanatory 
variable was warranted based on the evaluation criteria described above. 
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 Both pre-modelling regional wage adjustments did not significantly improve the 
predictive power of the models (i.e. increase in adjusted R-squared by more than one 
percentage point).  

 All water treatment models are not sensitive to the exclusion / inclusion of a particular 
year or most / least efficient company. 

 The test for random effects indicated in all cases that random effects is preferred to 
pooled OLS for the estimation of these models.39 In addition, the Hausman test result 
indicates that random effects and pooled OLS estimation will produce unbiased and 
consistent parameter estimates. 

 The risk of multicollinearity in all models, as indicated by the mean and max VIF, is 
within a suitable threshold (less than 10). 

 Enhancement smoothing increases the predictive power of all water treatment botex 
plus models by more than one percentage point (as indicated by the change in the 
adjusted R-squared). However, it is important to acknowledge the trade-off between 
higher predictive power and a reduced number of observations that may increase the 
sensitivity of model estimation results.   

 On the whole, efficiency rankings and scores are stable, with the efficiency stability 
tests only failing on a couple of occasions. 

 Within sample forecasting power is within 2 percentage points of the predictive power 
of the 5-year model across all models.

                                                      
39 But under the assumption that Random Effects produces unbiased and consistent parameter estimates, 
pooled OLS will also. However, from an econometric theory perspective, random effects is more efficient than 
Pooled OLS.  
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7.1.4. Treated Water Distribution 

For the development of these models, CEPA used the explanatory variables included in Table 
3.6. 

Botex 

Table 7.9: Treated Water Distribution Botex Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

5 
Model 

6 
Model 

7 
Model 

8 
Total length of mains         
Total connections / Total length 
of mains 

        

Length of mains refurbished or 
relined 

        

Number of booster pumping 
stations, service reservoirs and 
water towers 

        

% of mains installed post 1981         
Constant         
Test 
Jointly statistically significant (F-
test) 

        

Linearity         
Homoscedasticity         
Normality         
Overall predictive power         
Chow test / Pooling test         
Test of pooled OLS versus RE RE RE RE RE RE RE RE RE 
Hausman test for fixed effects RE RE FE RE RE RE RE RE 
Consistency with a priori 
expectations of magnitude and 
signs of estimated coefficients 

        

Consistency with policy in other 
parts of the price control 

        

Is the mean VIF less than 10?         
Is the max VIF less than 10?         
Sensitivity of estimated 
coefficients to removal of least 
efficient company 

        

Sensitivity of estimated 
coefficients to removal of most 
efficient company 

        

Sensitivity of estimated 
coefficients to removal of 
individual years 

        

Stability of efficiency rankings           
Stability of efficiency scores          
Is the within sample forecasting 
power within 2 percentage 
points of the predictive power of 
the 5-year model?  

        

Source: CEPA 
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Botex Plus 

Table 7.10: Treated Water Distribution Botex Plus Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

5 
Model 

6 
Model 

7 
Model 

8 
Total length of mains         
Total connections / Total length 
of mains 

        

Length of mains refurbished or 
relined 

        

Number of booster pumping 
stations, service reservoirs and 
water towers 

        

% of mains installed post 1981         
Constant         
Test 
Jointly statistically significant (F-
test) 

        

Linearity         
Homoscedasticity         
Normality         
Overall predictive power         
Chow test / Pooling test         
Test of pooled OLS versus RE RE RE RE RE RE RE RE RE 
Hausman test for fixed effects RE RE RE RE RE RE RE RE 
Consistency with a priori 
expectations of magnitude and 
signs of estimated coefficients 

        

Consistency with policy in other 
parts of the price control 

        

Is the mean VIF less than 10?         
Is the max VIF less than 10?         
Sensitivity of estimated 
coefficients to removal of least 
efficient company 

        

Sensitivity of estimated 
coefficients to removal of most 
efficient company 

        

Sensitivity of estimated 
coefficients to removal of 
individual years 

        

Stability of efficiency rankings           
Stability of efficiency scores          
Is the within sample forecasting 
power within 2 percentage 
points of the predictive power 
of the 5-year model?  

        

Does enhancement smoothing 
significantly increase predictive 
power of the model? 

No No No No No No No No 

Source: CEPA 
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Performance against assessment criteria 

The shortlisted treated water distribution models presented above contain variables that 
belong to cost driver groups ‘scale of the activities’, ‘density’, ‘system characteristics’ and 
‘level of activity’ (see section 3.2 for more details).  

Overall, the models perform well against the model selection criteria. A summary of the 
findings is presented below: 

 The estimated coefficients on the explanatory variables all have a sensible sign and 
magnitude.  

 There is limited evidence of economies of scale in treated water distribution, with the 
estimated coefficient on scale consistently around 1. 

 There is a positive estimated coefficient on the density variable, which indicates that 
treated water distribution costs increase with density. In addition, the estimated 
coefficient on density is consistently above one, which indicates that a one percent 
increase in density will increase treated water distribution costs by more than one 
percent. 

 All models perform well against the set of statistical robustness tests. The only 
exception being the normality test, which fails for a few models. However, we place a 
low level of importance on this test result as it does not distort the estimated 
coefficients.  

 Models appear to perform well in other tests: All models pass the Chow / Pooling test; 
are consistent with other parts of the price control; and have a high predictive power 
for companies on the whole. 

There appears to be no significant difference in the performance of treated water distribution 
botex and botex plus shortlisted models. 

Robustness testing 

Overall, the shortlisted treated water distribution models performed well against our set of 
robustness tests. A summary of the key findings is presented below: 

 There was no evidence that the inclusion of a time trend or regional wage explanatory 
variable was warranted based on the evaluation criteria described above. 

 Both pre-modelling regional wage adjustments did not significantly improve the 
predictive power of the models (i.e. increase in adjusted R-squared by more than one 
percentage point).  

 All treated water distribution models are not sensitive to the exclusion / inclusion of 
a particular year or most / least efficient company. 
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 The test for random effects indicated in all cases that random effects is preferred to 
pooled OLS for the estimation of these models.40 For a small number of botex treated 
water distribution models, the Hausman test result indicates that random effects and 
pooled OLS estimation may be biased and inconsistent and that fixed effects could be 
appropriate. However as discussed in Annex C, CEPA do not consider this test result 
on its own to be sufficient to rule out using random effects or pooled OLS estimation. 

 The max and mean VIF is greater than 10 in models 3, 5, 7 and 8, which reflects the 
moderate level of correlation identified between scale and the number of booster 
pumping stations, service reservoirs and water towers. However, overall, we consider 
that the additional explanatory power the latter variable brings to the treated water 
distribution is sufficient enough to warrant its inclusion.41 

 Enhancement smoothing does not significantly increase the predictive power of all 
botex plus treated water distribution models. 

 On the whole, the efficiency rankings and scores across all treated water distribution 
models appear quite stable according to our evaluation criteria. However, a number 
of the selected models do fail the stability of efficiency tests. Therefore, Ofwat will 
need to consider the reasons for these variations in efficiency.  

 The forecast power is higher for botex models than for botex plus models, with 5-out-
of-8 selected treated water distribution botex models passing the within-sample 
forecast power test according to our evaluation criteria.

                                                      
40 But under the assumption that Random Effects produces unbiased and consistent parameter estimates, 
pooled OLS will also. However, from an econometric theory perspective, random effects is more efficient than 
Pooled OLS.  
41 See Annex B for more details on how CEPA have considered trade-offs within the model development process. 
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7.1.5. Water Resources Plus 

For the development of these models, CEPA used the explanatory variables included in Table 
3.3, 3.4 and 3.5. For these models estimation results, CEPA assumed that when the 
assumptions in those tables are contradictory, the expected effect is that of the water 
treatment activities as water treatment is significantly larger than water abstraction.  

Botex 

Table 7.11: Water Resources Plus Botex Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Total connections     
% of distribution input from 
boreholes, artificial recharge 
schemes and aquifer storage 

    

% of distribution input from 
reservoirs 

    

% of distribution input from rivers     
Input per source     
Total number of sources     
Constant     
Test 
Jointly statistically significant (F-test)     
Linearity     
Homoscedasticity     
Normality     
Overall predictive power     
Chow test / Pooling test     
Test of pooled OLS versus RE RE RE RE RE 
Hausman test for fixed effects RE RE RE RE 
Consistency with a priori 
expectations of magnitude and signs 
of estimated coefficients 

    

Consistency with policy in other parts 
of the price control 

    

Is the mean VIF less than 10?     
Is the max VIF less than 10?     
Sensitivity of estimated coefficients 
to removal of least efficient company 

    

Sensitivity of estimated coefficients 
to removal of most efficient company 

    

Sensitivity of estimated coefficients 
to removal of individual years 

    

Stability of efficiency rankings       
Stability of efficiency scores      
Is the within sample forecasting 
power within 2 percentage points of 
the predictive power of the 5-year 
model?  

    

Source: CEPA 
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Botex plus 

Table 7.12: Water Resources Plus Botex Plus Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Total connections     
% of distribution input from 
boreholes, artificial recharge 
schemes and aquifer storage 

    

% of distribution input from 
reservoirs 

    

% of distribution input from rivers     
Input per source     
Total number of sources     
Constant     
Test 
Jointly statistically significant (F-test)     
Linearity     
Homoscedasticity     
Normality     
Overall predictive power     
Chow test / Pooling test     
Test of pooled OLS versus RE RE RE RE RE 
Hausman test for fixed effects RE RE RE RE 
Consistency with a priori 
expectations of magnitude and signs 
of estimated coefficients 

    

Consistency with policy in other parts 
of the price control 

    

Is the mean VIF less than 10?     
Is the max VIF less than 10?     
Sensitivity of estimated coefficients 
to removal of least efficient company 

    

Sensitivity of estimated coefficients 
to removal of most efficient company 

    

Sensitivity of estimated coefficients 
to removal of individual years 

    

Stability of efficiency rankings       
Stability of efficiency scores      
Is the within sample forecasting 
power within 2 percentage points of 
the predictive power of the 5-year 
model? 42 

    

Does enhancement smoothing 
significantly increase predictive 
power of the model? 

Yes Yes Yes Yes 

Source: CEPA 

                                                      
42 Conducted by running models with restricted sample (2012 – 2016) and forecast 2016/17 costs with these 
model results before evaluating against the test criteria. 
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Performance against assessment criteria 

The shortlisted water resource plus models presented above contain variables that belong to 
cost driver groups ‘scale of the activities’ and ‘system characteristics’ (see section 3.2 for more 
details). Overall the models perform well against all model selection criteria. A summary of 
the findings is presented below: 

 The estimated coefficients on the explanatory variables all have a sensible sign and 
magnitude.  

 There is evidence of economies of scale, with the estimated coefficient on the scale 
variable (total connections in the table presented above) consistently less than one. 
In addition, as with water treatment models, the returns to scale appear to be affected 
by input per source and total number of sources.  

 Overall, the models perform well against the statistical robustness tests. The 
exception being the homoscedasticity test, which consistently fails. However, we do 
not consider this to be a significant issue given we have used standard errors that are 
robust to heteroscedasticity and serial correlation. 

 The models perform well in remaining tests: all models pass the Chow / Pooling test; 
are consistent with other parts of the price control; and have a high predictive power 
for companies on the whole. 

Overall, there appears to be no significant difference in the performance of water resources 
plus botex and botex plus shortlisted models. 

Robustness testing 

Overall, the shortlisted water resource models also stand up to scrutiny against our set of 
robustness tests. A summary of the key findings is presented below: 

 There was no evidence that the inclusion of a time trend or regional wage explanatory 
variable was warranted based on the evaluation criteria described above. 

 Both pre-modelling regional wage adjustments did not significantly improve the 
predictive power of the models (i.e. increase in adjusted R-squared by more than one 
percentage point).  

 All water resource plus models are not sensitive to the exclusion / inclusion of a 
particular year or most / least efficient company. 

 The test for random effects indicated in all cases that random effects is preferred to 
pooled OLS for the estimation of these models.43 The Hausman test result indicates 

                                                      
43 But under the assumption that Random Effects produces unbiased and consistent parameter estimates, 
pooled OLS will also. However, from and econometric theory perspective, random effects is more efficient than 
Pooled OLS.  
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that random effects estimation produces unbiased and consistent parameter 
estimates. 

 The risk of multicollinearity in all models, as indicated by the mean and max VIF, is 
within a suitable threshold (less than 10). 

 Enhancement smoothing significantly increases the predictive power of the botex plus 
resources plus models according to our evaluation criteria. This result appears to be 
driven by the results that were discussed above, i.e. water treatment models being 
improved by smoothing enhancement. However, it is important to acknowledge the 
trade-off between higher predictive power and a reduced number of observations 
that may increase the sensitivity of model estimation results. 

 Efficiency rankings and scores of all models are stable across different model 
specifications. 

 Within-sample forecast power is higher for models 1 and 2 (including % of distribution 
input from boreholes) than for models 3 and 4 (including % of distribution input from 
reservoirs and % of distribution input from rivers). As a result, Ofwat should consider 
this result carefully when selecting models to use for PR19.
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7.1.6. Water Network Plus 

For the development of these models, CEPA used the explanatory variables included in Table 3.4, 3.5 and 3.6.  

