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Abstract There is an increasing pressure from the economic regulator in England and Wales for water
companies to ensure that their capital maintenance decisions reflect an understanding of the long-term
impact on their operational costs and risks. This implies that decisions must not only reflect the costs borne
now but the likely costs in the future, and how these might be optimised. It is noteworthy that within the
construction and transport industries, asset management decisions which have been driven in this direction
utilise a whole life costing (WLC) methodology. This paper addresses the implications of transferring the
concept of WLC to service-based assets such as water systems.

A WLC approach to distribution network management aims to achieve the lowest network provision and
operating cost when all costs are considered to achieve standards enforced by regulation. Cognisance is to
be taken of all relevant costs – direct and indirect, private and societal – in order to balance the needs of the
service supplier, the customer, society and the environment in a sustainable manner. A WLC analysis thus
attempts to develop a cost profile over the life of the asset. Accounting for the costs over this period is
achieved through a combination of activity based costing (ABC) and a life cycle assessment (LCA) used to
identify potential social and environmental costs. This process means that each of these identified costs
must be linked to some physical parameter that itself varies over time due to changing demands on the
system, the different operational strategies available to the operator and natural deterioration of the fabric of
the system. The links established between the cost and activities of the operator provide the basis for the
development of a WLC decision tool (WiLCO) for application to water distribution network management.
Keywords Decision making; water distribution networks; whole life costing

Introduction
The water industry in England and Wales has been operated by private water companies
since 1989. This privatised industry is economically regulated by the Office of Water
Services (Ofwat). Ofwat has two prime duties: to ensure water companies’ operations meet
statutory requirements and that the companies remain commercially viable. Its secondary
aims are to ensure that customers’ interests are protected, provide incentives to reduce costs
and pass savings on to customers, and to facilitate competition. Economic regulatory con-
trol is exerted via five yearly pricing reviews. At the beginning of each of these periods,
negotiations take place between Ofwat, the other governmental regulators [Environment
Agency (EA), Drinking Water Inspectorate (DWI)] and the companies to agree on the asset
management programme (AMP) to be undertaken and to place caps on the prices that can
be charged to customers in order to finance the AMP. To ensure the ongoing performance
of the water industry’s large “long-life” asset bases, appropriate levels of expenditure must
be anticipated. Ofwat (2000) indicated that previous submissions were not entirely ade-
quate and grounded in sound economic principles. Proper justification for pipe renewal is
unlikely to be driven by a single operational consideration (for example, leakage), but 
more likely by an array of considerations including, for example, structural failure, water
quality performance, and leakage performance which all affect levels of serviceability.
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Serviceability is defined as “a measure of the ability of the company assets to provide the
service required by customers” (Ofwat, 2001).

The requirements placed by the regulatory regime and the nature of the infrastructural
assets underpins the development of the whole life costing (WLC) methodology. The
methodology centres on an accounting scheme that links costs to their drivers, whether per-
formance related or not. Performance aspects are identified by the actions that result from
them and the costs associated with these actions. Thus, as performance or output changes as
a result of an action or operation, so the accounting framework tracks the changes in cost.
This allows for least-cost decisions to be identified which meet performance constraints,
with all knock-on private and, where applicable, social costs accounted for. It is funda-
mental that the performance of the system is understood and is capable of prediction with a
degree of certainty.

The methodology as presented is encapsulated within decision support software
(WiLCO). This software integrates data from two separate databases, consolidating the
input data so that the consequences of decisions across the spectrum of input costs and costs
drivers can be visualised. The output generated by the software for a WLC analysis is sub-
sequently demonstrated on a case study system.

Whole life costing
Whole life costing (WLC) as a term, has been around for nearly 20 years, e.g. Chenery (1984)
with respect to buildings and the provision of infrastructure. WLC was born out of a recogni-
tion that initial capital costs only represent a minor portion of the overall costs incurred
throughout the lifetime of a building or infrastructure. Solutions weighted towards minimis-
ing initial cost may be economically inappropriate in the longer term. Increasingly, the UK
government is advocating the adoption of WLC approaches as a way of optimising invest-
ment decision making and to ensure the adoption of cost-effective solutions. Its application to
buildings and structures has extended to inclusion within the BS ISO 15686 Part 1 (2000)
“Building and constructed assets – service life planning”, with Parts 2 and 3 out in draft for
public comment (BS ISO 15686). The Office of Government Commerce (2000) in
Construction Procurement Guidance No. 7 Whole Life Costs has been prepared for projects
related to the construction of facilities for government use. Adoption of WLC has extended
beyond the construction industry. The Higher Education Funding Council for England has
taken the lead in developing and promoting WLC within its overall procurement strategy
(HEFCE, 1998). Since the late 1980s the Transport Research Laboratory (TRL) has been
involved with developing a WLC approach for transport infrastructure, from scheme specific
applications to the whole of the major road network (Highways Agency, 1999). The policy of
the Highways Agency, since 1999, is that all works must be evaluated using a WLC approach
in order to meet with government best-value policy requirements. The acceptance and appro-
priateness of WLC has received a boost from the emphasis on private finance initiatives and
best-value approaches to procurement across a wide range of government services.

