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Risk and uncertainty are often not taken into account in decision-making on sewer

rehabilitation. However, the assessments on which the decisions are based are considerably

affected by uncertainties in external inputs, system behaviour and impacts. This is a

problem of growing significance. Many sewer systems need expensive rehabilitation due to

the deterioration in their performance brought about by changes in inputs, such as

urbanization, urban renewal and climate, as well as decay of sewer infrastructure.

Rehabilitation should be efficiently designed and implemented, and should also be effective

with the objectives of minimizing costs andmaintaining safety and reliability. In this article,

a risk-based approach is presented, considering uncertainty in sewer system dimensions,

natural variability in rainfall and uncertainty in the cost function describing environmental

damage. In particular, the application of different shapes of cost functions is studied. The

optimization method is illustrated with a case study on optimizing the storage capacity of a

sewer system to balancing investment cost and damage due to combined sewer overflows.

Keywords: Economic optimization; Probabilistic design; Sewer system; Uncertainty

analysis

1. Introduction

Decisions on sewer rehabilitation have large, long-lasting

consequences, and the decisions have to be made under

uncertainty. Annually, approximately one billion Euros are

invested in sewer rehabilitation in The Netherlands.

Uncertain information about the structural condition and

the hydraulic performance of the sewer system serves as the

basis for decision-making. Therefore, the investments

involve considerable risks, for example, sewer rehabilita-

tion that appeared to be dimensioned too large, or too

small, or to be even unnecessary later on.

In the past, uncertainty analysis with regard to sewer

system rehabilitation received very limited attention.

Only recently have uncertainties influencing decisions on

sewer rehabilitation been increasingly examined. For

example, risk-based approaches are used to some extent

when assessing impacts on receiving waters such as

combined sewer overflows (CSOs) and wastewater treat-

ment plant (WWTP) emissions (e.g. Reda and Beck 1997,

Willems 2000 and Korving et al. 2003).

Decision-making on sewer system rehabilitation is

usually based on a single computation of CSO volumes,

or flooding events, using a time series of rainfall as system

loads. Consequently, uncertainties in knowledge of sewer

system dimensions and natural variability in rainfall are

either ignored, or only partly accounted for, by using safety
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factors to minimize impacts. Uncertainties in sewer system

assessment, however, are not restricted to calculated CSO

volumes. The effects of CSOs on natural watercourses are

just as much uncertain. Quantification of these effects is

problematic because the determinative processes are com-

plex and the knowledge on them is very limited (Harremoës

and Madsen 1999). In addition, measurement data on

pollution loads from sewers are lacking and existing sewer

models are unable to predict the loads (Ashley et al. 1998).

Economic optimization would enable more objective

decision-making on the maintenance and rehabilitation of

sewer systems. In order to choose between different options

of sewer rehabilitation, the water quality impacts of CSOs

must be valued in monetary, qualitative or other terms.

Several methods have been developed for the monetary

valuation of nature, these include travel costing, hedonic

pricing and contingent valuation. These methods have

seldom been applied to sewer rehabilitation. Applications

of contingent valuation are presented, for example, by

Crabtree et al. (1999) and Novotny et al. (2001).

This article addresses the concepts of risk and uncer-

tainty in the rehabilitation of sewer systems, using

probabilistic cost-benefit analysis. In particular, it discusses

the sensitivity of optimal storage capacity of a sewer system

to uncertainties in model parameters and rainfall input.

A Monte Carlo simulation is applied to systematically

study the uncertainty of calculated CSO volumes. Environ-

mental damage is translated into a cost function with

uncertain parameters. The sensitivity of decisions on in-

sewer storage to the input uncertainties is evaluated for

three types of cost functions: a step function, a Weibull-

shaped function, and a linear function. The optimal storage

capacity is determined by optimally balancing the cost of

investment and the damage due to CSOs.

The outline of this article is as follows. The next two

sections discuss the assessment of sewer systems for the

purpose of rehabilitation, and the risks and uncertainties

involved. In the fourth section, risk-based economic

optimization is applied to rehabilitation of in-sewer

storage. Next, a case study on the optimal storage of the

‘De Hoven’ sewer system is presented. Finally, conclusions

are formulated and discussed in the last section. The

mathematical derivations of the three cost functions

describing environmental damage can be found in the

Appendix at the end of this paper.

2. Sewer system assessment for rehabilitation purposes

Sewer systems have been designed to protect society from

two important hazards: flooding of urban areas during

storms, and the endangering of public health due to

exposure to faecal contamination. The environmental

effects of CSOs should not exceed the carrying capacity

of the receiving natural watercourses. Overflow structures

serve as emergency outlets to natural watercourses when

rainfall volumes exceed the system capacity.

Assessments consist of both calculations and inspections.

Hydraulic performance is assessed on the basis of calcula-

tions, whereas the results of visual inspections determine

whether rehabilitation of the structural condition is needed.

However, the possibilities of environmental assessment

remain limited due to the scarcity of measurement data and

the limited knowledge of the processes involved. Such an

approach is therefore not included in the standard

procedure in The Netherlands.

In The Netherlands, the approach to deal with the

environmental impacts of sewer systems aims at reducing

pollution loads by 50% compared to the 1985 situation.