Botex 

Table 7.13: Water Network Plus Botex Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

5 
Model 

6 
Model 

7 
Model 

8 
Model 

9 
Model 

10 
Model 

11 
Model 

12 
Model 

13 
Model 

14 
Model 

15 
Total length of mains                
Total connections / Total 
length of mains 

               

Length of mains refurbished 
or relined 

               

Number of booster pumping 
stations, service reservoirs 
and water towers 

               

% of mains installed post 
1981 

               

Complexity of treatment 
works (bands 4-6) 

               

Constant                
Test 
Jointly statistically significant 
(F-test) 

               

Linearity                
Homoscedasticity                
Normality                
Overall predictive power                
Chow test / Pooling test                
Test of pooled OLS versus RE RE RE RE RE RE RE RE RE RE RE RE RE RE RE RE 
Hausman test for fixed 
effects 

RE RE RE RE RE RE RE RE RE RE RE RE RE RE RE 
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Variables Model 
1 

Model 
2 

Model 
3 

Model 
4 

Model 
5 

Model 
6 

Model 
7 

Model 
8 

Model 
9 

Model 
10 

Model 
11 

Model 
12 

Model 
13 

Model 
14 

Model 
15 

Consistency with a priori 
expectations of magnitude 
and signs of estimated 
coefficients 

               

Consistency with policy in 
other parts of the price 
control 

               

Is the mean VIF less than 10?                
Is the max VIF less than 10?                
Sensitivity of estimated 
coefficients to removal of 
least efficient company 

               

Sensitivity of estimated 
coefficients to removal of 
most efficient company 

               

Sensitivity of estimated 
coefficients to removal of 
individual years 

               

Stability of efficiency 
rankings   

               

Stability of efficiency scores                 
Is the within sample 
forecasting power within 2 
percentage points of the 
predictive power of the 5-
year model?  

               

Source: CEPA 
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Botex Plus 

Table 7.14: Water Network Plus Botex Plus Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

5 
Model 

6 
Model 

7 
Model 

8 
Model 

9 
Model 

10 
Total length of mains           
Total connections / Total length of 
mains 

          

Length of mains refurbished or 
relined 

          

Number of booster pumping stations, 
service reservoirs and water towers 

          

% of mains installed post 1981           
Complexity of treatment works 
(bands 4-6) 

          

Constant           
Test 
Jointly statistically significant (F-test)           
Linearity           
Homoscedasticity           
Normality           
Overall predictive power           
Chow test / Pooling test           
Test of pooled OLS versus RE RE RE RE RE RE RE RE RE RE RE 
Hausman test for fixed effects RE RE RE RE RE RE RE RE RE RE 
Consistency with a priori 
expectations of magnitude and signs 
of estimated coefficients 

          

Consistency with policy in other parts 
of the price control 

          

Is the mean VIF less than 10?           
Is the max VIF less than 10?           
Sensitivity of estimated coefficients 
to removal of least efficient company 
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Variables Model 
1 

Model 
2 

Model 
3 

Model 
4 

Model 
5 

Model 
6 

Model 
7 

Model 
8 

Model 
9 

Model 
10 

Sensitivity of estimated coefficients 
to removal of most efficient company 

          

Sensitivity of estimated coefficients 
to removal of individual years 

          

Stability of efficiency rankings             
Stability of efficiency scores            
Is the within sample forecasting 
power within 2 percentage points of 
the predictive power of the 5-year 
model?  

          

Does enhancement smoothing 
significantly increase predictive 
power of the model? 

No No No No No No No No No No 

Source: CEPA 
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Performance against assessment criteria 

The shortlisted water network plus models presented above contain variables that belong to 
cost driver groups ‘scale of the activities’, ‘density’, ‘system characteristics’ and ‘level of 
activity’ (see section 3.2 for more details). However, there is a difference in the number of 
shortlisted botex and botex plus models. This is because certain explanatory variables were 
not statistically significant at a 10% level for botex plus models. 

Overall, the models perform well against the model selection criteria. A summary of the 
findings is presented below: 

 The estimated coefficients on the explanatory variables all have a sensible sign and 
magnitude.  

 There is limited evidence of economies of scale in water network plus, with the 
estimated coefficient on scale consistently around 1.44 

 The models perform well against the statistical robustness tests except for a few 
models that fail the normality test. However, we place a low level of importance on 
this test result as it does not distort the estimated coefficients. 

 Models perform well in the remaining tests: all models pass the Chow / Pooling test; 
are consistent with other parts of the price control; and have a high predictive power 
for companies on the whole. 

Robustness testing 

Overall, the shortlisted water network plus models performed well against our set of 
robustness tests. A summary of the key findings is presented below: 

 There was no evidence that the inclusion of a time trend or regional wage explanatory 
variable was warranted based on the evaluation criteria described above. 

 Both pre-modelling regional wage adjustments did not significantly improve the 
predictive power of the models (i.e. increase in adjusted R-squared by more than one 
percentage point).  

 A small number of water network plus models are deemed sensitive to the exclusion 
of the least efficient company according to our evaluation criteria. This could require 
that Ofwat considers the model without that company or potentially apply a special 
cost factor adjustment for that company.  

                                                      
44 To understand the effect of scale on water network plus costs when the “number of booster pumping stations, 
service reservoirs and water towers” is included in the model specification, as an approximation, it is necessary 
to sum together the estimated coefficient on this variable and the scale variable given they both capture the 
impact of scale on costs to some degree.  
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 The test for random effects indicated in all cases that random effects is preferred to 
pooled OLS for the estimation of these models.45 However, the variable to capture the 
complexity of treatment works is not statistically significant at a 10% level in botex 
models 5, 10 and 11 when estimated using random effects. However, the magnitude 
of the estimated coefficients remain sensible and comparable to other botex models 
where this variable is statistically significant at a 10% significance level (e.g. models 8, 
12, 13 and 15). 

 Following on, the Hausman test result indicates that random effects and pooled OLS 
estimation will produce unbiased and consistent parameter estimates across all botex 
models. However, for a small number of botex plus water network plus models, the 
Hausman test result indicates that random effects and pooled OLS estimation may be 
biased and inconsistent. But as discussed in Annex C, we do not consider this test 
result on its own to be sufficient to rule out using random effects or pooled OLS 
estimation. 

 A small number of the models exceed the set threshold of 10 for max and mean VIF. 
This largely reflects the medium level of correlation identified between scale and the 
number of booster pumping stations, service reservoirs and water towers. However, 
overall, we consider that the additional explanatory power the latter variable brings 
to the water network plus model is sufficient to warrant its inclusion.46 

 Overall, enhancement smoothing does not significantly improve the performance of 
water network plus botex plus models. 

 On the whole, the results of the stability of efficiency rankings and efficiency scores 
tests are good, with the majority of models passing at least one stability test. In total, 
the efficiency rankings and scores obtained from the water network plus botex models 
appear more stable than from the botex plus models. 

 The forecast power of the selected water network plus models is deemed good against 
our evaluation criteria, which provides a degree of certainty that these models can 
accurately forecast water network plus expenditure. 

                                                      
45 But under the assumption that Random Effects produces unbiased and consistent parameter estimates, 
pooled OLS will also. However, from an econometric theory perspective, random effects is more efficient than 
Pooled OLS. 
46 See Annex B for more details on how CEPA have carefully considered trade-offs within the model development 
process. 
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7.1.7. Wholesale Water 

For the development of these models, CEPA used the explanatory variables included in Table 
3.3, 3.4, 3.5 and 3.6. For these model estimation results, CEPA assumed that when the 
assumptions in those tables are contradictory, the expected effect is that of the water 
treatment activities as water treatment is significantly larger than water abstraction.  
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Botex 

Table 7.15: Wholesale Water Botex Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

5 
Model 

6 
Model 

7 
Model 

8 
Model 

9 
Model 

10 
Total length of mains           
Total connections / Total length of mains           
Number of booster pumping stations, service 
reservoirs and water towers 

          

Complexity of treatment works (bands 4-6)           
Length of mains refurbished or relined           
% of mains installed post 1981           
% of distribution input from reservoirs           
% of distribution input from boreholes, artificial 
recharge schemes and aquifer storage 

          

Input per source           
Constant           
Test 
Jointly statistically significant (F-test)           
Linearity           
Homoscedasticity           
Normality           
Overall predictive power           
Chow test / Pooling test           
Test of pooled OLS versus RE RE RE RE RE RE RE RE RE RE RE 
Hausman test for fixed effects RE RE FE RE RE RE RE RE RE RE 
Consistency with a priori expectations of 
magnitude and signs of estimated coefficients 

          

Consistency with policy in other parts of the 
price control 

          

Is the mean VIF less than 10?           
Is the max VIF less than 10?           
Sensitivity of estimated coefficients to removal 
of least efficient company 
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Variables Model 
1 

Model 
2 

Model 
3 

Model 
4 

Model 
5 

Model 
6 

Model 
7 

Model 
8 

Model 
9 

Model 
10 

Sensitivity of estimated coefficients to removal 
of most efficient company 

          

Sensitivity of estimated coefficients to removal 
of individual years 

          

Stability of efficiency rankings             
Stability of efficiency scores            
Is the within sample forecasting power within 2 
percentage points of the predictive power of the 
5-year model?  

          

How consistent are the results with the 
efficiency assumptions made in PR14? 

          

Source: CEPA 
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Botex Plus 

Table 7.16: Wholesale Water Botex Plus Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

5 
Model 

6 
Total length of mains       
Total connections / Total length of 
mains 

      

Number of booster pumping stations, 
service reservoirs and water towers 

      

Complexity of treatment works 
(bands 4-6) 

      

Length of mains refurbished or 
relined 

      

% of mains installed post 1981       
% of distribution input from 
reservoirs 

      

Input per source       
Constant       
Test 
Jointly statistically significant (F-test)       
Linearity       
Homoscedasticity       
Normality       
Overall predictive power       
Chow test / Pooling test       
Test of pooled OLS versus RE RE RE RE RE RE RE 
Hausman test for fixed effects RE RE RE RE RE RE 
Consistency with a priori 
expectations of magnitude and signs 
of estimated coefficients 

      

Consistency with policy in other parts 
of the price control 

      

Is the mean VIF less than 10?       
Is the max VIF less than 10?       
Sensitivity of estimated coefficients 
to removal of least efficient company 

      

Sensitivity of estimated coefficients 
to removal of most efficient company 

      

Sensitivity of estimated coefficients 
to removal of individual years 

      

Stability of efficiency rankings         
Stability of efficiency scores        
Is the within sample forecasting 
power within 2 percentage points of 
the predictive power of the 5-year 
model?  

      

Does enhancement smoothing 
significantly increase predictive 
power of the model? 

No No No No No No 

Source: CEPA 
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Performance against assessment criteria 

The shortlisted wholesale water models presented above contain variables that belong to 
cost driver groups ‘scale of the activities’, ‘density’, ‘system characteristics’ and ‘level of 
activity’ (see section 3.2 for more details). However, there is a difference in the number of 
shortlisted botex and botex plus models. This is because certain explanatory variables were 
not statistically significant at a 10% level for botex plus models. 

Overall the models perform well against the model selection criteria. A summary of the 
findings is presented below: 

 The estimated coefficients on the explanatory variables all have a sensible sign and 
magnitude.  

 There is limited evidence of economies of scale at a wholesale water level, with the 
estimated coefficient on scale consistently around 1.47 

 On the whole, the models perform well against the statistical robustness tests with 
the exception of a few botex plus models that fail the normality test. However, we 
place a low level of importance on this test result as it does not distort the estimated 
coefficients. 

 Models perform well in other tests: all models pass the Chow / Pooling test; are 
consistent with other parts of the price control; and have a high predictive power for 
companies on the whole. 

Robustness testing 

Our shortlisted wholesale water models performed well against our set of robustness tests. 
A summary of the key findings is presented below: 

 There was no evidence that the inclusion of a time trend or regional wage explanatory 
variable was warranted based on the evaluation criteria described above. 

 Both pre-modelling regional wage adjustments did not significantly improve the 
predictive power of the models (i.e. increase in adjusted R-squared by more than one 
percentage point).  

 Two wholesale water models (one botex and one botex plus) are deemed sensitive to 
the exclusion of the least efficient company according to our evaluation criteria, and 
Ofwat will need to consider this result carefully if these models are used as part of 
PR19. 

                                                      
47 To understand the effect of scale on water network plus costs when the “number of booster pumping stations, 
service reservoirs and water towers” is included in the model specification, as an approximation, it is necessary 
to sum together the estimated coefficient on this variable and the scale variable given they both capture the 
impact of scale on costs to some degree.  
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 The test for random effects indicated in all cases that random effects is preferred to 
pooled OLS for the estimation of these models.48 In addition, the Hausman test result 
indicates that random effects and pooled OLS estimation will produce unbiased and 
consistent parameter estimates across all botex models.  

 However, for a number of botex plus models, the Hausman test result indicates that 
random effects and pooled OLS estimation may be biased and inconsistent. But as 
discussed in Annex C, we do not consider this test result on its own to be sufficient to 
rule out using random effects or pooled OLS estimation. 

