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ABSTRACT

The rehabilitation and optimization of water distribution systems (WDSs), defined in the present study
as adaptation process, are essential for a reliable water supply and a good quality of drinking water.
Changing boundary conditions, such as demographic development, system expansion and conver-
gence, etc. make the adaptation of WDSs unavoidable. In the present study, recommendations for an
optimized adaptation planning are presented, including the process of performance assessment and
the dealing with scarce data sets. As a first approach, a Priority Index for the selection of pipelines to
be adapted has been defined. It comprises the criteria Hydraulics, Water Quality and Vulnerability.
The overall objective of the present research project is to create a best-practice example for the adap-
tation planning of small- to large-sized WDSs. The recommended approach starts with the definition
of the data base and concludes with the transition path from the actual to the target network. The
proposed framework for adaptation planning comprises a global and transferable procedure, where
a software component for hydraulic modelling, performance assessment, network optimization and
data analysis is proposed, as a supporting tool for decision-makers and stake holders in the drinking
water sector. The procedures have been partially verified on a case study.
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1 Background

As the global water sector faces immense challenges, such as climate and demographic change, the
adaptation of drinking water and sewer networks is currently one of the biggest tasks for municipali-
ties and water companies. The critical issue is here that most of the systems were designed and built
around 80 to 100 years ago, so that ageing, leaking pipelines and modified conditions are currently
the consequence, if no proper rehabilitation takes place. In the drinking water sector, WDSs might
significantly exceed their design lifespan leading to failure to meet the minimum level of service.
With rehabilitation measures, water losses can be reduced by repairing or renewing damaged pipes.
However, additional benefits can be achieved if the rehabilitation of a system is combined with opti-
mization measures, as described in the work presented here. On the other side, from the financial point
of view, WDSs represent a major asset of municipal public infrastructure, thus the costs requirements
for upgrading the systems are exorbitant. In Germany, Switzerland and Austria, there is a high frag-
mentation and prevalence of small water utilities [1, 2, 3] with a water supply lower than 300.000m3
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per year. For this, a typical scenario is the cooperation of neighbouring municipalities and the integra-
tion of individual WDS into one system. Regarding the increasing legal and operational requirements
for drinking water utilities (e.g. efficient use of water and energy, reliable and secure water supply),
the benefits of inter-municipal cooperation do not only rely on the potential costs savings due to the
shared operational and personal management, but also in the redundant operation of the systems. In
general, the current investment backlog, as well as the willingness of decision-makers in municipal
water companies to cooperate with other neighbouring companies, create a decisive window of op-
portunities for the adaptation of WDS. Here, long-term approaches that balance performance, risk
and costs during the whole operational life of small to large-sized WDSs are needed [4].

The present study is part of the research project AkWa (German acronym for “Adaptation of Municipal
Water Distribution Systems”), funded by the Bavarian Research Foundation, commenced in October
2016 and concluding on September 2019. The project aims the overall optimization of the adaptation
process of WDSs and should create a best-practice example for the thousands of small municipal
water supply companies that have the task of intensifying the inter-municipal cooperation in order
to ensure the water supply. Here, a software tool for hydraulic modelling and data analysis is being
developed. The recommended strategies are applied and verified on one water supply company in
Southern Germany (case study). The results presented in this paper represent the preliminary outcome
of AkWa.

2 Methodology

2.1 Combination of Rehabilitation and Optimization Strategies

Awareness about the need for long term adaptation planning has risen globally in the last decades, for
this reason, research in the field of water distribution systems has focused on the exploration of opti-
mization and rehabilitation strategies. The use of hydraulic modelling has become an essential tool, as
an accurately calibrated model cannot only be employed to design a WDS, but to completely analyse
different hydraulic configurations and scenarios and to assess their performance and vulnerability.

Based on the structural condition of the pipelines and other parameters of the water network (e.g.
year of construction, material, surrounding environment, operational conditions), different statistical
and physical failure models for predicting the deterioration of water distribution pipelines have been
developed. An overview of them can be found in [5, 6, 7, 8, 9]. The main objective of the models
is the determination of the optimal amount and timing of rehabilitation and the performance of risk
analyses. Nevertheless, the presented approaches are usually infeasible in small to medium-sized
water networks because of their high data demand [4, 1].