This approach has been translated into practical guidelines

for calculations (Van Mameren and Clemens 1997). The

required pollutant reduction is expressed in terms of the

maximum allowable CSO discharges from a sewer system

of 50 kg chemical oxygen demand (COD) discharged to the

receiving waters contributing area per hectare per year

(CIW 2001).

Assessing sewer overflows requires the use of a contin-

uous rainfall series of a certain length, taking into account

the interdependency of storm events and dry periods, thus

enabling the calculation of average return periods of the

effects of medium and heavy storms. The Dutch guidelines

prescribe a rainfall series with an interval of 15 minutes as

observed during the years 1955 to 1979 in De Bilt (The

Netherlands). Adding pollutant concentrations to the

calculated CSO volumes would enable the assessment of

environmental impacts. However, these calculated pollu-

tant loads are rather uncertain, since the prevailing

pollutant concentrations in overflow volumes are unknown

and the knowledge of determinative processes is limited.

In case a sewer system does not comply with the

discharge limits, several interventions such as building

additional in-sewer storage (including enlarging of sewers

as well as discrete storage elements, such as storage or

settling tanks), enlarging pumping capacity, improving

pumping station performance, introducing flow controls

(such as orifices or vortex regulators) or cleaning of sewers,

can be planned.

3. Uncertainties in sewer system assessment

Uncertainties in risk analysis can primarily be divided into

two categories: natural variability and epistemic uncer-

tainty. Variability represents spatial and temporal varia-

bility in nature (e.g. rainfall). Uncertainty represents the

lack of sufficient data (statistical uncertainty) and the lack

of knowledge about a physical system (model uncertainty).

Decision-making on sewer system management requires

the use of models to predict compliance with perfor-

mance criteria, as measurements are usually unavailable.
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However, each assessment contains a certain measure of

uncertainty because it is based on either calculated CSO

loads and flooding events, or observed condition state and

remaining service life of the sewer assets.

Sewer-related uncertainties can be part of the external

inputs, the system itself or the impacts due to failure of the

system (Korving 2004). External inputs comprise a wide

range of relevant driving forces, whereas impacts reflect the

interests of parties that depend on the performance of the

system. Finally, future developments, such as deterioration

and climatic change, may result in uncertainties. Each type

of uncertainty may give rise to wrong decisions and will be

described next.

3.1 External inputs

Uncertainties in external inputs may result from rainfall

measurement errors (Rauch et al. 1998), spatial and

temporal variability in rainfall (Schilling and Fuchs 1986,

Lei and Schilling 1996, Willems 2000), variation in dry

weather flow (DWF) due to varying inputs from house-

holds (Butler et al. 1995) and infiltration due to high

groundwater levels (Clemens 2001, Karpf and Krebs 2003).

Due to the strongly simplified way in which the rainfall

runoff process is described in the model, uncertainty is

introduced. Variability of runoff in time, and local

differences in runoff parameters (initial losses, infiltration,

etc), are not taken into account, and knowledge of the

processes is insufficient (Van de Ven 1989, Clemens 2001).

The impact of spatial and temporal variability of runoff is

not exactly known.

3.2 Sewer system

The data set applied in a sewer model is never entirely

perfect. Data errors (geometric structure of the sewer

system, catchment area, runoff parameters, etc.) consider-

ably influence calculation results (Price and Osborne 1986,

Petit et al. 1998, Clemens 2001). Moreover, time-dependent

sewer deterioration is also not accounted for in hydraulic

sewer assessments.

Sewer models are imperfect because the physical

phenomena are not exactly known, and some variables of

lesser importance are omitted for efficiency reasons. This

results in model uncertainty (Beck 1996, Lei and Schilling

1996, Ashley et al. 1998) with respect to hydraulics, rainfall

runoff, dry weather flow (e.g. leakage), and in-sewer

processes determining the sewage composition. In addition,

model uncertainties may stem from estimation (or calibra-

tion) of model parameters and numerical calculation errors

(Price and Catterson 1997, Clemens 2001).

Finally, hydraulic performance is assessed assuming

the perfect technical functioning of all objects in a sewer

system leading to uncertainty in the model assumptions.

For example, the risk of technical failure of pumping sta-

tions, the subsidence and deterioration of sewer pipes, and

the clogging of culverts are not taken into consideration.

3.3 Impacts

It is generally accepted that the quality of natural water-

courses deteriorates due to CSOs (House et al. 1993).

Deterioration comprises water quality changes (dissolved

oxygen, polluted sediments, etc.), human health risks and

aesthetic contamination (floating waste, algal growth, etc.).

However, the severity is uncertain because CSOs are

intermittent and their composition varies strongly (Beck

1996). Measurement data of pollution loads from sewers

are unavailable and current sewer models are unable to

predict them (Ashley et al. 1998). Moreover, translation of

uncertain pollutant loads to effects on natural watercourses

and their ecology is problematic because the knowledge of

water quality processes is rather limited and the resilience

of receiving water bodies is uncertain (Shanahan et al. 1998,

Harremoës and Madsen 1999).

In addition, the valuation of environmental effects may

also give rise to uncertainties in sewer assessments. Some

authors claim that environmental effects can be quantita-

tively expressed in terms of money (Crabtree et al. 1999,

Novotny et al. 2001), for example by means of ‘Contingent

Valuation’. Others, on the other hand, oppose to this

approach and value the effects in a more qualitative way,

accounting for different risk perceptions and multiple

objectives (Morgan and Henrion 1990).