 The majority of the models selected exceed the set threshold of 10 for max and mean 
VIF. This largely reflects the moderate level of correlation identified between scale 
and the number of booster pumping stations, service reservoirs and water towers. 
However, overall, we consider that the additional explanatory power the latter 
variable brings to the wholesale water model is sufficient to warrant its inclusion.49 

 Enhancement smoothing does not significantly increase the predictive power of the 
wholesale water botex plus models. 

 Overall, the test results for the stability of efficiency rankings / scores are good, with 
all but one wholesale water model passing at least one of these stability tests 
(efficiency rankings or scores). 

 However, the efficiency rankings of the wholesale water botex models are not 
consistent with the efficiency rankings of the PR14 wholesale water botex models. 
Whilst we consider this test result is of low importance, this maybe an area that Ofwat 
wants to investigate further.  

 The forecast power of the wholesale water models is deemed good against our 
evaluation criteria, with only a small number of models failing the within-sample 
forecast power test. 

                                                      
48 But under the assumption that Random Effects produces unbiased and consistent parameter estimates, 
pooled OLS will also. However, from an econometric theory perspective, random effects is more efficient than 
Pooled OLS.  
49 See Annex B for more details on how CEPA have carefully considered trade-offs within the model development 
process. 
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 Short-listed wholesale wastewater models 

7.2.1. Bioresources 

For the development of these models, CEPA used the explanatory variables included in Table 
3.9.  

It is important to note that the allocation of power costs between sewage treatment and 
bioresources activities means it is difficult to develop bioresource models that are robust and 
transparent. When developing their submissions to Ofwat, companies were asked to set a 
value for the energy produced by bioresources but consumed in wastewater treatment. These 
‘revenues’ were then to be accounted as negative energy costs in the bioresource activities. 
As a result, the energy costs in bioresources do not represent the actual level of expenditure 
in energy (with some extreme cases where companies presented negative energy costs). 

To develop these models, CEPA took the costs as provided by the companies except in those 
cases where energy costs where negative where energy costs were set to zero. Even when 
these models can be viewed as an initial estimate, Ofwat would need to consider the 
possibility of refining the data underpinning it by engaging with the companies to discuss:  

 whether the allocation of power costs between sewage treatment and bioresources 
being consistent over time; and  

 the clear identification of any energy cost savings that are made through electricity 
generation.50  

In addition, we have also developed bioresources plus models, which mitigates the cost 
allocation issues mentioned above by modelling bioresources and sewage treatment together 
(see below for more details). 

                                                      
50 We have not developed botex plus models for bioresources given the opening of bioresources enhancement 
to competition in PR19. 
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Botex 

Table 7.17: Bioresources Botex Model Results 
Variables Model 

1 
Model 

2 
Total sludge   
Total intersiting of sludge   
% of intersiting work done by tanker   
% of intersiting work done by truck   
% of sludge recycled to farmland    
Constant   
Test 
Jointly statistically significant (F-test)   
Linearity   
Homoscedasticity   
Normality   
Overall predictive power   
Chow test / Pooling test   
Test of pooled OLS versus RE OLS OLS 
Hausman test for fixed effects N/A N/A 
Consistency with a priori expectations of 
magnitude and signs of estimated coefficients 

  

Consistency with policy in other parts of the 
price control 

  

Is the mean VIF less than 10?   
Is the max VIF less than 10?   
Sensitivity of estimated coefficients to removal 
of least efficient company 

  

Sensitivity of estimated coefficients to removal 
of most efficient company 

  

Sensitivity of estimated coefficients to removal 
of individual years 

  

Stability of efficiency rankings     
Stability of efficiency scores    
Is the within sample forecasting power within 2 
percentage points of the predictive power of the 
5-year model? 

  

Source: CEPA 
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Performance against assessment criteria 

The shortlisted bioresources models presented above contain variables that belong to cost 
driver groups ‘scale of the activities’, ‘system characteristics’ and ‘level of activity’ (see section 
3.2 for more details). Putting aside any cost allocation issues, presented below is a summary 
of how the shortlisted models perform against the remaining model selection criteria: 

 The estimated coefficients on the explanatory variables all have a sensible sign and 
magnitude.  

 There is evidence of economies of scale in bioresources, with the estimated coefficient 
on the scale variable consistently below one. 

 All statistical robustness tests perform well except for the linearity test (RESET), which 
fails for 6 out of 10 models. The performance of the RESET is not improved with the 
inclusion of quadratic scale variables. 

 Models perform well in the other tests: all models pass the Chow / Pooling test; are 
consistent with other parts of the price control; and have a high predictive power for 
companies on the whole. 

 Models using the percentage of sludge disposed were removed as Ofwat expect 
companies to minimise the percentage of total bioresources disposed by using 
bioresources for energy generation and the inclusion of this variable could provide the 
wrong incentives.  

Robustness testing 

Overall, the shortlisted bioresources models perform to an acceptable standard against our 
set of robustness tests. A summary of other key findings is presented below: 

 There was no evidence that the inclusion of a time trend or regional wage explanatory 
variable was warranted based on the evaluation criteria described above. 

 Both pre-modelling regional wage adjustments did not significantly improve the 
predictive power of the models (i.e. increase in adjusted R-squared by more than one 
percentage point).  

 All bioresource models are not sensitive to the exclusion / inclusion of a particular year 
or most / least efficient company. 

 The test for random effects produced mixed results across models, with some implying 
that pooled OLS estimation should be used and others suggesting that Random Effects 
estimation should be used. 

 On the whole, the risk of multicollinearity appears to be within a suitable threshold in 
all models, with the mean VIF never exceeding 10. However, the max VIF does exceed 
10 for both models. 
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 However, the tests to assess the stability of efficiency rankings / scores across model 
specifications produce poor results. In addition, the within-sample forecast power test 
are also poor for both models but this may be the result of underlying data issues 
rather than poor forecasting capacity. Ofwat will have to consider the implications of 
these test results carefully before using these models as part of PR19.
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7.2.2. Sewage Collection 

For the development of these models, CEPA used the explanatory variables included in Table 
3.7. 

Botex 

Table 7.18: Sewage Collection Botex Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Total load    
Total properties / Total length of sewers    
Total length of sewer laid or structurally 
refurbished post 2001 

   

Number of pumping stations    
Constant    
Test 
Jointly statistically significant (F-test)    
Linearity    
Homoscedasticity    
Normality    
Overall predictive power    
Chow test / Pooling test    
Test of pooled OLS versus RE RE RE RE 
Hausman test for fixed effects RE RE RE 
Consistency with a priori expectations of 
magnitude and signs of estimated coefficients 

   

Consistency with policy in other parts of the 
price control 

   

Is the mean VIF less than 10?    
Is the max VIF less than 10?    
Sensitivity of estimated coefficients to removal 
of least efficient company 

   

Sensitivity of estimated coefficients to removal 
of most efficient company 

   

Sensitivity of estimated coefficients to removal 
of individual years    

Stability of efficiency rankings      
Stability of efficiency scores     
Is the within sample forecasting power within 2 
percentage points of the predictive power of the 
5-year model?  

   

Source: CEPA 
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Botex Plus 

Table 7.19: Sewage Collection Botex Plus Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Total load    
Total properties / Total length of sewers    
Total length of sewer laid or structurally 
refurbished post 2001 

   

Number of pumping stations    
Constant    
Test 
Jointly statistically significant (F-test)    
Linearity    
Homoscedasticity    
Normality    
Overall predictive power    
Chow test / Pooling test    
Test of pooled OLS versus RE RE RE OLS 
Hausman test for fixed effects FE RE N/A 
Consistency with a priori expectations of 
magnitude and signs of estimated coefficients 

   

Consistency with policy in other parts of the 
price control 

   

Is the mean VIF less than 10?    
Is the max VIF less than 10?    
Sensitivity of estimated coefficients to removal 
of least efficient company 

   

Sensitivity of estimated coefficients to removal 
of most efficient company 

   

Sensitivity of estimated coefficients to removal 
of individual years 

   

Stability of efficiency rankings      
Stability of efficiency scores     
Is the within sample forecasting power within 2 
percentage points of the predictive power of the 
5-year model?  

   

Does enhancement smoothing significantly 
increase predictive power of the model? Yes Yes Yes 

Source: CEPA 
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Performance against assessment criteria 

The shortlisted sewage collection models presented above contain variables that belong to 
cost driver groups ‘scale of the activities’, ‘density’ and ‘system characteristics’ (see section 
3.2 for more details). Overall, the models perform well against the model selection criteria. A 
summary of the findings is presented below: 

 The estimated coefficients on the explanatory variables all have a sensible sign and 
magnitude.  

 There is evidence of economies of scale in sewage collection, with the estimated 
coefficient on scale consistently below 1. 

 As indicated in Table 3.7 priori we deemed the effect of density on sewage collection 
costs is ambiguous. Ex post, the results of these models indicate that density has an 
overall positive effect on sewage collection costs on average (i.e. a positive estimate 
coefficient). This finding confirms the expectations of CEPA’s technical advisors, who 
expected a positive relationship between density and costs in wastewater networks. 

 All models pass the statistical robustness tests. 

 Models perform well in the remaining tests: all models pass the Chow / Pooling test; 
are consistent with other parts of the price control; and have a high predictive power 
for companies on the whole. 

 Models using the percentage of sludge disposed were removed as Ofwat expect 
companies to minimise the percentage of total bioresources disposed by using 
bioresources for energy generation and the inclusion of this variable could provide the 
wrong incentives.  

There appears to be no significant difference in the performance of sewage collection botex 
and botex plus shortlisted models. 

Robustness testing 

Overall, the shortlisted sewage collection models performed well against our set of 
robustness tests. A summary of the key findings is presented below: 

 There was no evidence that the inclusion of a time trend or regional wage explanatory 
variable was warranted based on the evaluation criteria described above. 

 Both pre-modelling regional wage adjustments did not significantly improve the 
predictive power of the models (i.e. increase in adjusted R-squared by more than one 
percentage point).  

 Only one sewage collection model was deemed sensitive to the exclusion of the least 
efficient company according to our evaluation criteria. As above, Ofwat will need to 
consider the treatment of these companies in the price control.  
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 The test for random effects indicated in the majority of cases that random effects is 
preferred to pooled OLS for the estimation of these models.51 In one case the 
Hausman test results indicates that fixed effects could be more appealing. However, 
as discussed in Annex C, we do not consider this test result on its own to be sufficient 
to rule out using random effects or pooled OLS estimation. 

 The max and mean VIF is always below 10, which indicates that the risk of 
multicollinearity across models is low. 

 Enhancement smoothing does significantly increase the predictive power of the 
sewage collection botex plus models according to the evaluation criteria. 

 The stability of efficiency rankings / scores test results are mixed across the sewage 
collection models, but the majority of models pass at least one stability test (efficiency 
rankings or scores). 

 Overall, the shortlisted sewage collection models perform well with regards to within-
sample forecast power, with all but one botex plus model passing the forecast power 
test against the evaluation criteria.

                                                      
51 But under the assumption that Random Effects produces unbiased and consistent parameter estimates, 
pooled OLS will also. However, from an econometric theory perspective, random effects is more efficient than 
Pooled OLS.  
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7.2.3. Sewage Treatment 

For the development of these models, CEPA used the explanatory variables included in Table 
3.8. 

Botex 

Table 7.20: Sewage Treatment Botex Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Total load     
% of total load being treated in bands 1-3     
Total properties / total length of sewers     
Volume of trade effluent as a proportion of 
volume of wastewater 52 

    

Constant     
Test 
Jointly statistically significant (F-test)     
Linearity     
Homoscedasticity     
Normality     
Overall predictive power     
Chow test / Pooling test     
Test of pooled OLS versus RE RE RE RE RE 
Hausman test for fixed effects RE RE RE RE 
Consistency with a priori expectations of 
magnitude and signs of estimated coefficients 

    

Consistency with policy in other parts of the 
price control 

    

Is the mean VIF less than 10?     
Is the max VIF less than 10?     
Sensitivity of estimated coefficients to removal 
of least efficient company 

    

Sensitivity of estimated coefficients to removal 
of most efficient company 

    

Sensitivity of estimated coefficients to removal 
of individual years     

Stability of efficiency rankings       
Stability of efficiency scores      
Is the within sample forecasting power within 2 
percentage points of the predictive power of the 
5-year model?  

    

Source: CEPA 

                                                      
52 This is a percentage variable, therefore included in levels. 
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Botex Plus 

Table 7.21: Sewage Treatment Botex Plus Model Results 
Variables Model 

1 
Model 

2 
Total load   
% of total load being treated in bands 1-3   
Constant   
Test 
Jointly statistically significant (F-test)   
Linearity   
Homoscedasticity   
Normality   
Overall predictive power   
Chow test / Pooling test   
Test of pooled OLS versus RE RE RE 
Hausman test for fixed effects RE RE 
Consistency with a priori expectations of 
magnitude and signs of estimated coefficients 

  

Consistency with policy in other parts of the 
price control 

  

Is the mean VIF less than 10?   
Is the max VIF less than 10?   
Sensitivity of estimated coefficients to removal 
of least efficient company 

  

Sensitivity of estimated coefficients to removal 
of most efficient company 

  

Sensitivity of estimated coefficients to removal 
of individual years 

  

Stability of efficiency rankings     
Stability of efficiency scores    
Is the within sample forecasting power within 2 
percentage points of the predictive power of the 
5-year model?  