Application of WLC to water distribution networks
In respect of a service facility, WLC methodologies consider all the costs (private and
social) that accrue for its initiation, provision, operation, maintenance, servicing and
decommissioning, over its useful life (Skipworth et al., 2002). The application of WLC to
water distribution networks has been more recently discussed (Mukhopadhyay, 1994;
Conroy and Hall, 1995). The Water Research Centre in the UK has been active in develop-
ing a WLC application to pipelines although not to whole distribution systems. In respect of
the application to the distribution network, essentially a network of assets, the WLC
methodology extends and takes the concept beyond previous work.
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To make any WLC analysis tractable, especially in the case of distributed assets, bound-
aries need to be defined geographically, temporally and financially. For example, water
distribution networks span large geographical areas through integrated systems. The work
presented here places geographic boundaries from downstream of the service reservoir
(tank), with the cut-off point at the point of first practicable use. However, distinct areas
cannot be considered in isolation. How the distribution network is operated and performs
affects systems both upstream (abstraction, treatment and transfer) and downstream
(wastewater collection, treatment and disposal). Given that the cost of treated water provi-
sion is interdependent with the upstream system, the interconnected nature of costs should
be explicitly included in the accounting framework.

The primary purpose of expenditure on water distribution networks is to maintain an
appropriate level of performance (serviceability in England and Wales). An implication of
this is that there is an indefinite “useful” life for a network. The “useful life” is constantly
being altered by the way in which the operator operates and maintains a network, which
consequently affects current and future performance. Period of analysis therefore takes
over from the “useful” life, design life, depreciation period or accounting life span, in the
WLC methodology as a more realistic and pragmatic approach. A period of analysis has to
be determined that is long enough for the effects of expenditures on performance to be man-
ifest through the system, but not so long as to trivialise them when discounted. It is for these
reasons that a period of analysis of 50 years is proposed. For the purposes of the analysis
undertaken here, the period of analysis is split into five-year time steps in line with the
pricing period utilised by Ofwat. With respect to discounting, it is pointed out that this is
often a matter of subjective judgment and that the most appropriate approach is to have
some mid-range estimate accompanied by a sensitivity analysis.

Whole life cost framework
In presenting a framework for application of WLC to water distribution networks a distinc-
tion is made between the accounting and the definition and assessment of performance. The
accounting recognises financial boundaries whilst the network performance module fol-
lows the geographical boundaries previously stated.

WLC accounting

The WLC accounting module provides a methodology whereby the costs arising from the
operation, maintenance and management of a water distribution network can be identified,
quantified and coupled to the performance of the network. Costs accounted for within the
module are primarily private but can include the social as well. Private costs are those that
accrue for the operator from being in the business of providing a service to customers.
These costs include those that might conventionally be termed direct, indirect or overhead
and general cost items. Social costs are those that accrue for society as a result of the opera-
tor being in business but that the operator, currently, does not have to account for. They are
sometimes referred to as public costs, or more generally as externalities.

Identification of the private costs utilises Activity Based Costing (ABC; Innes and
Mitchell, 1990). ABC provides a better understanding of the nature of indirect, overheads
and general cost items and what drives them are seldom related to volume of production. A
link is made between activities and products by assigning costs of activities to products
based on the consumption of an individual product or demand for each activity.

Cost drivers relate activities to a product or products. Activities identified as potential
cost drivers must provide an adequate explanation of cost outputs whilst at the same time
being measurable and change sensitive. The social costs are identified through life cycle
assessment (LCA; EPA, 1995). LCA evaluates the processes, material inputs and outputs
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of a process to uncover the cost drivers and causes of the environmental burdens as well as
accounting for the consequential costs. Its costing equivalent, life cycle costing (LCC),
associates costs with the external environmental impacts of those operational activities
hence internalising the externalities.