On the other hand, since the 1970s, important research has addressed the optimization of WDSs,
especially the optimization of pipe dimensions and the pump operation, trying to find a trade-off
between the costs and the hydraulic performance of the network. Optimization is defined as the pro-
cess of maximizing or minimizing an objective function under a set of boundary conditions. The
tree main optimization procedures reported for WDSs in the literature are: deterministic (e.g. enu-
meration, linear programming), non-gradient (e.g. Genetic Algorithms) and real-time optimization
[10, 11, 12, 13]. Apart from their complexity and usually high computing time, a weakness of the
algorithms is that the physical condition of the infrastructure to be optimized is not being considered
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[13].

In the present study, the term adaptation planning comprises both, the process of rehabilitation and the
structural optimization of WDSs for facing future challenges. The first step is here the development
of a Priority Index for the selection of the pipelines to be adapted (i.e. to be rehabilitated with an
optimal pipe diameter), as described in the following chapter.

2.2 Criteria for the Assessment of WDSs

The performance assessment of WDSs serves as basis for adaptation planning. It is based on the
definition of performance indicators for allowing the quantitative evaluation of the efficiency or ef-
fectiveness of a system or process [14], and is currently a established practice in the management of
water and waste water networks. In the present study, performance assessment supports the definition
of the overall adaptation target, as well as the decision-making for selecting an optimal network. Here,
the five criteria Hydraulics, Quality, Vulnerability, Supply Efficiency and Finances were identified, as
shown in table 1. The selected performance indicators are related to the nodes (k), pipelines (i), single
tanks or to the complete water network (total).

Table 1: Criteria and performance indicators for the assessment of WDSs

Criteria Indicator Description

Hydraulics (H)

pmin,k minimal pressure
pmin,fire,k minimal pressure in fire case
pmax,k maximal pressure
vmax,i maximal velocity

Quality (Q)

vmin,s,i minimal velocity for preventing stagnation

vmin,d,i
minimal velocity in ductile pipes for preventing
mineral deposition

tmax,tank maximal retention time in tanks

Vulnerability (V)
ci relative condition indicator
bi importance of pipelines

Supply efficiency (E)
qloss,total amount of water losses in the network
etotal total energy consumption in the network

Finances (F)
ctotal total costs
rtotal rehabilitation rate

The criteria Hydraulics and Quality describe the operative performance of the water network, and the
corresponding indicators can be calculated using a calibrated hydraulic model. For these parameters,
the fulfilment of the minimum or maximum allowed values can be described by so-called perfor-
mance curves, which produce performance values from 0 % (no service) to 100 % (maximum or
optimal service) [15, 16]. In order to compute global performance indicators for the entire network,
generalization operators are applied as recommended by [16]. Here, the indicators of single elements
are summed up considering weight factors (consumption for nodes and water volume for pipelines)
for computing a global network performance.
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The criteria Vulnerability comprises the indicators Condition (c) and Importance (b) of the pipelines.
In the present study, the indicator c describes the relative condition status of the pipelines and can be
simplified assumed as

ci = RNi/Ni − Si (1)

based on the pipe age (rest lifespan RN and economic lifespan N) and on the identified failure events
(S), if the data is provided. For the failure discount factor S, the tree ranges low, middle and high
failure rate are defined.

The Importance (b) of the pipelines describes the effects of the failure of the pipeline i on the entire
WDS and is calculated as

bi = 1− ((Qu,i/Qtotal)− Acrit) (2)

based on the ratio of non-provided water amount by failure of the pipeline i (Qu,i) and total demand
(Qtotal), and on the discount factor Acrit for the affected critical infrastructures (e.g. hospitals).

The Priority Index (P) for rehabilitation and diameter optimization of water pipelines comprises the
criteria Hydraulics (H), Quality (Q) and Vulnerability (V) and is defined as

Pi = WH ·Hi +WQ ·Qi +WV · Vi = WH ·Hi +WQ ·Qi +Wc · ci +Wb · bi (3)

The weight factors W depend on the long-term objectives of the water utility. Similarly, each indicator
of table 1 can be weight up, according to the operative targets of the company.