  

Does enhancement smoothing significantly 
increase predictive power of the model? 

No Yes 

Source: CEPA 
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Performance against assessment criteria 

The shortlisted sewage treatment models presented above contain variables that belong to 
cost driver groups ‘scale of the activities’, ‘density’ and ‘system characteristics’ (see section 
3.2 for more details). However, there are a smaller number of botex plus than botex models, 
which reflects the fact that certain explanatory variables were not statistically significant at a 
10% level in the botex plus model. 

Overall, the models perform well against the model selection criteria. A summary of the 
findings is presented below: 

 Scale and economies of scale at an asset level appear to be most important drivers of 
sewage treatment costs, as was also identified in the Arup and Vivid Economics co-
authored report. 53 

 The estimated coefficients on the explanatory variables all have a sensible sign and 
magnitude. 

 There is evidence of economies of scale in sewage treatment, with the estimated 
coefficient on scale consistently below 1, and further evidence of economies of scale 
at an asset level. Indicated by a positive and significant coefficient on the percentage 
of load treated in sewage treatment work bands 1 to 3. 

 The variables used to estimate density provided showed that costs appear to increase 
with density. In addition, the marginal effect of density on sewage treatment costs 
increases when trade effluent as a proportion of wastewater volume is included in the 
model. As a result, Ofwat could want to consider this interaction in more detail before 
using Botex Model 4 as part of PR19.   

 The models generally perform well against the selection of statistical robustness tests, 
except for the linearity test, which fails for a couple of models. For these models we 
tested the inclusion of quadratic terms but this did not improve the performance of 
the RESET. 

 In addition, all models pass the Chow / Pooling test; are consistent with other parts of 
the price control; and have a high predictive power for companies on the whole. 

Robustness testing 

Overall, the shortlisted sewage treatment models performed well against our set of 
robustness tests. A summary of the key findings is presented below: 

 There was no evidence that the inclusion of a regional wage explanatory variable was 
warranted based on the evaluation criteria described above. 

                                                      
53 Vivid Economics and Arup. (2017). Understanding the exogenous drivers of wholesale wastewater costs in 
England & Wales. 
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 While the inclusion of a time trend was consistently positive in all sewage treatment 
models, it was only statistically significant in a small number of sewage treatment 
models. There remains a question of whether a positive time trend would be aligned 
with the remainder of the price control. Hence, CEPA propose to keep these models 
without a time trend. 

 Both pre-modelling regional wage adjustments did not significantly improve the 
predictive power of the models (i.e. increase in adjusted R-squared by more than one 
percentage point).  

 One sewage treatment model was deemed sensitive to the exclusion of the most 
efficient company according to our evaluation criteria. Ofwat will need to consider this 
result carefully if this model is used in PR19. 

 The test for random effects indicated in all cases that random effects is preferred to 
pooled OLS for the estimation of these models.54 

 The max and mean VIF is always below 10, which indicates that the risk of 
multicollinearity across all models is low. 

 Enhancement smoothing significantly increases the predictive power of model 2 but 
does not significantly increase the predictive power of model 1. However, even when 
enhancement smoothing does significantly increase the predictive power of a model, 
it is important that Ofwat recognises the trade-off between increased predictive 
power and reduced degrees of freedom. The latter may result in an increase in model 
sensitivity and/or place tighter restrictions on the number of explanatory variable that 
can be controlled for in the model. 

 On the whole, the efficiency rankings and scores obtained from the sewage treatment 
models are relatively stable across different model specifications.  

 However, the results of the within-sample forecast power test are generally poor, with 
only one model passing this test. However, this may be the result of underlying data 
issues rather than poor forecasting power of the selected models. It will be important 
that Ofwat carefully assesses the implications of this test result before using any 
sewage treatment model that fails this test as part of PR19.

                                                      
54 But under the assumption that Random Effects produces unbiased and consistent parameter estimates, 
pooled OLS will also. However, from an econometric theory perspective, random effects is more efficient than 
Pooled OLS.  
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7.2.4. Bioresources Plus 

For the development of these models, CEPA used the explanatory variables included in Table 
3.8 and 3.9. 

Botex 

Table 7.22: Bioresources Plus Botex Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Total load    
% of total load being treated in bands 1-3    
% of sludge disposed to farmland     
Constant    
Test 
Jointly statistically significant (F-test)    
Linearity    
Homoscedasticity    
Normality    
Overall predictive power    
Chow test / Pooling test    
Test of pooled OLS versus RE RE RE RE 
Hausman test for fixed effects RE RE RE 
Consistency with a priori expectations of 
magnitude and signs of estimated coefficients 

   

Consistency with policy in other parts of the 
price control 

   

Is the mean VIF less than 10?    
Is the max VIF less than 10?    
Sensitivity of estimated coefficients to removal 
of least efficient company 

   

Sensitivity of estimated coefficients to removal 
of most efficient company 

   

Sensitivity of estimated coefficients to removal 
of individual years 

   

Stability of efficiency rankings      
Stability of efficiency scores     
Is the within sample forecasting power within 2 
percentage points of the predictive power of the 
5-year model?  

   

Source: CEPA 
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Botex Plus 

Table 7.23: Bioresources Plus Botex Plus Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Total load    
% of total load being treated in bands 1-3    
% of sludge disposed to farmland     
Total work done in intersiting sludge operations    
Total properties / total length of sewers    
Constant    
Test 
Jointly statistically significant (F-test)    
Linearity    
Homoscedasticity    
Normality    
Overall predictive power    
Chow test / Pooling test    
Test of pooled OLS versus RE RE RE RE 
Hausman test for fixed effects RE RE RE 
Consistency with a priori expectations of 
magnitude and signs of estimated coefficients 

   

Consistency with policy in other parts of the 
price control 

   

Is the mean VIF less than 10?    
Is the max VIF less than 10?    
Sensitivity of estimated coefficients to removal 
of least efficient company 

   

Sensitivity of estimated coefficients to removal 
of most efficient company 

   

Sensitivity of estimated coefficients to removal 
of individual years 

   

Stability of efficiency rankings      
Stability of efficiency scores     
Is the within sample forecasting power within 2 
percentage points of the predictive power of the 
5-year model?  

   

Does enhancement smoothing significantly 
increase predictive power of the model? 

No No No 

Source: CEPA 
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Performance against assessment criteria 

As discussed above, one solution to mitigate issues regarding power cost allocation between 
sewage treatment and bioresources is to develop bioresources plus models, which includes 
bioresources and sewage treatment costs. This was the same approach taken by Arup and 
Vivid in their 2017 report. This section therefore presents a selection of the shortlisted 
bioresources plus models, which contain variables that belong to cost driver groups ‘scale of 
the activities’, ‘density’ and ‘system characteristics’ (see section 3.2 for more details). 

Overall, the models perform well against the model selection criteria. A summary of the 
findings is presented below: 

 The estimated coefficients on the explanatory variables all have a sensible sign and 
magnitude.  

 There is evidence of economies of scale in sewage treatment, with the estimated 
coefficient on scale consistently below 1, and further evidence of economies of scale 
at an asset level. Indicated by a positive and significant coefficient on the percentage 
of load treated in sewage treatment work bands 1 to 3. 

 The results of these models indicate that density has an overall positive effect on 
bioresources plus costs on average (i.e. a positive estimate coefficient). As with the 
bioresources models, Ofwat could need to consider in more detail the implication of 
using these models as density appears to have a larger effect than in other models. 

 The models generally perform well against the selection of statistical robustness tests, 
except for the linearity test, which fails for one model. For this model we tested the 
inclusion of quadratic terms but this did not improve the performance of the RESET. 

 Models perform well in the remaining tests: all models pass the Chow / Pooling test; 
are consistent with other parts of the price control; and have a high predictive power 
for companies on the whole. 

 Models using the percentage of sludge disposed were removed as Ofwat expect 
companies to minimise the percentage of total bioresources disposed by using 
bioresources for energy generation and the inclusion of this variable could provide the 
wrong incentives.  

Robustness testing 

Overall, the shortlisted bioresources plus models performed well against our set of 
robustness tests. A summary of the key findings is presented below: 

 There was no evidence that the inclusion of a time trend or regional wage explanatory 
variable was warranted based on the evaluation criteria described above. 
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 Both pre-modelling regional wage adjustments did not significantly improve the 
predictive power of the models (i.e. increase in adjusted R-squared by more than one 
percentage point).  

 Only one bioresources plus model was deemed sensitive to the exclusion of the least 
efficient company according to our evaluation criteria. Ofwat will need to consider this 
result carefully if this model is used as part of PR19. 

 The test for random effects indicated in the majority of cases that random effects is 
preferred to pooled OLS for the estimation of these models.55 

 The max and mean VIF is always below 10, which indicates that the risk of 
multicollinearity across all models is low. 

 Enhancement smoothing does not significantly increase the predictive power of the 
botex plus bioresource plus models, which is expected because there is limited 
enhancement expenditure included in these models given that all bioresources 
enhancement has been excluded. 

 The tests to assess the stability of efficiency rankings / scores across model 
specifications bring mixed results. Therefore, it will be important that Ofwat assesses 
the implications of these test results before using these models as part of PR19. 

 The within-sample forecast power test fails for all of the models selected, which may 
be the result of underlying data issues rather than poor forecasting models of the 
selected models. As a result, Ofwat will have to carefully consider the implications of 
this test result before using these models as part of PR19. 

 

 

                                                      
55 But under the assumption that Random Effects produces unbiased and consistent parameter estimates, 
pooled OLS will also. However, from an econometric theory perspective, random effects is more efficient than 
Pooled OLS.  
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7.2.5. Wastewater network plus 

For the development of these models, CEPA used the explanatory variables included in Table 3.7 and 3.8. 

Botex 

Table 7.24: Wastewater Network Plus Botex Model Results: Model 1-8 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

5 
Model 

6 
Model 

7 
Model 

8 
Total load         
% of total load being treated in bands 1-3         
Total properties / total length of sewers         
Total length of sewer laid or structurally 
refurbished post 2001 

        

Volume of trade effluent as a proportion of 
volume of wastewater  

        

Number of pumping stations         
Total properties         
Total properties squared         
Constant         
Test 
Jointly statistically significant (F-test)         
Linearity         
Homoscedasticity         
Normality         
Overall predictive power         
Chow test / Pooling test         
Test of pooled OLS versus RE RE RE OLS RE RE OLS RE OLS 
Hausman test for fixed effects RE RE N/A FE RE N/A RE N/A 
Consistency with a priori expectations of 
magnitude and signs of estimated coefficients 

        

Consistency with policy in other parts of the 
price control 

        

Is the mean VIF less than 10?         
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Variables Model 
1 

Model 
2 

Model 
3 

Model 
4 

Model 
5 

Model 
6 

Model 
7 

Model 
8 

Is the max VIF less than 10?         
Sensitivity of estimated coefficients to removal 
of least efficient company 

        

Sensitivity of estimated coefficients to removal 
of most efficient company 

        

Sensitivity of estimated coefficients to removal 
of individual years 

        

Stability of efficiency rankings           
Stability of efficiency scores          
Is the within sample forecasting power within 2 
percentage points of the predictive power of the 
5-year model?  

        

Source: CEPA 
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Botex Plus 

Table 7.25: Wastewater Network Plus Botex Plus Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Total load    
% of total load being treated in bands 1-3    
Total properties / total length of sewers    
Total length of sewer laid or structurally 
refurbished post 2001 

   

Constant    
Test 
Jointly statistically significant (F-test)    
Linearity    
Homoscedasticity    
Normality    
Overall predictive power    
Chow test / Pooling test    
Test of pooled OLS versus RE RE RE RE 
Hausman test for fixed effects RE RE FE 
Consistency with a priori expectations of 
magnitude and signs of estimated coefficients 

   

Consistency with policy in other parts of the 
price control 

   

Is the mean VIF less than 10?    
Is the max VIF less than 10?    
Sensitivity of estimated coefficients to removal 
of least efficient company 

   

Sensitivity of estimated coefficients to removal 
of most efficient company 

   

Sensitivity of estimated coefficients to removal 
of individual years 

   

Stability of efficiency rankings      
Stability of efficiency scores     
Is the within sample forecasting power within 2 
percentage points of the predictive power of the 
5-year model?  

   

Does enhancement smoothing significantly 
increase predictive power of the model? No No No 

Source: CEPA 



108 
 

Performance against assessment criteria 

The shortlisted wastewater network plus models presented above contain variables that 
belong to cost driver groups ‘scale of the activities’, ‘density’ and ‘system characteristics’ (see 
section 3.2 for more details). There is a different number of shortlisted botex and botex plus 
models, which reflects the fact that certain explanatory variables were not statistically 
significant at a 10% level in the botex plus models. 

Overall the models perform well against the model selection criteria. A summary of the 
findings is presented below: 

 The estimated coefficients on the explanatory variables all have a sensible sign and 
magnitude. 