Network definition

Water distribution networks are supposed to provide an efficient service to customers and
are required to meet a wide variety of disparate performance requirements. Much literature
(Satcha, 1978; Deb et al., 1998) has reported on those performance requirements that need
to be addressed when making network management decisions (a summary of these is given
by Engelhardt et al., 2000). The serviceability assessment applied by Ofwat covers a wide
range of performance assessments indicated in this literature. Figure 1 identifies all the sub-
modules included in the “network definition” module for application in England and
Wales. Each sub-module must be able to quantify current and future performance and the
effect on performance of interventions, e.g. pipe replacements and changes in operational
strategy, at given time horizons. Ultimately when considering performance all significant
aspects that have an impact on costs must be considered holistically and quantified over the
period of analysis in terms of cost drivers.

WLC decision support
WLC and LCC are sometimes looked upon as exercises in identifying, quantifying and
tracking costs over the lifetime of an asset. In this way, WLC has been a decision support
tool as a means to prioritise alternatives. However, the proposed methodology takes this
one step further through providing links between the actions, their effect on the system and
its subsequent impact on costs. This casual chain can be seen diagrammatically in Figure 2.
Each action which can be undertaken within a network is characterised in terms of its
resultant cost (as identified within the WLC accounting module) and its effect on perform-
ance (as defined within the network definition module). Such links enable each element to
become a variable and its concomitant impact to be observed. The decision support provid-
ed by this framework moves beyond that of a prioritisation model, allowing the automation
of the decision making process through the use of an optimisation or search technique. A
resultant of the application of such techniques should be the identification of the least WLC
solution.
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The framework as presented in Figure 2 provides the basis for a WLC decision tool. It is
the first of these elements, “Interventions” that represents the management decisions that
can be investigated through the developed WLC decision tool. An “Intervention” repre-
sents any action that can be undertaken which will have an effect on the performance of the
system, e.g. a pipe replacement or a change in leakage control strategy, or on an attribute
which is identified as a driver for one of the input costs. WiLCO, a WLC decision tool has
been designed around the framework of Figure 2 for application to water distribution net-
works.

WiLCO: whole life cost optimiser

WiLCO provides a single platform which integrates all of the data imported to allow the
WLC of a network to be determined. To do this, it connects two databases. The first is a
GIS/hydraulic package called Strumap (Geodesys, 1999), which represents the network
and allows the hydraulic properties of the network to be evaluated. The second connection
is with an MS-Access database which contains custom designed tables that allows all other
required data to be imported. WiLCO has been provided with a user interface that allows
for all elements within the WLC analysis to be manipulated. This then allows the investiga-
tion of different operating and maintenance scenarios and their effect on the network’s per-
formance and WLC profile. WiLCO has also been integrated with a genetic algorithm
which allows automation of the decision making process. This is the last step in the process,
and requires each variable to be defined to the decision maker’s satisfaction before provid-
ing meaningful results.

As an example, a WLC analysis within WiLCO is undertaken for a case study network.
The water distribution network consists of 25 km of mains, supplying 2,000 customers
(population ca. 5,000). The results are summarised to provide the cost profile over the
period of analysis. Figure 3 provides three separate cost profiles derived from the WiLCO
software: the first presents the WLC profile if no maintenance occurs; the second utilises
the user-defined functionality of WiLCO, replacing all cast iron mains for replacement in
the first time step, whilst relaxing the leakage control strategy; the last profile utilises the
GA to identify the least WLC operating profile.

Figure 4 presents cost profiles for the GA solution as is observed in the WiLCO soft-
ware. Six profiles are provided:
• the total cost of operating the network;
• the private cost directly accruing to the operator;
• the social costs associated with the operation of the network;
• the operating costs of the networks;
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• the capital expenditure associated with main replacements;
• the regulatory penalties associated with not meeting the required levels of performance.

Curves of this type indicates where the cost increases over the period of analysis. In
Figure 4 the major cost increase is associated with the regulatory penalties. More detailed
identification of these costs can be attained through observing curves for individual costs
and drivers. WiLCO also presents the user with the ability to observe the costs over the
period of analysis as a series of accounts.

Conclusion
WLC as a methodology is increasingly being used within the UK across a number of
sectors. This paper has presented a WLC methodology which has been derived specifically
for application to service-based infrastructure, in particular water distribution networks.
Underpinning the approach are the explicit links between the activities undertaken on the
distribution network, their effect on the performance of the network and subsequent impact
on the cost of the network to the operator and potentially to society. It thus provides a basis
by which a decision tool can be derived which accounts for the various operating and
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maintenance scenarios and their implications for the performance and cost of operating a
network. The links established between the activities and their costs thus allow search tech-
niques to be applied which identify the least operating or maintenance regime for a given
scenario. The challenge remains one of populating the software with costs that are realistic
and representative of the network being investigated, as well as the ability to adequately
understand and predict the crucial aspects of network performance.
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