3.4 Future developments

Because of the long operational life of sewers (30 to 60

years), future developments significantly influence the

system performance; not only in developments in the

system input but also in the public perception and policy-

making. Future developments include deterioration of

sewers, change of regulations, climatic change and change

of public perception of the environmental damage.

4. Risk-based economic optimization of in-sewer storage

As stated previously, CSO events may be harmful to the

quality of the receiving waters. The impacts depend on both

the characteristics of the catchment producing the sewage

and storm water runoff, and the characteristics of the

receiving watercourses (e.g. size and type). One obvious

intervention to reduce effects is to enlarge the in-sewer

storage in such a way that CSO emissions diminish.

Assessments on which decision-making is based are

considerably affected by uncertainties in external inputs

and system geometry. Currently, however, uncertainty and

risk are not taken into account in decision-making on

Risk-based design of sewer systems 217
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interventions in order to improve sewer performance.

Economic optimization enables decision-making consider-

ing the previously mentioned uncertainties.

In order to illustrate the optimization method, the

optimal volume of in-sewer storage is determined, i.e. the

optimal storage volume is calculated by a minimization of

total cost comprising the initial investment for construc-

tion and the cost of environmental damage due to over-

flows. In-sewer storage includes both enlarging of sewers

and building discrete storage elements, such as storage or

settling tanks. The optimization problem is formulated as

follows: ‘determine the optimal storage volume of the sewer

system taking into account the cost of building in-sewer

storage, the environmental damage in case of an overflow,

and the frequency distribution of CSO volumes’. This is

demonstrated in figure 1.

4.1 Cost function

The cost function comprises construction costs and losses

due to failure. Failure is defined as the inability of the sewer

system to fulfil its task relative to a given standard. This

standard is defined by the user in terms of the receiving

water impact criteria. As a consequence, failure may

include partial failure, where the system still functions,

but at an unacceptable level of performance. This leads to

the following definition: ‘failure is the occurrence of an

overflow irrespective of the volume’. Losses express public

perception of damage, i.e. their willingness-to-pay. Envir-

onmental losses, however, can be highly uncertain due to

the lack of knowledge of impacts and the lack of data.

Costs for operation and maintenance are not taken into

account.

The storage volume to be built, denoted by ṽ, can be

optimized by minimizing the expected total costs. Let

L (ṽ, v) be the monetary loss when storage volume ṽ is

chosen and the actual overflow volume is given by v.

The best choice is a storage volume for which the expected

loss:

E Lð~v;VÞð Þ ¼ Ið~vÞ þDð~vÞ; ð1Þ

is minimal, where V is the uncertain overflow volume, I(ṽ) is

the initial investment for construction, and D(ṽ) is the

monetary value of the environmental damage to the

receiving watercourse caused by CSOs. A decision ṽ* is

called an optimal decision (DeGroot 1970) when

E Lð~v�;VÞð Þ ¼ min
~v2ð0;1Þ

E Lð~v;VÞð Þ, where ṽ* is the storage

volume whose expected loss is minimal. Further details on

the implementation of the optimization method are

presented in the case study.

4.1.1 Investment cost. Assume that, the cost of enlarging the

storage capacity of a sewer system relates to its volume,

such that the cost of building an additional 1 m3 diminishes

with increasing volumes:

Ið~vÞ ¼ I0~vk ¼ I0~v0:75; ð2Þ

where I0 (in Euro m73) is the investment per m3 storage

volume, and ṽ is the storage volume (m3) to be built for a

certain power coefficient k¼ 0.754 0 (Stichting RIONED

1997).

4.1.2 Damage cost. The cost of environmental damage due

to CSOs, D(ṽ), can be derived by computing the expected

cost of a CSO, multiplying it by the occurrence frequency

of CSOs per year, determining the present value of the

cost for the individual years, and summing these present

values over an unbounded time horizon. According to

Van Noortwijk (2003), the expected discounted costs of

failure over an unbounded time horizon can then be

written as:

Dð~vÞ ¼
E Djð~v;VÞ
� �
TCSO

ðaþ a2þ a3þ � � �Þ ¼
E Djð~v;VÞ
� �
TCSO

a
1� a

� �
;

ð3Þ

a ¼ 1

1þ r
; ð4Þ

where E Djð~v;VÞ
� �

is the expected cost (Euros) resulting

from an overflow event when a storage volume ṽ is built,

and when the actual overflow volume is V for cost function

j (cost functions are described in the next section), TCSO is

the average return period of overflow events (y), 1/TCSO is

the frequency of overflows (y71), a is the discount factor (di-
mensionless) and r is the annual discount rate (dimension-

less). For government-funded projects in The Netherlands,

Figure 1. Schematic representation of the decision problem:

enlarging in-sewer storage capacity in order to prevent

CSOs.
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an annual discount rate (r) of 4% is applied (Ministerie

van Financiën 1995). The expected service life of sewers

is 60 to 80 years in The Netherlands. With a discount rate

of 4%, the additional discounted damage after 80 years

is relatively small. Therefore, the expected discounted

costs over 60 to 80 years can be very well approximated

by the expected discounted costs over an unbounded

horizon.