Indicators to quantify the Supply Efficiency (amount of real water losses, overall energy demand)
and the Finances of the water utility (total system costs, rehabilitation rate), are currently not used as
criteria within the optimization procedure. These will be used in the next project phase to compare
different system configurations and operating strategies.

2.3 Availability of Data for Hydraulic Modelling and Assessment of WDSs

In general, the results of hydraulic modelling and the decision process for planning adaptation mea-
sures depend strongly on the amount and quality of the available data. Data of insufficient accuracy
can lead to wrong decisions. For the present approach, available information can be divided in neces-
sary and recommended data.

Necessary Data: Setting up a calibrated hydraulic model requires at least information on the network
topology (pipelines: dimension, material; nodes: geodetic altitude; tanks: volume, water level, etc.),
on the water consumption amount (domestic and bulk consumers) and recorded data during measuring
campaigns for model calibration. For a cost-effective planning, pipe age and rehabilitation costs are
additionally needed.

Recommended Data: To increase the quality of the hydraulic model and for a reliable decision-
making, utility-dependent guidelines and performance curves, water consumption per house connec-
tion and daily domestic consume patterns are needed, as well as statistics to failure events, rest and
economic lifespan of pipelines and cost saving factors (e.g. synergies with other roadworks).
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As a consequence of the limited data availability, especially in small water utilities, additional infor-
mation sources and methods on how to cope with the data gaps are needed. Sources of information
for missing data (pipe age, material, diameter) can be historical documents on development plans,
documentation of sewer networks or documentation on repaired pipe damages. If the data is still
not available, the indicators (for instance the Condition indicator c) might be adjusted to the lowest
value (worst-case scenario). After the calculations for adaptation planning have been performed, the
accuracy or uncertainty of the results is to be analysed.

2.4 Software Component as Supporting Tool

In order to implement the assessment process proposed in section 2.2 and integrate it in the adaptation
process, a software tool is being developed. It consists of the GIS software AQUA++1, that interacts
with the widely used hydraulic modelling software EPANET2 [17] and a module for WDS optimiza-
tion and evaluation, developed in the frame of the AkWa project. This module will be designed as
an open source tool. The described performance assessment is automatized and thus is being fully
implemented in the software tool. For the hydraulic evaluation of the network, the EPANET2 toolkit
is used for all hydraulic calculations. The toolkit is a program library that allows the direct in-memory
manipulation and hydraulic recalculation of the EPANET network model [18]. This is a key process
for achieving a performant calculation, because of the iterative optimization and evaluation procedure.

In general, the following tasks are carried out by the developed software tool:

1. Collection and management of necessary and recommended data (data import), and visualiza-
tion and aggregation of data (data manager)

2. Management of WDS variants (scenario manager)

3. Performance assessment of WDSs (status assessment, vulnerability analysis, sensitivity analy-
sis, cost analysis)

4. Algorithmic optimization of WDSs

As tasks 1 is more or less a standard GIS functionality, AQUA++ provides it mostly out-of-the-box.
Because of the iterative nature of the optimization process, the management of network variants is
a prerequisite for a GIS based WDS optimization. The scenario and data manager also allows a
visualization and clear evaluation in tabular form (as in table 2) of the different adaptation results and
thus support civil planners in comparing current and target networks.

3 Results

3.1 Case Study

For verifying the presented approach, the performance of a real water network located in Southern
Germany is currently being evaluated (see figure 1). For this study, the analysed supply area is
composed of four villages and three pressure zones with a total length of approx. 42 km. The system

1AQUA++ is a software product of the company tandler.com GmbH
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provides 280.000m3 water per year to about 4,500 consumers (mostly rural, no bulk consumers).
For calibrating the hydraulic model, a measuring campaign of one week was started, using pressure
loggers located at strategic nodes in the network. Here, modelled and measured data were compared
in order to verify the input data and determine the friction coefficient of the pipelines. Unfortunately,
the data on pipe ages, failure events and construction costs is currently being processed and could not
be evaluated for this study. For this, the performance assessment of the case study includes solely the
criteria Hydraulics and Quality. The results are shown in table 2.