 There is strong evidence of economies of scale, with the estimated coefficient on scale 
consistently below 1. In addition, there appears to be significant economies of scale 
at an asset level, as indicated by a positive and significant coefficient on the 
percentage of load treated in sewage treatment work bands 1 to 3. 

 The estimation results also indicate that wastewater network plus costs increase with 
the level of density. In addition, the marginal effect of density on sewage treatment 
costs increases when trade effluent as a proportion of wastewater volume is included 
(botex model 4). While there is no defined rule for when the marginal effect of density 
is too large and no longer sensible, Ofwat may wish to consider the implications of this 
result if using Botex Model 4 as part of PR19.   

 The shortlisted models perform well against all statistical robustness tests. For the 
small number of models that fail the linearity test we have tested the inclusion of a 
quadratic but this did not improve the performance of the RESET. 

 Models perform well in the remaining tests: all models pass the Chow / Pooling test; 
are consistent with other parts of the price control; and have a high predictive power 
for companies on the whole. 

Robustness testing 

Overall, the shortlisted wastewater network plus models performed well against our set of 
robustness tests. A summary of the key findings is presented below: 

 When total properties are included as the scale explanatory variable in wastewater 
network plus botex models, the inclusion of a quadratic term improves the 
performance of a number of models. As a result, we have put forward a model that 
includes total properties and total properties squared within our list of shortlisted 
wastewater network plus botex models. 

 There was no evidence that the inclusion of a regional wage explanatory variable was 
warranted based on the evaluation criteria described above. 
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 The inclusion of a time trend was consistently positive in all wastewater network plus 
models, and statistically significant in approximately 50% of the wastewater network 
plus models that were passed through to phase 2 of the model development process. 
However, there remains a question of whether a positive time trend would be aligned 
with the remainder of the price control  

 Both pre-modelling regional wage adjustments did not significantly improve the 
predictive power of the models (i.e. increase in adjusted R-squared by more than one 
percentage point).  

 No wastewater network plus models were deemed sensitive to the exclusion / 
inclusion of any particular year or the most / least efficient company.  

 The test for random effects indicated in the majority of cases that random effects is 
preferred to pooled OLS for the estimation of these models.56 In a few cases, however, 
the Hausman test results indicates that random effects and pooled OLS estimation 
may be biased and inconsistent and a fixed effect model could be more appropriate. 
But as discussed in Annex C, we do not consider this test result on its own to be 
sufficient to rule out using random effects or pooled OLS estimation. 

 The max and mean VIF is below 10 for the majority of models, which indicates that 
the risk of multicollinearity is low. The only model where this is not the case is when 
the number of pumping stations is included as an explanatory variable, which is largely 
due to the moderate level of correlation between this variable and scale. However, 
taking everything into account, we considered the additional explanatory power the 
inclusion of this variable brings outweighs the increase in multicollinearity. 

 Enhancement smoothing only significantly increases the predictive power of botex 
plus model 3. However, it is important to recognise the trade-off between increased 
predictive power and reduced degrees of freedom. 

 Overall, the efficiency rankings and scores obtained from the models appear to be 
relatively stable according to the evaluation criteria, with only two models failing both 
stability tests (efficiency rankings and scores).  

 On the whole, within-sample forecast power is good for botex models but is less 
satisfactory for botex plus models. Ofwat should consider the implications of this 
when deciding which models to use as part of PR19.

                                                      
56 But under the assumption that Random Effects produces unbiased and consistent parameter estimates, 
pooled OLS will also. However, from an econometric theory perspective, random effects is more efficient than 
Pooled OLS.  
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7.2.6. Wholesale Wastewater 

For the development of these models, CEPA used the explanatory variables included in Table 
3.7, 3.8 and 3.9. 

Botex 

Table 7.26: Wholesale Wastewater Botex Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

5 
Model 

6 
Total load       
% of total load being treated in bands 
1-3 

      

Total length of sewer laid or 
structurally refurbished post 2001 

      

% of sludge disposed to farmland        
Total properties / total length of 
sewers 

      

Total work done in intersiting sludge 
operations 

      

Constant       
Test 
Jointly statistically significant (F-test)       
Linearity       
Homoscedasticity       
Normality       
Overall predictive power       
Chow test / Pooling test       
Test of pooled OLS versus RE RE RE RE OLS OLS OLS 
Hausman test for fixed effects RE RE RE N/A N/A N/A 
Consistency with a priori 
expectations of magnitude and signs 
of estimated coefficients 

      

Consistency with policy in other parts 
of the price control 

      

Is the mean VIF less than 10?       
Is the max VIF less than 10?       
Sensitivity of estimated coefficients 
to removal of least efficient company 

      

Sensitivity of estimated coefficients 
to removal of most efficient company 

      

Sensitivity of estimated coefficients 
to removal of individual years 

      

Stability of efficiency rankings         
Stability of efficiency scores        
Is the within sample forecasting 
power within 2 percentage points of 
the predictive power of the 5-year 
model? 

      

How consistent are the results with 
the efficiency assumptions made in 
PR14? 

      

Source: CEPA 
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Botex Plus 

Table 7.27: Wholesale Wastewater Botex Plus Model Results 
Variables Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

5 
Total load      
% of total load being treated in bands 
1-3 

     

Total length of sewer laid or 
structurally refurbished post 2001 

     

% of sludge disposed to farmland       
Total properties / total length of 
sewers 

     

Total work done in intersiting sludge 
operations 

     

Test 
Constant      
Jointly statistically significant (F-test)      
Linearity      
Homoscedasticity      
Normality      
Overall predictive power      
Chow test / Pooling test      
Test of pooled OLS versus RE RE RE RE RE OLS 
Hausman test for fixed effects RE RE FE RE N/A 
Consistency with a priori 
expectations of magnitude and signs 
of estimated coefficients 

     

Consistency with policy in other parts 
of the price control 

     

Is the mean VIF less than 10?      
Is the max VIF less than 10?      
Sensitivity of estimated coefficients 
to removal of least efficient company 

     

Sensitivity of estimated coefficients 
to removal of most efficient company 

     

Sensitivity of estimated coefficients 
to removal of individual years 

     

Stability of efficiency rankings        
Stability of efficiency scores       
Is the within sample forecasting 
power within 2 percentage points of 
the predictive power of the 5-year 
model?  

     

Does enhancement smoothing 
significantly increase predictive 
power of the model? 

No No No No No 

Source: CEPA 
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Performance against assessment criteria 

The shortlisted wholesale wastewater models presented above contain variables that belong 
to cost driver groups ‘scale of the activities’, ‘density’, ‘system characteristics’ and ‘level of 
activity’ (see section 3.2 for more details). There is a different number of shortlisted botex 
and botex plus models, which reflects the fact that certain explanatory variables were not 
statistically significant at a 10% level in the botex plus models. 

Overall the models perform well against the model selection criteria. A summary of the 
findings is presented below: 

 The estimated coefficients on the explanatory variables all have a sensible sign and 
magnitude.  

 There is strong evidence of economies of scale, with the estimated coefficient on scale 
consistently below 1. In addition, there appears to be significant economies of scale 
at an asset level, as indicated by a positive and significant coefficient on the 
percentage of load treated in sewage treatment work bands 1 to 3. 

 For the same reasoning that was outlined in the wastewater network plus model 
results, wholesale wastewater costs appear to increase with the level of density. 
Furthermore, the effect of density on wholesale wastewater costs increases when the 
percentage of load treated in different size of sewage treatment works is controlled 
for. 

 On the whole, the shortlisted models perform well against all statistical robustness 
tests. However, a number of models do fail the linearity test. For these models we 
have tested the inclusion of quadratic terms but this did not improve performance of 
the RESET. 

 Models perform well in the remaining tests: all models pass the Chow / Pooling test; 
are consistent with other parts of the price control; and have a high predictive power 
for companies on the whole. 

Robustness testing 

Overall, the shortlisted wholesale wastewater models performed well against our set of 
robustness tests. A summary of the key findings is presented below: 

 There was no evidence that the inclusion of a regional wage explanatory variable was 
warranted based on the evaluation criteria described above. 

 The inclusion of a time trend was consistently positive in all wholesale wastewater 
models, and statistically significant in approximately 50% of wholesale wastewater 
models that were passed through to phase 2 of the model development process. 
However, there remains a question of whether a positive time trend would be aligned 
with the remainder of the price control. As a result, we propose that Ofwat considers 
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whether the inclusion of a time trend is appropriate when the remainder of the price 
control is fully taken into account. 

 Both pre-modelling regional wage adjustments did not significantly improve the 
predictive power of the models (i.e. increase in adjusted R-squared by more than one 
percentage point).  

 Overall, wholesale wastewater models are not sensitive to the inclusion / exclusion of 
the most / least efficient company or any particular year. Only botex plus model 3 was 
deemed sensitive to the exclusion of the least efficient company according to our 
evaluation criteria. 

 The test for random effects indicated in the majority of cases that random effects is 
preferred to pooled OLS for the estimation of these models.57 In a few cases, however, 
the Hausman test results indicates that random effects and pooled OLS estimation 
may be biased and inconsistent. But as discussed in Annex C, we do not consider this 
test result on its own to be sufficient to rule out using random effects or pooled OLS 
estimation. 

 The max and mean VIF is below 10 across all models, which indicates that the risk of 
multicollinearity across all models is low. 

 Enhancement smoothing does not significantly increase the predictive power of the 
botex plus models. 

 Overall, the efficiency rankings and scores obtained from the models appear to be 
relatively stable according to the evaluation criteria, with only one botex model and 
two botex plus modes failing both stability tests (efficiency rankings and scores). 

 However, the efficiency rankings of the wholesale wastewater botex models are not 
consistent with the efficiency rankings of the PR14 wholesale wastewater botex 
models. Whilst we consider this test result is of low importance, this may be an area 
that Ofwat wants to investigate further before using these models as part of PR19.  

 The within-sample forecast power test results indicate the models are not very good 
at forecasting 2017 expenditure, and this is an area Ofwat will have to carefully 
consider before using these models to forecast allowances in PR19. However, this may 
be the result of underlying data issues rather than poor forecasting models of the 
selected models. 

                                                      
57 But under the assumption that Random Effects produces unbiased and consistent parameter estimates, 
pooled OLS will also. However, from an econometric theory perspective, random effects is more efficient than 
Pooled OLS.  
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GLOSSARY 

Term Definition 

ASHE Annual Survey of Hours and Earnings. 

Botex Operating expenditure plus maintenance capex. 

Botex plus Botex plus selected enhancement expenditure. 

Capex Capital expenditure. 

CMA Competition and Markets Authority. 

Cobb-Douglas model The Cobb-Douglas (or log-linear) model 
transforms the variables into logarithms prior to 
estimation. This model is deemed superior to a 
linear model in the cost modelling literature as it 
does not require marginal costs to be constant 
as in the linear model. Even so, the Cobb-
Douglas model is in itself restrictive because, 
inter alia, it assumes that returns to scale are 
identical regardless of firm size. 

Corrected OLS (COLS) See ordinary least squares (OLS) defined below. 
COLS follow the same statistical technique as 
OLS (i.e. estimating a line of best fit by 
minimising the sum of squared errors), however 
the ‘average’ line is shifted towards a ‘frontier’ 
point i.e., this may be an upper quartile (best) 
performing company in terms of relatively low 
costs for its level of outputs. The average line is 
shifted by changing the intercept point, but no 
change is made to the slope of the line. 

Correlation (coefficient) A correlation coefficient is the measure of linear 
interdependence between two variables. The 
value ranges from -1 to 1, with -1 indicating a 
perfect negative correlation and 1 indicating a 
perfect positive correlation. Zero indicates the 
absence of correlation between the variables. 

Economies of scale A proportionate saving in costs gained by an 
increased level of production / output. 

Endogeneity Endogeneity problems arise in a regression 
model when there is correlation between the 
explanatory variable(s) and the error term. 

Enhancement expenditure Investments to improve the water and sewerage 
system are regarded as enhancement 
expenditure. Examples of enhancement 
expenditure in the water sector include: supply 
or demand balance enhancement, metering, 
building new connections, and improving 
system resilience. Examples in the wastewater 
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Term Definition 

industry include: new development and growth, 
transferred private sewers and pumping 
stations, growth at sewage treatment works and 
improving system resilience.  

Ex-ante Based upon forecasts, instead of actual results. 

Generalised least squares (GLS) GLS is a technique for estimating the unknown 
parameters in a linear regression model. It is 
applied, for example, when some of the 
assumptions of the classical regression model 
break down – such as when the variance of the 
disturbances is assumed to be non-constant 
across observations (heteroskedasticity) or 
when there may be correlation between the 
disturbances (autocorrelation). The technique is 
used to estimate the random effects panel 
model (where there is dependence between 
observations of the same firm over time). 

Hausman test This test evaluates the consistency of an 
estimator when compared to an alternative, less 
efficient estimator which is assumed to be 
consistent. In this report we have used the 
Hausman test to provide an indication of 
whether random effects estimation produces 
unbiased and consistent results by comparing it 
with fixed effects estimation (the latter is 
assumed to be unbiased and consistent). 