4.1.3 Failure probability. Costs in case of failure depend

partially on the CSO volume that can be described by its

probability of exceedance. The probability of failure Pf (v)

of a sewer system above a certain CSO volume v per storm

event has been described with a Weibull survival function

with shape parameter a and scale parameter b:

PfðvÞ ¼ PrfV > vg ¼ exp � v

b

� �an o
: ð5Þ

4.1.4 Total cost. Summarizing, the expected total costs over

an unbounded time horizon is the sum of the investment

cost and the damage cost:

E Lð~v;VÞð Þ ¼ Ið~vÞ þDð~vÞ ¼ I0~v0:75 þ
E Djð~v;VÞ
� �
TCSO

a
1� a

� �
ð6Þ

for the jth cost function and a storage volume ṽ.

Subsequently, the economic optimum of the storage

volume is found by minimizing these total costs.

4.2 Types of cost functions describing environmental

damage

Three types of cost functions have been considered to

model environmental damage due to overflows: one

discrete and two continuous cost functions (see figure 2).

The discrete cost function results in a fixed damage cost

when a CSO occurs. The two continuous cost functions are

proportional to the CSO volume and are either Weibull-

shaped or linear (see the Appendix for their derivations).

The primary goal is to study the applicability of different

shapes of cost functions. It is assumed that increased

storage volumes improve receiving water quality without

having a negative impact on loadings at the WWTP. The

parameters of the cost functions are estimated on the basis

of expert knowledge.

4.2.1 Step cost function. The discrete cost function is a step

function. It is assumed that the loss due to CSO discharges

is constant, i.e. each overflow event has an immediate effect

independent of its volume. The step cost function (figure 2,

top left) is defined as:

E D1ð~v;VÞð Þ ¼ E D0I½~v;1ÞðVÞ
� �

¼ D0Pfð~vÞ; ð7Þ

where IA(x)¼ 1 for x2A and IA(x)¼ 0 for x 62A, ṽ is the

storage volume to be built, V is the actual overflow volume

(which is a Weibull-distributed random quantity), D0 is the

maximum damage for V!?, and the probability of

failure Pf(ṽ) was defined in equation (5).

Figure 2. Cost functions describing environmental damage due to CSOs.
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4.2.2 Weibull-shaped cost function. Intuitively, a continuous

cost function fits better with the proportional character of

environmental damage due to CSOs. If damage is described

with a Weibull-shaped cost function, damage depends on

the actual CSO volume. The Weibull-shaped cost function

(figure 2, bottom left) is defined as:

E D2ð~v;VÞð Þ ¼ E D0 1� exp � V� ~v

b1

� �a1
� 	
 �

I½~v;1ÞðVÞ
� �

¼ D0E pðVÞI½~v;1ÞðVÞ
� �

; ð8Þ

where ṽ is the storage volume to be built, V has a Weibull

distribution with shape parameter a and scale parameter b,

a1 and b1 are parameters on which the shifted Weibull-

shaped cost function p(v) is dependent. The last expectation

in equation (8) can be reformulated in terms of the product

of the conditional expectation given a CSO and the

probability of occurrence of a CSO by:

E D2ð~v;VÞð Þ ¼D0E pðVÞI½~v;1ÞðVÞ
� �

¼D0E pðVÞjV> ~vð ÞPfð~vÞ:
ð9Þ

Equation (8) can be numerically solved by Monte Carlo

integration (see equation (A9) in the Appendix). Para-

meters a1 and b1 differ from a and b of the Weibull

distribution describing variability of CSO volumes. If vL is

the CSO volume at which the damage cost becomes almost

constant (i.e. almost equal to D0), vM is a specific part of

this volume (vM¼ vL / g, where g4 1) and p(vM) and p(vL)

(p(vL)4 p(vM)) are known (see equations (8) and (A10)),

then a1 and b1 can be calculated from equation (A12) in the

Appendix. For example, if p(vM)¼ 0.5, p(vL)¼ 0.99,

vM¼ 5.0 mm and g¼ 2.0, then a1¼ 2.732 and b1¼ 0.875.

4.2.3 Linear cost function. The linear cost function (figure 2,

bottom right) is defined as:

E D3ð~v;VÞð Þ ¼ E D0
V� ~v

vS
I½~v;~vþvS�ðVÞ þ Ið~vþvS;1ÞðVÞ


 �� �
;

ð10Þ

where V is the actual overflow volume, which is a random

quantity, ṽ is the storage volume to be built, vS is the CSO

volume at which the environmental damage reaches its

maximum (D0). This expectation can be reformulated in

terms of the product of conditional expectations and

probabilities by:

E D3ð~v;VÞð Þ ¼D0E
V� ~v

vS

����~v � V � ~vþ vS

� �
Prf~v � V � ~vþ vSg þD0Pfð~vþ vSÞ:

ð11Þ

Equation (11) can be expressed analytically by using the

incomplete gamma function (see equations (A15) and (A16)).

5. Case study: optimal storage sewer system De Hoven

Risk-based optimization is applied to the De Hoven sewer

system. The storage volume is optimized taking into

account: (i) uncertainties in the knowledge of sewer system

dimensions (storage capacity, pumping capacity and

contributing areas), (ii) natural variability in rainfall, and

(iii) uncertainties in the cost function describing damage

due to CSOs. Uncertainties in both system dimensions and

rainfall input are separately modelled using the Monte

Carlo simulation. Subsequently, the expected value of the

total cost for the optimal storage is determined. Finally, the

sensitivity of optimal volume to uncertainty in parameters

of the cost function describing environmental damage is

studied.