Figure 1: Water distribution network of study case

For the analysed WDS, the pressure requirements (pmin,k, pmin,fire,k and pmax,k) are almost fulfilled
for all demand scenarios. However, there are single nodes in village B showing deficits at maximum
water demand and in fire case. Regarding the flow velocity, the maximum allowed value is fulfilled
for all scenarios. Nevertheless, the minimum velocity for preventing stagnation and mineral deposi-
tion is violated in all villages. To sum up, the results of performance assessment indicate over- and
undersized pipelines that cause deficits in the pipe velocity and in the operational pressure. The con-
flict between low velocities and low operational pressure heads is a typical dilemma for water utilities,
especially in rural areas. In general, stagnation and deposition in ferric pipes might be improved by
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Table 2: Performance assessment for case study

Criteria Indicator Limit value 1 Network performance

Hydraulics (H)

pmin,k (2 + 0.5 ·NS)bar 2 98,6 %
pmin,fire,k 1.5 bar 98,1 %
pmax,k 8.0 bar 100 %
vmax,i 2.0m s−1 100 %

Quality (Q)
vmin,s,i 0.005m s−1 91,6 %
vmin,d,i 0.3m s−1 63,2 %
tmax,tank 5− 7 d 100 %

1 acc. to DVGW guidelines (German Technical and Scientific Association for Gas and
Water)

2 NS: number of storeys

punctual reduction of the pipe diameters or by periodical flushing of the segments. For alleviating the
pressure problem, apart from increasing the pipe dimensions, the optimization of pressure zones (lo-
cation and settings of tanks, valves and pumps) or alternative water reservoirs for the fire case should
be weight up.

Before starting the adaptation planning of the WDSs as an automatic procedure, overall structural
optimizations (alternative tank locations) are being evaluated using the calibrated hydraulic model
shown in figure 1. This essential step for the planning engineer requires the expertise of the water
utility. At this point, it could be confirmed that a software feature that allows an abstraction and
simplification of the hydraulic model is very useful, as a basis for discussion between water company,
engineering consultants and other decision-makers.

3.2 Recommended Approach for Adaptation Planning

The authors of this paper propose a new framework for strategic adaptation planning, supported by
a software tool for hydraulic modelling, performance assessment and data analysis, as described in
section 2.4 and shown in figure 2. First step of the approach is the definition of the targets for the
adaptation planning (operation, system reliability, supply efficiency or financial aspects). A scenario
and data manager is used to manage the required data for subsequent calculations. The second com-
ponent comprises performance and condition assessment of the current WDS, where the hydraulic
minimum requirements are analysed. Based on the current status of the WDS and the determined tar-
gets, optimization calculations are performed and various network variants are generated. All network
variants are subjected to assessment of hydraulic and condition performance. Afterwards, sensitivity
and costs analysis support the selection of the target network by the planer together with the water
supply company. Condition analysis of the pipelines is considered in order to prioritize the adapta-
tion measures (at first pipeline’s renewal with current or optimized diameter). The adaptation process
concludes with a sequence of adaptation measures (transition path) for planning the migration from
the current to the target network.
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Figure 2: Proposed approach for adaptation planning of WDSs

4 Conclusions

This paper presents a framework for the strategic adaptation planning of WDSs, valid also for small-
sized water utilities and poor data sets. The recommended approach comprises a global and trans-
ferable procedure that involves the view of research, water utility and planning engineers and aims
to support decision-makers and stake holders in the drinking water sector, in joining and adapting
their WDSs cost-effectively. With the aim of combining optimization and rehabilitation strategies,
a Priority Index, that considers the network criteria Hydraulics, Water Quality and Vulnerability has
been defined. The objective here is to include the condition of the water pipelines in the optimization
process. For ensuring the accuracy of the results of hydraulic modelling and performance assessment,
a minimum amount of data is needed, however the reliability of the calculations can be improved if
additional data (performance curves, detailed water consumption patterns, statistics on failure events,
etc.) is provided. Further, the preliminary results of the presented research project confirm that a
software module for hydraulic modelling, performance assessment, network optimization and data
analysis might be a very useful tool. Nevertheless, the manual network evaluation and the intensive
knowledge exchange with the water utility are indispensable, as the optimization process of a water
network can not be understood as a completely automatic procedure.
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