Heterogeneity Differences within the populations, samples or 
results. 

Heteroskedasticity One of the assumptions underpinning the classic 
linear regression model is that the disturbances 
are homoscedastic (that is have a constant 
variance). When the disturbances are 
heteroskedastic this means that the variance of 
the disturbances is not constant across firms (an 
example is where the disturbances increase as 
firm size increases). 

Linearity Where a linear relationship between the 
independent (cost drivers) and dependent 
(costs) variables is present. 

Maximum likelihood estimation (MLE) This is a method of estimating the parameters of 
a statistical model. Under the standard 
assumptions underpinning the classical linear 
regression model, MLE produces identical 
estimates to those produced by OLS. However, 
MLE has been shown to have desirable (large 
sample) properties under a wide range of 
assumptions (unlike OLS) and this method is 
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Term Definition 

therefore used in a wide range of contexts, 
including stochastic frontier analysis. 
Information is needed concerning the 
distribution of the errors to implement MLE. 

Multicollinearity An exact linear relationship between two or 
more explanatory variables characterises the 
extreme case of perfect collinearity 
(approximate linear relationships between 
variables are more common in practice). In the 
former case (perfect collinearity) the OLS 
procedure cannot be implemented. The latter 
case (approximate linear relationships) can 
increase the sensitivity of parameter estimates 
but still leads to unbiased and consistent 
parameter estimates under the usual set of OLS 
assumptions. 

Normality Where the dataset is normally distributed. 

Opex Operating expenditure. 

Ordinary Least Squares (OLS) OLS is a method by which linear regression 
analysis seeks to derive a relationship between 
company performance and characteristics of the 
production process. This method is used when 
companies have relatively similar inputs and 
outputs. Using available information to estimate 
a line of best fit (by minimising the sum of 
squared errors) the average cost or production 
function is calculated. 

Pooled OLS The pooled OLS model treats the data as if it was 
a cross-section – that is, e.g. 90 firms, rather 
than a panel of 10 firms over nine years. This 
approach does not therefore recognise the 
panel structure of the data, and can be tested 
against the panel model variants. 

PR14 Price Review 2014. 

PR19 Price Review 2019. 

RESET Regression Equation Specification Error Test. 

Skewness  Skewness is a term used to describe non-
symmetric distribution (a right-skewed 
distribution has a longer “tail” to the right and 
vice versa for a left-skewed distribution).  

SOC Standard Occupational Classification. 

STW  Sewage treatment works.  

Fixed Effects (FE) Fixed effects (FE) is a panel data estimation 
method which allows individual fixed effects to 
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Term Definition 

be correlated with the regressors. As a result, 
the set of assumptions required to produce 
unbiased and consistent results are weaker 
than for Random Effects and OLS estimation. 

Random Effects (RE) Random Effects (RE) is a panel data estimation 
method, which imposes the assumption that the 
unobserved individual effects are uncorrelated 
with the regressors.  

Time-invariant SFA model  This is a maximum likelihood model and an 
extension of the random effects model but now 
with distributional assumptions imposed and 
with estimation proceeding via MLE, not 
generalised least squares (GLS), as in the 
standard panel data random effects model. See 
Pitt and Lee (1981).  

Time-varying SFA model  This is a maximum likelihood model that extends 
the model above to permit efficiency to vary 
over time but in a restricted way, since the 
direction of efficiency change over time must be 
the same for all firms (and thus rankings cannot 
change). See Battese and Coelli (1992).  

Totex  Total expenditure (operating expenditure plus 
capital expenditure).  

Translog model  The translog model is one of the so-called 
flexible functional forms and is used routinely in 
the academic literature. It introduces a 
quadratic component as well as an interaction 
between all the variables in the equation. 

Triangulation The use of multiple methodologies and the 
numbers from them (averages, max, min etc.) to 
come up with a single value for cost assessment. 
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ANNEX A CONTROLLING FOR REGIONAL WAGE DIFFERENTIALS 

The relative cost of labour in different regions of the country has the potential to influence 
the underlying cost base of companies operating in different regions. The degree to which 
regional labour pressures influence costs will depend on a number of factors such as the 
magnitude of structural differences in labour costs across regions, the type of labour being 
procured and the ability of companies to source labour from outside local (or regional) 
markets.  

We tested two options for controlling for regional labour differences in our modelling: 

 Ex-ante adjustment to the data: Under this approach, the data is adjusted before it is 
used to develop models. This adjustment needs to account for the difference in costs 
between regions as well as the percentage of labour that is hired locally (and as a 
result faces regional wage pressures). This has been generally the approach used by 
Ofgem. 

 Introduction of an explanatory variable into the model: Under this approach the 
models include a variable to control for the cost differential between regions. As a 
result, the model will indicate whether this variable is significant and what is the 
expected size of this effect. This approach was used by Ofwat in PR14.  

To test these approaches, we used a regional wage variable that estimated the extent of 
regional variations in labour costs. The rest of this annex sets out how the regional wage 
variable was constructed and how the regional wage variable was applied to the models 
under the two approaches above. 

A.1. Constructing the regional wage variable 

The regional wage variable was constructed based on ONS ASHE data, combined with 
supporting information provided by water and wastewater companies. In constructing the 
regional wage variable, there are a number of options to be considered when selecting the 
data series to be used. These options are: 

 mean or median wage rates; 

 hourly or weekly wage rates; 

 with or without overtime; 

 all employees or full-time employees; 

 SOC codes weightings (level of SOC and job types); 

 number of regions. 

ASHE reports the mean and median earnings in its data series. In our analysis, we have 
decided to use the mean as it better captures the distribution of earnings within the 
occupation category. This is the same approach as was used in PR14.  
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We also chose to use hourly wages instead of weekly wage estimates provided by the ONS. 
While there is precedent for using weekly wages, we did not use them as they potentially 
capture differences in company policies and inefficiency (e.g. if employees in one company 
work 40 hours a week while employees in another company work 35 hours a week, doing the 
same job).  

The ONS also reports wages including and excluding overtime. It can be argued that overtime 
is an important part of the market price for labour. For certain job categories this may be true, 
for example, if a particular job type is typically prone to overtime hours (for example, if critical 
fault repairs require several hours, overtime may be inevitable). However, workers who are 
on salaries, rather than paid hourly, may not receive any compensation for overtime work. It 
is difficult to know exactly how important overtime is for a typical company and we 
considered that the reasons for why the mix of overtime could differ across water and 
wastewater s are most likely to be within company control – for instance, company policies 
on overtime pay. Therefore, we use wages excluding overtime. 

For selecting the job types (referred to by their SOC reference number) to be used in the 
estimate of regional wages, we note that selecting a narrow definition of job types specific to 
the water and wastewater industry would lead to an endogeneity problem. If we use the 
industry specific wage reported in the ASHE (SOC series), the companies have the ability to 
directly influence that data in the future, and the driver would no longer be outside of their 
control. On the other hand, we would prefer to capture wages in occupations that are more 
comparable to water and sewerage sector, rather than using the very aggregated wages (e.g. 
overall economy differences). This is because occupations which substantially drive the 
overall wage differences, particularly in London, such as banking and law would not be 
representative of water and sewerage and would thus reduce the proxy power of our variable. 

We used a weighting of regional wage estimates across job categories to construct the 
regional wage variable. The weights selected for each job category were informed by 
information provided to us by Ofwat and are provided in the table below. These were selected 
from an intermediate level of job aggregation (2-digit SOC level) that represent the range of 
job types that we would expect across a water/wastewater company. While we recognise 
that the exact split of job categories may differ by business unit (e.g. retail versus treatment), 
we did not develop separate adjustments for different business units as we considered that 
these job classifications were reflective of the wholesale activities modelled. 

Table A.1: SOC weightings 

Description SOC code Weighting 

Corporate managers and directors 11 5% 

Other managers and proprietors 12 5% 

Science, research, engineering and technology professionals 21 14% 

Business, media and public service professionals 24 4% 
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Description SOC code Weighting 

Science, engineering and technology associate professionals 31 20% 

Business and public service associate professionals 35 5% 

Administrative occupations 41 12% 

Skilled metal, electrical and electronic trades 52 5% 

Skilled construction and building trades 53 5% 

Customer service occupations 72 5% 

Process, plant and machine operatives 81 20% 

 

In terms of full time versus all employee estimates, we used all employee estimates for two 
reasons. First, we expect that it is the case that companies employ a mixture of fulltime and 
part time staff. Secondly, we consider that any bias that would be introduced from part time 
staff working fewer hours is mitigated by our use of hourly wages.  

Finally, to construct the company specific wage variable we mapped the operating regions of 
water and wastewater companies to the regions reported in the ONS ASHE dataset. This 
mapping was provided by Ofwat and took account of different operating regions for 
companies’ water and wastewater activities. 

A.2. Application of the regional wage variable 

In this report CEPA conducted the modelling by obtaining a list of preferred models without 
accounting for RWA. As part of the robustness checks, we conducted sensitivity testing on 
these models to see whether controlling for regional wage differentials using the two 
approaches described above improved the performance of the models. 

A.2.1. Ex ante cost adjustments 

For the ex-ante adjustment to costs we used a regional wage index that reflected the ratio of 
wages for each company compared to the UK average. We constructed this by: 

 Calculating the ratio of average wages for each ONS region to the UK average as 
indicated above. 

 Mapping these ratios to each company based on the mapping provided by Ofwat. 

 Normalising the ratios such that their average was one. 

We then applied these indices to the labour component of company expenditure which was 
split out in companies’ data submissions to Ofwat. This normalisation essentially brings the 
costs of each company onto an ‘average UK wage’ basis. This adjustment assumes a 
relationship between costs and regional wages, but as mentioned above the extent to which 
regional wage differentials impacts costs will partially depend on the extent to which 
companies need to source labour from within their region. To account for the potential for 
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companies to source labour from national markets, we tested two versions of the ex-ante 
adjustment that applied the regional labour indices to: 

 70% of labour costs (assumes 30% of labour sourced in national markets). 

 100% of labour costs (assumes all labour is sourced locally). 

We then compared the adjusted R-squared of models that included the regional wage 
adjustment to the adjusted R-squared of our baseline models (that did not include an 
adjustment). If models that included the adjustment showed a one percentage point increase 
in the adjusted R-squared compared to the baseline, then we considered that the regional 
wage adjustment sufficiently improved the performance of the model. Otherwise, we 
considered that the regional wage adjustment did not improve model performance. 

A.2.2. Regional wage explanatory variable 

When including the regional wage variable as an explanatory variable in the model, we used 
the company specific average wage variable (as described above) in logarithmic form. Early in 
the model development process we also tested using the regional wage index in the models 
but found that it did not perform any better than using the average wage (i.e. not in an index 
form). 

We assessed the impact of the regional wage variable on the models by testing the statistical 
significance of its coefficient. If the estimated coefficient was found to be statistically 
significant at more than a 10% level and was of a sensible sign and magnitude (positive and 
less than one) then we would have considered it to have a statistically robust relationship 
with costs. However, both of these conditions were not met in any of our selected models, 
and as a result we have not proposed to include the regional wage explanatory variable in any 
of the models presented in this report.   
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ANNEX B CONTROLLING FOR DENSITY  

The effects of density on the costs of a company are not straight forward as there are 
arguments supporting both a positive and a negative effect: 

 The costs of the company could increase with density 

Working in highly populated (urban) areas could be more complex as it is likely to 
require additional requirements such as difficulties of working in built up areas, 
additional requirements by local authorities or more stringent constriction in terms of 
land or odours.  

 The costs of the company could increase with sparsity  

When serving sparse areas a company could need higher number of staff and/or 
assets such as depots to provide the same level of services. A company operating in a 
sparse area will face the challenge that their staff are going to spend longer periods 
travelling and, as a result, the company would see an increase in costs. To mitigate the 
travelling time (and to minimise disturbance to consumers) the company could 
increase the number of depots which increase the costs.  

Both these arguments are likely to be valid and, as a result, the effect of density on costs is 
likely to depend on the weight these arguments have in the activities being considered. 

To proxy for this effect, CEPA considered seven potential explanatory variables which are 
summarised below. Three of these variables were developed / used by Arup and Vivid 
Economics in their 2017 report.58 To test these variables as part of the mode development 
process we have taken data directly from the report as the underlying data was not made 
available to CEPA.  

For avoidance of doubt, we did not test a pre-modelling adjustment to control for density 
and/or sparsity. 

Table B.1: Variables considered to proxy the effect of density 

Density Variable Description 

Total connections divided 
by total length of mains 

 This measure of density was used in the econometric models 
developed for PR14 after being log transformed. 

 Total length of mains is defined as the sum of length of potable 
mains and length of non-potable mains. 

Total properties divided 
by total length sewers 

 This measure of density was used in the econometric models 
developed for PR14 after being log transformed. 

 Total length of sewers in botex models is defined as “total length of 
legacy public sewers”. Whereas, total length of sewers in botex plus 

                                                      
58 Vivid Economics and Arup. (2017). Understanding the exogenous drivers of wholesale wastewater costs in 
England & Wales. 
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Density Variable Description 

models is defined as the sum of “total length of legacy public 
sewers” and “length of formerly private sewers and lateral drains”. 
The difference is the result of the inclusion of enhancement costs in 
the botex plus models attributable to “transferred private sewers 
and pumping stations”. 