The catchment of De Hoven (2200 inhabitants) is

situated in The Netherlands on the banks of the river

IJssel in the city of Deventer and comprises 12.69 ha paved

catchment area. The sewer system (shown in figure 3) is of

the combined type and comprises 865 m3 of in-sewer

storage (representing 6.81 mm), one pumping station with

a capacity of 119 m3 h71 transporting the sewage to a

treatment plant, and three CSO structures.

5.1 Sewer model

The sewer system is modelled as a reservoir with an external

weir and a pump. As a result, dynamic effects are not taken

into account. Rainfall runoff is modelled with the so-called

NWRW4.3 model, the standard rainfall-runoff model in The

Netherlands (Van Mameren and Clemens 1997, Stichting

RIONED 1999). It describes evaporation, infiltration, sto-

rage on street surfaces and overland flow. In the model,

12 types of contributing areas are distinguished. Initial losses

are introduced as an average constant value, depending on

the type of contributing surface. Infiltration is calculated

using the Horton infiltration model (Horton 1940). Evapora-

tion is introduced as a monthly constant emptying surface

storage between storm events. The model input is a ten year

rainfall series (1955 to 1964) of the Royal Netherlands

Meteorological Institute (De Bilt, The Netherlands). DWF

is assumed to be constant (26.4 m3 ha71).

5.2 Modelling uncertainties in system dimensions

The impact of the uncertainty of the sewer system

dimensions is studied, where the storage volume is S, the

pumping capacity is pc, the contributing area is A, and the

overflow coefficient is CC. The latter is applied to calculate

the flow across a weir under free discharge conditions. Each

dimension is assumed to be normally distributed and

independent. Mean values (m), standard deviations (s) and
coefficients of variation (CV¼ (s/m)6 100%) are based on

practical experience and can be found in table 1.
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A Monte Carlo simulation of 1000 runs has been

performed. In each run, a random value of the parameters

(S, pc, A and CC) has been drawn from the probability

distributions and substituted in the model. All four

parameter values can be drawn independently, since their

covariances are equal to 0 in the reservoir model (due to the

absence of calibration). Calculated CSO volumes have been

summed over the storm events. As a result, statistically

independent CSO events have been created. An estimate of

the overall variability of the system performance has been

obtained by analysing the outputs of all runs. It is

important to consider that the uncertainties of computed

CSO volumes comprises not only the model parameter

uncertainty due to the uncertainty in the system para-

meters, but also the model structure uncertainty due to the

strongly simplified model. Since the catchment is very flat,

the contribution of the latter was relatively small.

5.3 Modelling natural variability in rainfall

Natural variability in rainfall is described with a spatial

rainfall generator (Willems 2001) which was developed

especially for the small spatial scale of urban catchments.

The rainfall generator accounts for the spatial and

temporal variability of rainfall measured in Antwerp

(Belgium). A comparison of intensity-duration-frequency

(IDF) relations for De Bilt, the Netherlands and the

generated synthetic rainfall in figure 4 shows that the IDF

curves for De Bilt are enclosed by the confidence intervals

of the generated rainfall, except for events with a duration

exceeding 1 h.

A Monte Carlo simulation of 500 runs has been

performed. In each run, a random time series of rainfall

volumes was generated. Generated time series of spatial

rainfall have the same statistical properties as the data

observed within the rain gauge network. Although a spatial

rainfall field is generated, only the volumes generated at

one location in Antwerp were used. As a result, only

variation in time was taken into account. Spatial variation

could be neglected because the catchment area is small.

5.4 Estimation of distribution type and statistical

parameters

Calculated CSO volumes are summed over the individual

storm events and analysed statistically. Using Bayes

weights, the probability distribution with the best fit to

the CSO data is chosen (Van Noortwijk et al. 2004).

Exponential, Rayleigh, normal, lognormal, gamma, Wei-

bull and Gumbel distributions are considered. Because the

Weibull distribution has the largest Bayes weight, it can be

concluded that it fits best with the CSO data (Korving et al.

2002). For each random sample of system dimensions and

Figure 3. De Hoven sewer system.

Table 1. Variations in system parameters in terms of means
and standard deviations.

System parameter Mean (m) Std. (�) CV (%)

S (m3) 865.00 43.25 5.0

pc (m3 h71) 119.00 5.95 5.0

A (ha) 12.69 0.64 5.0

CC (m0.5 s71) 1.40 0.35 25.0

Risk-based design of sewer systems 221
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rainfall, the parameters of the Weibull distribution are

estimated using the method of maximum likelihood. In

doing so, the uncertainties in system dimensions and

rainfall are represented by a probability distribution of

the Weibull parameters a and b.

5.5 Uncertainty in parameters of cost function

The relative impact of uncertainties in the cost function on

optimal in-sewer storage has been studied by means of

uncertainty analysis. Storage capacity has been optimized,

accounting for uncertainty of investment cost, damage cost

and annual discount rate. It is illustrated with the sewer

system of De Hoven.

Uncertain parameters in the cost function are assumed

normally distributed with a known mean and standard

deviation (Std.) as shown in table 2. For a given set of

calculated CSO volumes, a value of all cost parameters has

been randomly drawn from these distribution functions.

To avoid negative values, parameter values have been

drawn from the left-truncated normal distribution (which

slightly shifts their expected values). The optimal storage

volume has been estimated by minimizing the average total

cost function of 500 Monte Carlo runs. Because all

uncertainties are properly integrated, minimization of the

sample average of the cost functions leads to a more

robust solution.

5.6 Economic optimization

Table 3 presents the results of the uncertainty analysis in

terms of expected values of optimal storage volumes

(E(Vopt.)) and 95% uncertainty intervals based on the

0.025 and 0.975 quantiles of the calculated values.

Expected values of optimal storage (and their correspond-

ing quantiles) have been obtained by determining the

Figure 4. Comparison of IDF curves for De Bilt, The Netherlands, 1955 – 1979 (bold lines), and confidence intervals based on 500

generated rainfall series (vertical intervals). Except for frequent events (T5 0.2 y) with a longer duration (Dt4 100 m), the

generated rainfall resembles the De Bilt series whereT is the return period of rainfall events andDt is the duration of rainfall events.

Table 2. Uncertainty of parameters of cost functions describ-
ing damage.

Cost

function
Step Weibull Linear

Parameter Mean Std. Mean Std. Mean Std.

I0 (Euro) 2000 250 2000 250 2000 250

� (7) 0.75 0.05 0.75 0.05 0.75 0.05

r (%) 4.0 0.50 4.0 0.50 4.0 0.50

D0 (Euro) 3150 1000 8350 2750 7350 2400

vS (mm) – – – – 10.0 3.0

g (7) – – 2.0 0.75 – –

vM (mm) – – 5.0 2.0 – –

222 H. Korving et al.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
K
o
r
v
i
n
g
,
 
H
.
]
 
A
t
:
 
2
0
:
3
7
 
1
8
 
M
a
r
c
h
 
2
0
0
9



optimal storage volumes for each Monte Carlo sample of

cost parameters, and either system dimensions or rainfall,

and by computing the sample average. For each type of

cost function, two situations are presented: fixed, and

uncertain cost parameters. In the case of fixed cost

parameters, the variation of optimal volumes results

completely from either uncertain sewer dimensions or

rainfall variability.

Generally, the expected value and variation of optimal

in-sewer storage increases due to uncertain cost parameters.

The expected value is 1.0 to 1.5 times larger and the

variation 1.5 to 3.5 times larger. In the case of a step

function, there is almost no change of expected volume due

to the introduction of uncertain cost parameters.

The expected value of optimal storage accounting for

natural variability in rainfall is lower than for the

dimension uncertainty, because the total volumes of

frequent storm events with longer duration are under-

estimated by the rainfall generator compared to the rain

series of De Bilt (1955 to 1979).

In figure 5, the expected discounted costs of construction

and environmental damage due to CSOs is displayed as a

function of the storage volume. The optimal storage

volume is defined as the storage volume for which the

expected discounted costs over an unbounded horizon are

minimal. Because the optimization is performed with

respect to one decision variable (storage volume), the

applied optimization technique is full enumeration of the

expected discounted costs for all possible storage volumes.

The optimization results for the linear and Weibull-shaped

cost function show similarities. The total cost function is

flatter around the optimum compared to the step function.

Moreover, total costs at the optimum volume are higher.

Both aspects are an indication of a more robust solution.

Determining damage cost can be very subjective. It

is even doubted whether it is possible to capitalize

Table 3. Expected values of optimal in-sewer storage (in mm).

Fixed cost

parameters

Uncertain cost

parameters

Cost

function E(Vopt.)

95%

interval E(Vopt.)

95%

interval

Step dimension unc. 5.5 3.6 – 7.2 5.6 0.1 – 9.3

rainfall var. 2.5 0 – 4.5 2.6 0 – 7.3

Weibull dimension unc. 6.2 4.3 – 7.8 6.9 0 – 12.5

rainfall var. 2.8 0 – 6.8 4.0 0 – 12.0

Linear dimension unc. 5.5 3.9 – 7.6 6.3 0 – 11.9

rainfall var. 2.5 0 – 6.1 3.5 0 – 11.1

Figure 5. Estimation of economically optimal storage volume by minimizing total expected costs.
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environmental damage. However, the willingness-to-pay

per m3 CSO volume can be estimated by assuming that

current standards lead to an economically optimal solution.

According to current Dutch standards (CIW 2001), a

combined sewer system should emit a pollution load less

than or equal to that from a theoretical sewer system with

7 mm in-sewer storage, 2 mm additional storage in a

settling facility and a pumping capacity equal to 0.7 mm

h71 plus the dry weather flow. The in-sewer storage of De

Hoven yields 6.81 mm. Consequently, an additional

storage of ṽ¼ 2.2 mm (280 m3) is required to comply with

current Dutch standards.

By applying a linear cost function with a maximum at vS,

the cost of environmental damage resulting from CSO

volumes is described. Subsequently, the willingness-to-pay

is determined by adjusting the value of the volume vS such

that the optimal storage (ṽ) equals approximately 2.2 mm

(280 m3).