Ofwat high density 
explanatory variable 

 This variable reflects the percentage of the population living in 
densely populated areas.  

 It is constructed using ONS population and population density data 
at a local authority district (LAD) level. 

 Each LAD is defined as highly dense if people per square kilometre 
(measure of density) is greater than 2000. 

 The variable is then created by dividing total population in areas that 
are defined as dense by the total population for each company. 
Hence, the variable is between 0% and 100%. 

Ofwat weighted average 
density explanatory 
variable 

 Constructed using ONS population and population density data at a 
local authority district (LAD) level. 

 The variable is constructed by: 

o Calculating the sum of the products between population density 
for each LAD with the number of people served in each LAD for 
each company. 

o The result obtained is then divided by total population served by 
every company to obtain a weighted average measure of density. 

Annual urban runoff  An explanatory variable developed by Arup and Vivid Economics to 
explain the variation in drainage costs, i.e. a higher level of urban 
runoff will lead to higher drainage costs. 

Percentage of urban 
customers 

 Arup and Vivid Economics constructed the variable using ONS data 
on the rural-urban split of the distribution of populations and 
settlements. 

Percentage of urban 
assets 

 Arup and Vivid Economics argued that assets in urban areas cost 
more to operate and maintain for reasons of access to networks for 
maintenance, the need for permissions for road/highway closures 
and slow traffic speeds. In urban areas, treatment assets may also 
be constricted by land footprints and by more stringent permits on 
odour.  
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ANNEX C CEPA MODEL SELECTION CRITERIA  

Description Level of 
importance 

Comment 

Robustness of models 

Statistical 
significance of 
individual 
parameters (t-test) 

Medium  If one or more of the coefficients in the model fails this 
test, we cannot rule out that the relationship being 
identified between the cost driver and costs under 
consideration is not 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. The small size and 
poor quality of some of the components in the sample 
could make it difficult, if not impossible, to identify 
clearly the relationship between the variables and, 
therefore, we reject the t-test. 

 While statistical significance of the estimated 
parameters is important, it is also important we can 
capture as many of the cost drivers as possible.  

 As a result, it would be possible to include variables that 
are statistically insignificant if they reflect relationships 
that are well set in engineering and/or economic 
literature. In those cases, we can be certain that the 
relationship exists even when there is not enough data 
or of enough quality to identify it robustly enough.  

 Furthermore, this would need to be compared with the 
F-test discussed below. Even when individual variables 
are insignificant, it is possible that they are jointly 
considering relevant effects. 

 One topic to be considered is whether this result is 
caused by the existence of multicollinearity (i.e. high 
correlation between explanatory variables). If that is the 
case, one could decide to keep both variables but 
recognising that they are both measuring similar effects. 

Jointly statistical 
significant (F-test) 

Very high  If the equation fails this test, it could reflect that the joint 
effect of all parameters cannot be different to zero. 

 Therefore, if a model fails this test, it is not possible to 
determine whether there is an actual relationship 
between explanatory variables and the dependent 
variable.  

 There are different reasons that could justify this result 
(e.g. poor data quality or wrong specification of the 
model) but they all seem to indicate that there is a lack 
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Description Level of 
importance 

Comment 

of statistical robustness that will make the result easy to 
challenge.  

Correlation between 
explanatory 
variables 

Low  This test aims to evaluate the risk that multicollinearity 
arises in the model. This is not a test companies can pass 
or fail. However, those models with a very high value 
would have a higher risk that some of the variables are 
introducing the same information into the model. As a 
result, we have not included any two variables in a model 
that are correlated by more than 90%. 

 Multicollinearity can cause that some relevant variables 
are found to be insignificant or with unexpected values 
as more than one variable is trying to present the same 
information.  

 Even when multicollinearity exists, the models can still 
be considered as valid always that the different variables 
are significant and the overall result appear to be 
consistent with any initial prior for the relevant effect.  

Underlining assumptions tests 

Linearity of the 
model 

Low  This test aims to determine whether one could expect a 
linear relationship between the cost driver and the costs 
under consideration.  

 Failing this test seems to indicate that the data could be 
better fitted using a different shape (e.g. quadratic). 
However, this is not to say that a linear assumption is 
automatically wrong but that other options could be 
better.  The introduction of alternative functional forms, 
however, could increase the complexity of the models 
which would be linked to additional data requirements. 

 Given the need to develop simple models and the 
limitations in the data available, Ofwat could still use 
models that fail this test. In this case, however, it will be 
important to consider whether additional adjustments 
need to be introduced in the results to account for the 
lack of linearity. For example, if a quadratic form would 
be a better fir for the data, the effect of using a linear 
specification will be much smaller if the degree of 
heterogeneity in the explanatory variable is small than if 
the heterogeneity in the explanatory variables is 
significant. 

Homoscedasticity of 
the model residuals 

Low  Obtaining the best estimate using OLS requires that the 
residuals of the equation are normally distributed with 
an average of zero and a variance equal for all of them. If 
this assumption is violated, the results are still unbiased 
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Description Level of 
importance 

Comment 

and consistent although they could lose some other 
properties. 

 If a model fails the homoscedasticity test, it means that 
the variance of the errors is not equal for all 
observations. Different measures can be introduced to 
address this issue (e.g. calculate the model in logs or 
cluster the errors). However, if the effect persists, the 
model could still be used as the results are robust.  

 However, if the model is used, Ofwat would need to 
consider the effect this could have on the efficiency 
challenge to be introduced, i.e. part of the error might 
not be caused by a lack of efficiency.  

Normality of the 
model residuals 

Low  As for homoscedasticity. 

Pooling test Medium  To use a panel data estimation method, one needs to 
assume that the coefficients being estimated are stable 
over time. Therefore, if the model is run for each one of 
the cross-sections, the coefficients of these models are 
not statistically different. If this assumption fails, panel 
data analysis may not be appropriate. 

 To test this assumption CEPA used the Chow test. If this 
test fails (p-value of less than 0.01) this provides 
evidence that panel data analysis may not be appropriate 
when estimating that particular model. 

Tests of pooled OLS 
versus random 
effects models - 
Breusch-Pagan LM 
test for random 
effects 

Medium  The main difference between OLS and a Random Effect 
estimation is the assumptions that are made about the 
structure of the error term. Therefore, if the models fail 
this test, the effects are like the ones discussed above for 
heterogeneity, i.e. the results are still robust but they do 
not achieve all the positive properties that are normally 
associated with an OLS estimate. Therefore, Ofwat could 
still use this assumption but including additional 
assumptions about the error terms. 

 A p-value of less than 0.01 would provide an indication 
that random effects is preferred over Pooled OLS 
estimation.  

Hausman test for 
fixed effects 

Low  The main difference between Random Effects and Fixed 
Effects estimation arises on the assumptions about the 
structure of the error term which reflects into the 
assumption on the efficiency of the companies.  

 This test allows an evaluation of which of the 
assumptions better fits the error terms. If a model fails 



127 
 

Description Level of 
importance 

Comment 

this test, the alternative modelling approach (i.e. fixed 
effects) should be considered.  

 However, fixed effects estimation is less precise when 
using small samples. Therefore, while the result of the 
Hausman test may indicate that the parameter estimates 
are significantly different between random effects and 
fixed effects estimation, this may be the result of 
imprecise fixed effects parameter estimates rather than 
error term being correlated with the explanatory 
variables in the model. As a result, a low level of 
importance has been assigned to this test result, and we 
do not consider this test result on its own to be sufficient 
to rule out using RE or POLS. 

Sensitivity of results 

 Introducing a 
time-trend 

 Introducing an 
average RWA 
variable 

 Introducing 
quadratic 
components 

Medium  These tests would consider whether the results of the 
model are robust to a modification of the specification of 
the data/model.  

 To review the sensitivity to the introduction of these 
variables, CEPA considered whether the coefficients for 
these variables were statistically significant. For 
consistency with our overall approach, these variables 
could only enter into the models when they are 
significant and they bring additional information into the 
models.  

 Ex-ante RWA 
assuming 100% of 
labour costs are 
local 

 Ex-ante RWA 
assuming 70% of 
labour costs are 
local 

 3-year 
enhancement 
smoothing 

Medium  To review the effect of introducing these adjustments, 
CEPA considered whether they would improve the 
capacity the model has to explain the data.  

 More concretely, a model was considered to pass this 
test (i.e. the introduction of this adjustment does not 
have a significant effect) if the alternative model does 
not obtain an increase of more than 1% in the adjusted R 
square.  

 If the model fails this test, Ofwat could want to consider 
potential adjustments. However, as part of this 
adjustment, Ofwat will need to consider the effect that 
an adjustment will have on the statistically result. For 
example, by introducing a 3-year smoothing for 
enhancement Ofwat would reduce the panel from in a 
30% (from 6 to 4 years) which would reduce the amount 
of variables that can be considered by the model.  

 Removing one 
year 

Medium  To evaluate the effect of this modifications, CEPA 
considered the effect on the estimated coefficients of 
removing some information.  
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Description Level of 
importance 

Comment 

 Removing most 
efficient company 

 Removing less 
efficient company 

 Using a Seemingly Unrelated Regression test for the 
equivalence of parameter estimates across models, CEPA 
evaluated whether the coefficients were different in 
between the two estimates.  

 If a model fails this test, it will be important to consider 
the reasons that could cause this failure. The effect could 
be caused for significant differences in the data being 
removed and, as such, the models should exclude the 
information. However, this could also be caused by 
removing a significant part of the data (e.g. by removing 
one wastewater company, we would be excluding a 10% 
of the sample). 

Testing the stability of relative efficiency across models 

 Comparison with 
PR14 efficiency 
rankings 
(Wholesale botex 
models only) 

Low  For consistency with the previous price control, it would 
be appropriate to consider whether there have been 
significant changes from the efficiency rankings obtained 
in PR14. However, it is important to note that some of 
the cover different activities/ costs than in PR14 which 
will make them not comparable. For this reason, we have 
only compared the efficiency rankings obtained from the 
wholesale botex models in PR14 with the wholesale 
botex models developed through this project. 

 Furthermore, in some cases companies could have 
changed their efficiency which obviously reflect in a 
change in their ranking. 

 Stability of 
efficiency rankings 

Medium  Without further adjustment, econometric models allow 
to estimate the allowance required by a company with 
an average level of efficiency. However, Ofwat could use 
alternative definitions of efficiency (e.g. upper quartile).  
To move between different definitions of efficiency, 
Ofwat could need to use the error terms obtained in the 
different models.  

 As a result, CEPA considered the dispersion of the level 
of efficiency/inefficiency obtained (i.e. the efficiency 
rankings and efficiency scores). Significant variations in 
the dispersion across models could provide an indication 
that either the model does not account for certain 
characteristics of the industry (omitted variables) or that 
one/ some of the companies have characteristics that 
make them significantly different and their inclusion 
distort the final estimation. 

 Stability of 
inefficiency range 

Medium 

Predictive / Forecast Power 
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Description Level of 
importance 

Comment 

Overall goodness of 
fit 

Very high  If a model fails to explain a significant share of the costs 
of the industry, it would be inappropriate to use it for the 
estimation of the costs going forward. Therefore, we 
would expect that only models with a high explanatory 
power should be used as the base of the cost assessment 
methodology.  

 Similarly, if a particular model does not have significant 
forecasting power this would also be a concern. We have 
tested this by evaluating whether a selected model 
estimated using only 5-years of historical data (2011/12 
– 2016/17) has sufficient power to accurately forecast 
2016/17 expenditure. 

Within sample 
forecast power of 
the models 

High 

Transparency 

Transparency of 
results / ease of 
interpretation 

Medium  To facilitate their use during the price control, the 
models should be understandable and intuitive. 
However, in some cases there would need to be a 
balance between more complexity if this brings a 
significant improvement in the performance of the 
model. 

Data availability High  To ensure that companies can challenge the models, it is 
important that they have access to the data used in 
developing the models. 

 To reduce this risk CEPA would propose that the final 
consolidated data set could be shared with companies.  

Software 
transparency 

Very High  We will use Stata to conduct our econometric analysis, 
which is an internationally recognised standard software 
for applied econometrics analysis. 

Economic and technical rationale 

Consistency with a 
priori expectations 
of magnitude and 
signs of estimated 
coefficients 

Medium  Ahead of running a regression CEPA would have an 
expected sign for the coefficients. In some cases, the 
economic and technical literature will also be able to 
offer an expected size for the parameter. 