The results demonstrate that damage costs Dv per m3

CSO volume diminish when the maximum damage D0

increases (table 4). The quantity Dv represents the mar-

ginal cost of storing an extra m3 CSO volume, which is

defined as:

Dv ¼
@

@v
D3ð~v; vÞ ¼

D0

vS
I½~v;~vþvS�ðvÞ: ð12Þ

On average, the costs of 1 m3 CSO volume equals 4.1

Euros. High values of Dv result from a steeper cost

function, and belong to receiving watercourses with a

more sensitive habitat. For very sensitive watercourses,

the linear cost function approaches the step function.

Low values of Dv indicate resilience of a watercourse.

Note that the results are based on calculations with a

reservoir model for a flat catchment, which is the

prevalent system in The Netherlands. As a result,

dynamic effects are not taken into account. Furthermore,

the receiving water impact criteria are also particularly

Dutch.

6. Conclusions and discussion

A risk-based approach for the economic optimization of

in-sewer storage has been presented. It requires the esti-

mation of the failure probabilities of the system and the

consequences of the failure of the system. A major advan-

tage of this approach is that it enables a systematic evalua-

tion of all alternatives. Its difficulties, however, consist of

the lack of knowledge and data, and the problematic mone-

tary valuation of losses due to failure.

A purely economic valuation of losses due to CSOs

remains highly uncertain because it is impossible to ex-

press all damage in monetary terms. As a result, the para-

meters of the cost function describing environmental

damage can be highly uncertain. In general, the results

show that uncertainty in the cost function causes an

increase in expected value and variation of the optimal

storage volume.

The results for the case presented show that, in the case

of uncertain system dimensions, the expected value of

optimal in-sewer storage changes less due to uncertainty in

the cost parameters than in case of rainfall variability. Note

that the intensity of frequent storm events (average return

period less than 0.2 year) with relatively long duration is

underestimated by the rainfall generator applied. In

addition, because of the limited area of the catchment

spatial variation is not taken into account. Finally, the

studied catchment is relatively flat. As a result, further

research is needed regarding spatial variation of rainfall

and steeper catchments.

Intuitively, a cost function proportional to the CSO

volume (e.g. Weibull-shaped or linear) matches the

processes determining surface water quality, accounting

for the proportionality of environmental damage. A linear

cost function is preferred because it can be solved

analytically with the aid of incomplete gamma functions

and is easy to assess. More importantly, it also lacks the

gradual changes in the Weibull cost function that

erroneously suggest accuracy. Therefore, a linear approx-

imation of the Weibull-shaped function is preferred, since it

reduces calculation time whilst still maintaining accuracy.

For smaller or more sensitive watercourses, the linear cost

function becomes steeper and approaches the step function.

Based on the linear cost function the costs per m3 CSO

volume have been estimated, assuming that current

Dutch standards lead to an economic optimum. For the

De Hoven case, the marginal costs per m3 CSO volume are

approximately 4 Euros. This is 12 times larger than the cost

of treatment in a WWTP.

In this article, a risk-based approach to sewer main-

tenance and rehabilitation is proposed. It determines

serviceability of a sewer system with respect to environ-

mental impacts from predicted system performance. Flood-

ing and public health impacts have not yet been added.

Table 4. Expected costs per m3 for the De Hoven sewer system,
based on a linear cost function accounting for uncertain cost

parameters.

D0 (Euro) Dv (Euro m73)

2500 7.58

3000 4.93

3500 4.24

4000 3.80

4500 3.55

5000 3.34

5500 3.28

6000 3.26

6500 3.26
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However, future applications require proper inclusion of

both aspects.

Although both the flat catchments and receiving water

impact criteria are specifically Dutch, the general principles

apply more widely. Furthermore, the presented case is

relatively simple. More complex systems would require a

dynamic flow model instead of a reservoir model to

evaluate the alternatives. To study the possibilities of more

complex models, further research is needed. In addition, the

impact of spatial variation and steeper catchments on

calculation results should be investigated.

The proportional cost functions applied are determined

intuitively and based on expert knowledge. Therefore, a

validation of the cost functions with field data is necessary.

In addition, since it is impossible to fully capitalise

environmental losses, a multi-dimensional object function

expressing costs, time and performance, instead of a single

monetary value requires further research. Finally, for more

realistic decision-making on combinations of assessment

options (e.g. building additional in-sewer storage, enlarging

pumping capacity, improving pumping station perfor-

mance, introducing flow controls and cleaning of sewers)

an extension of the optimization method is required.
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Appendix: Derivation of cost functions describing

environmental damage

Three types of cost functions are considered to model

environmental damage due to overflows: (i) the step cost

function, (ii) the Weibull-shaped cost function, and (iii) the

linear cost function (see figure 2). The step cost function

results in constant damage when a CSO occurs. The

Weibull-shaped and linear cost functions are proportional

to the CSO volume.