 Estimated coefficients that significantly differ from our a 
priori expectations of magnitude and signs could be a 
cause for concern. However, there are good reasons that 
could justify this effect. For example, the variable could 
be picking up some additional effect for which the 
explanatory variable is only an imperfect proxy. As a 
result, if any variable would fail this test, it would need 
to be considered carefully and a good explanation 
developed before putting forward the model. 
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Description Level of 
importance 

Comment 

Consistency with 
policy in other parts 
of the price control 

Very high 
(administer
ed as Pass / 

Fail) 

 Models that produce coefficients that are inconsistent 
with policy in other parts of the price control would be 
automatically rejected. 
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ANNEX D CORRELATIONS MATRICES 

Table D.1: Wholesale Water Correlation Matrix 

Variable A B C D E F G H I J K L M N O P Q 

Total connections (A) 1.00 0.22 -0.24 1.00 0.27 0.01 0.35 0.82 0.99 0.97 -0.14 0.15 0.13 0.27 0.60 0.29 0.89 
Average Pumping Head - Raw Water (B) 0.22 1.00 -0.51 0.22 0.37 0.24 0.51 -0.08 0.25 0.21 0.56 0.06 0.01 0.18 0.07 -0.07 0.17 
% of distribution input from boreholes, 
artificial recharge schemes and aquifer 
storage (C) 

-0.24 -0.51 1.00 -0.24 -0.65 -0.56 -0.64 0.14 -0.27 -0.28 -0.19 0.19 0.20 0.11 -0.05 -0.26 -0.34 

Distribution input (D) 1.00 0.22 -0.24 1.00 0.26 0.03 0.36 0.82 1.00 0.96 -0.11 0.18 0.16 0.30 0.60 0.25 0.87 
% of distribution input from reservoirs (E) 0.27 0.37 -0.65 0.26 1.00 -0.26 0.44 0.00 0.27 0.28 0.28 -0.03 -0.09 -0.07 0.18 0.16 0.35 
% of distribution input from rivers (F) 0.01 0.24 -0.56 0.03 -0.26 1.00 0.34 -0.18 0.05 0.05 -0.06 -0.20 -0.15 -0.06 -0.13 0.15 0.04 
Distribution input per source (G) 0.35 0.51 -0.64 0.36 0.44 0.34 1.00 -0.24 0.37 0.24 0.24 0.48 0.46 0.60 0.09 0.20 0.13 
Number of sources (H) 0.82 -0.08 0.14 0.82 0.00 -0.18 -0.24 1.00 0.81 0.85 -0.27 -0.11 -0.11 -0.05 0.58 0.13 0.83 
Volume of water treated (I) 0.99 0.25 -0.27 1.00 0.27 0.05 0.37 0.81 1.00 0.96 -0.09 0.17 0.15 0.29 0.59 0.26 0.87 
Total length mains (J) 0.97 0.21 -0.28 0.96 0.28 0.05 0.24 0.85 0.96 1.00 -0.21 -0.08 -0.06 0.07 0.62 0.33 0.96 
Complexity of treatment works (bands 4-6) 
(K) 

-0.14 0.56 -0.19 -0.11 0.28 -0.06 0.24 -0.27 -0.09 -0.21 1.00 0.33 0.21 0.25 -0.07 -0.13 -0.24 

Total connections / Total length of mains 
(L) 

0.15 0.06 0.19 0.18 -0.03 -0.20 0.48 -0.11 0.17 -0.08 0.33 1.00 0.85 0.89 -0.07 -0.17 -0.27 

Ofwat density index (M) 0.13 0.01 0.20 0.16 -0.09 -0.15 0.46 -0.11 0.15 -0.06 0.21 0.85 1.00 0.93 0.04 0.00 -0.27 
Ofwat weighted density measure (N) 0.27 0.18 0.11 0.30 -0.07 -0.06 0.60 -0.05 0.29 0.07 0.25 0.89 0.93 1.00 0.05 -0.09 -0.14 
Length of mains refurbished and relined 
(O) 

0.60 0.07 -0.05 0.60 0.18 -0.13 0.09 0.58 0.59 0.62 -0.07 -0.07 0.04 0.05 1.00 0.28 0.62 

% of mains installed post 1981 (P) 0.29 -0.07 -0.26 0.25 0.16 0.15 0.20 0.13 0.26 0.33 -0.13 -0.17 0.00 -0.09 0.28 1.00 0.30 
Number of service reservoirs, booster 
pumping stations and water towers (Q) 

0.89 0.17 -0.34 0.87 0.35 0.04 0.13 0.83 0.87 0.96 -0.24 -0.27 -0.27 -0.14 0.62 0.30 1.00 
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Table D.2: Wholesale Wastewater Correlation Matrix 

Variable A B C D E F G H I J K L 

Total load (A) 1.00 1.00 0.97 0.99 0.96 -0.65 0.15 0.80 0.07 0.21 0.97 0.74 
Total properties (B) 1.00 1.00 0.96 0.99 0.95 -0.65 0.13 0.80 0.07 0.22 0.96 0.76 
Volume of wastewater (C) 0.97 0.96 1.00 0.95 0.93 -0.65 0.20 0.73 0.03 0.21 0.96 0.64 
Total sludge (D) 0.99 0.99 0.95 1.00 0.97 -0.65 0.19 0.84 0.15 0.12 0.95 0.72 
Total sludge disposed (E) 0.96 0.95 0.93 0.97 1.00 -0.59 0.11 0.82 0.15 0.14 0.93 0.70 
% of total load being treated in bands 1-3 (F) -0.65 -0.65 -0.65 -0.65 -0.59 1.00 -0.28 -0.45 -0.02 -0.29 -0.62 -0.31 
Total properties / Total length of sewers (G) 0.15 0.13 0.20 0.19 0.11 -0.28 1.00 0.16 0.07 -0.56 0.15 -0.22 
Sewers built after 2001 (H) 0.80 0.80 0.73 0.84 0.82 -0.45 0.16 1.00 0.62 -0.23 0.68 0.59 
% sewers built after 2001 (I) 0.07 0.07 0.03 0.15 0.15 -0.02 0.07 0.62 1.00 -0.57 -0.06 0.00 
Volume of trade effluent as a proportion of volume of wastewater (J) 0.21 0.22 0.21 0.12 0.14 -0.29 -0.56 -0.23 -0.57 1.00 0.24 0.22 
Energy consumption - network plus (K) 0.97 0.96 0.96 0.95 0.93 -0.62 0.15 0.68 -0.06 0.24 1.00 0.76 
Number of pumping stations (L) 0.74 0.76 0.64 0.72 0.70 -0.31 -0.22 0.59 0.00 0.22 0.76 1.00 
Total work done in intersiting sludge operations (M) 0.23 0.24 0.22 0.16 0.11 -0.26 -0.26 -0.28 -0.66 0.66 0.37 0.40 
% of sludge disposed to different sludge disposal routes – farmland, landfill, land 
restoration / reclamation and other (N) 

0.26 0.24 0.28 0.29 0.40 -0.07 0.08 0.22 0.01 0.01 0.28 0.10 

% of sludge disposed to farmland (O) -0.31 -0.29 -0.40 -0.26 -0.27 0.25 -0.07 0.14 0.48 -0.48 -0.41 -0.05 
% of intersiting work done by tanker (P) -0.01 0.02 -0.06 0.06 0.13 0.32 -0.23 0.39 0.66 -0.28 -0.13 -0.04 
% of intersiting work done by truck (Q) -0.15 -0.17 -0.13 -0.19 -0.25 -0.17 0.17 -0.39 -0.53 0.09 -0.05 0.02 
Total sludge disposed as a percentage of total sludge produced (R) -0.14 -0.15 -0.11 -0.12 0.09 0.49 -0.23 -0.06 0.08 -0.06 -0.12 -0.09 
Total length of sewers (S) 0.97 0.98 0.91 0.95 0.92 -0.60 -0.06 0.75 0.02 0.35 0.93 0.82 
% of urban customers (T) 0.89 0.89 0.88 0.93 0.88 -0.76 0.42 0.79 0.24 -0.05 0.88 0.55 
Urban runoff (U) -0.35 -0.39 -0.21 -0.43 -0.43 0.38 0.25 -0.44 -0.23 -0.03 -0.35 -0.56 
Ofwat density index (V) 0.65 0.66 0.62 0.69 0.59 -0.44 0.38 0.73 0.41 -0.24 0.57 0.27 
Gravity sewer rehabilitated (W) -0.02 -0.02 0.01 -0.05 -0.08 -0.16 -0.07 -0.20 -0.27 0.31 0.00 -0.21 
Number of odour related complaints (X) 0.13 0.10 0.14 0.21 0.27 0.33 0.28 0.33 0.25 -0.56 0.15 0.07 
Energy consumption per Ml of wastewater (Y) -0.58 -0.56 -0.67 -0.53 -0.52 0.61 -0.08 -0.46 -0.10 -0.32 -0.49 -0.18 

Source: CEPA 
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Table D.3: Wholesale Wastewater Correlation Matrix Continued 

Variable M N O P Q R S T U V W X Y 

Total load (A) 0.23 0.26 -0.31 -0.01 -0.15 -0.14 0.97 0.89 -0.35 0.65 -0.02 0.13 -0.58 
Total properties (B) 0.24 0.24 -0.29 0.02 -0.17 -0.15 0.98 0.89 -0.39 0.66 -0.02 0.10 -0.56 
Volume of wastewater (C) 0.22 0.28 -0.40 -0.06 -0.13 -0.11 0.91 0.88 -0.21 0.62 0.01 0.14 -0.67 
Total sludge (D) 0.16 0.29 -0.26 0.06 -0.19 -0.12 0.95 0.93 -0.43 0.69 -0.05 0.21 -0.53 
Total sludge disposed (E) 0.11 0.40 -0.27 0.13 -0.25 0.09 0.92 0.88 -0.43 0.59 -0.08 0.27 -0.52 
% of total load being treated in bands 1-3 (F) -0.26 -0.07 0.25 0.32 -0.17 0.49 -0.60 -0.76 0.38 -0.44 -0.16 0.33 0.61 
Total properties / Total length of sewers (G) -0.26 0.08 -0.07 -0.23 0.17 -0.23 -0.06 0.42 0.25 0.38 -0.07 0.28 -0.08 
Sewers built after 2001 (H) -0.28 0.22 0.14 0.39 -0.39 -0.06 0.75 0.79 -0.44 0.73 -0.20 0.33 -0.46 
% sewers built after 2001 (I) -0.66 0.01 0.48 0.66 -0.53 0.08 0.02 0.24 -0.23 0.41 -0.27 0.25 -0.10 
Volume of trade effluent as a proportion of volume of wastewater (J) 0.66 0.01 -0.48 -0.28 0.09 -0.06 0.35 -0.05 -0.03 -0.24 0.31 -0.56 -0.32 
Energy consumption - network plus (K) 0.37 0.28 -0.41 -0.13 -0.05 -0.12 0.93 0.88 -0.35 0.57 0.00 0.15 -0.49 
Number of pumping stations (L) 0.40 0.10 -0.05 -0.04 0.02 -0.09 0.82 0.55 -0.56 0.27 -0.21 0.07 -0.18 
Total work done in intersiting sludge operations (M) 1.00 -0.15 -0.48 -0.55 0.34 -0.27 0.33 0.10 -0.14 -0.09 0.31 -0.43 0.01 
% of sludge disposed to different sludge disposal routes – farmland, 
landfill, land restoration / reclamation and other (N) 

-0.15 1.00 -0.51 0.14 -0.14 0.43 0.21 0.27 -0.14 0.04 -0.19 0.48 -0.08 

% of sludge disposed to farmland (O) -0.48 -0.51 1.00 0.25 0.03 -0.09 -0.27 -0.27 -0.20 -0.08 -0.12 0.04 0.23 
% of intersiting work done by tanker (P) -0.55 0.14 0.25 1.00 -0.93 0.53 0.04 0.02 -0.21 0.31 -0.18 0.27 0.14 
% of intersiting work done by truck (Q) 0.34 -0.14 0.03 -0.93 1.00 -0.49 -0.18 -0.17 0.09 -0.44 0.02 -0.18 0.01 
Total sludge disposed as a percentage of total sludge produced ® -0.27 0.43 -0.09 0.53 -0.49 1.00 -0.12 -0.18 0.07 -0.29 -0.27 0.43 0.20 
Total length of sewers (S) 0.33 0.21 -0.27 0.04 -0.18 -0.12 1.00 0.80 -0.46 0.57 -0.01 0.02 -0.53 
% of urban customers (T) 0.10 0.27 -0.27 0.02 -0.17 -0.18 0.80 1.00 -0.43 0.74 -0.03 0.19 -0.45 
Urban runoff (U) -0.14 -0.14 -0.20 -0.21 0.09 0.07 -0.46 -0.43 1.00 -0.23 0.10 -0.02 -0.17 
Ofwat density index (V) -0.09 0.04 -0.08 0.31 -0.44 -0.29 0.57 0.74 -0.23 1.00 0.22 0.22 -0.27 
Gravity sewer rehabilitated (W) 0.31 -0.19 -0.12 -0.18 0.02 -0.27 -0.01 -0.03 0.10 0.22 1.00 -0.23 -0.07 
Number of odour related complaints (X) -0.43 0.48 0.04 0.27 -0.18 0.43 0.02 0.19 -0.02 0.22 -0.23 1.00 0.23 
Energy consumption per Ml of wastewater (Y) 0.01 -0.08 0.23 0.14 0.01 0.20 -0.53 -0.45 -0.17 -0.27 -0.07 0.23 1.00 

Source: CEPA 