Step cost function

The discrete cost function is a step function, i.e. it is

assumed that the loss (D0) due to CSO discharges is

constant (see figure 2, top left). As a result, each overflow

event has an immediate effect independent of its volume:

D1ð~v; vÞ ¼
0; for v < ~v;
D0; for v � ~v;

�
ðA1Þ

where v is an actual overflow volume, which is a random

quantity, and ṽ is the storage volume to be built. According

to equation (7), the expected damage is equal to:

E D1ð~v;VÞð Þ ¼
Z 1
v¼~v

D0fðvÞdv ¼ D0 PrfV > ~vg

¼ D0 exp �
~v

b

� �a� 	
; ðA2Þ

where f(v) is the probability density function of the

Weibull-distributed random quantity V defined as:

fðvÞ ¼ a

b

v

b

� �a�1
exp � v

b

� �an o
: ðA3Þ

Weibull-shaped cost function

Intuitively, a continuous cost function probably fits

better with the proportional character of the environ-

mental effects of CSOs. If damage is described by a

Weibull-shaped cost function depending on the actual

CSO volume (see figure 2, bottom left), the cost function

reads:

D2ð~v; vÞ ¼
0; for v < ~v;

D0 1� exp � v�~v
b1

� �a1n oh i
; for v � ~v;

(
ðA4Þ

where v is an actual overflow volume, which is a random

quantity, ṽ is the storage volume to be built, a1 and b1 are

parameters on which the shifted Weibull-shaped cost

function depends. They differ from the shape parameter a

and scale parameter b of the Weibull probability density

function describing the variability of overflow volumes per

storm event in equation (A3).

Since the overflow volume V is a random quantity, the

expectation of equation (A4) is required:

E D2ð~v;VÞð Þ ¼
Z 1
v¼~v

D0 1� exp � v� ~v

b1

� �a1
� 	
 �

a

b

v

b

� �a�1
exp � v

b

� �an o
dv: ðA5Þ

Since v� ṽ for all ṽ, the right tail of the Weibull

distribution is considered; this is called the left-truncated

Weibull distribution (Wingo 1989). This conditional

probability distribution can be obtained from the Weibull

distribution by conditioning on values larger than ṽ as

follows:

PrfV > vjV > ~vg ¼ PrfV > v \ V > ~vg
PrfV > ~vg ¼ PrfV > vg

PrfV > ~vg

¼ exp � v

b

� �a
þ

~v

b

� �a� 	
ðA6Þ

for v� ṽ. The probability density function of the left-

truncated Weibull distribution is given by:

gðvÞ ¼ a

b

v

b

� �a�1
exp � v

b

� �a
þ

~v

b

� �a� 	
; ðA7Þ
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for v� ṽ. Using the left-truncated Weibull distribution,

the expected damage in equation (A5) can be reformu-

lated as:

E D2ð~v;VÞð Þ¼
Z 1
v¼~v

D0 1� exp � v� ~v

b1

� �a1
� 	
 �

a

b

v

b

� �a�1
exp � v

b

� �a
þ

~v

b

� �a� 	

exp �
~v

b

� �a� 	
dv

¼D0Pfð~vÞ
Z 1
v¼~v

1� exp � v� ~v

b1

� �a1� 	
 �
a

b

v

b

� �a�1
exp � v

b

� �a
þ

~v

b

� �a� 	
dv: ðA8Þ

This integral has to be numerically solved. Because it can

be reformulated in terms of an expectation of a cost

function depending on a random quantity having a left-

truncated Weibull distribution, Monte Carlo integration

can be used (i.e. sampling from the left-truncated Weibull

distribution). Therefore, the expectation of the damage cost

is given by:

E D2ð~v;VÞð Þ � D0Pfð~vÞ

Pn
i¼1

1� exp � vi�~v
b1

� �a1n oh i
n

; ðA9Þ

where n is the number of samples of the Monte Carlo

integration and vi is the ith sample from the left-truncated

Weibull distribution, i¼ 1, . . . , n.

The parameters a1 and b1 are estimated as follows. Let vL
be the CSO volume at which the damage cost becomes

almost constant, i.e. the damage cost is almost D0, say,

0.99D0. Let vM be a specific part of this volume, i.e. vM¼
vL/g (with g4 1). Further, assume that the cost at vM is

equal to 0.5D0. The values of vM and g determine the

steepness and shape of the cost function (equation (A4)).

The Weibull-shaped cost function is uniquely described by

the two percentiles (vM and p(vM), vL and p(vL)), where p(v)

is defined as:

pðvÞ ¼ 1� exp � v� ~v

b1

� �a1� 	
¼ D2ð~v; vÞ

D0
; for v � ~v:

ðA10Þ

Then, the values of a1 and b1 can be calculated by

choosing vM and g and subsequently solving the

equations:

pðvMÞ ¼ 0:5; pðvLÞ ¼ 0:99; vM ¼
vL
g
: ðA11Þ

Thus, parameters a1 and b1 yield:

a1 ¼
1

logðgÞ log
log 1� pðvLÞð Þ
log 1� pðvMÞð Þ

� �
;

b1 ¼
vM

� log 1� pðvMÞð Þð Þ1=a1
:

ðA12Þ

Linear cost function

In the case of a linear cost function with a maximum value

at vSþ ṽ (see figure 2, bottom right), the environmental

damage is defined as:

D3ð~v; vÞ ¼

0; for v < ~v;

D0

vS
ðv� ~vÞ; for ~v � v � ~vþ vS;

D0; for v > ~vþ vS;

8>><
>>: ðA13Þ

where v is an actual overflow volume, which is a random

quantity, ṽ is the storage volume to be built and vS is the

CSO volume at which the environmental damage reaches

its maximum D0.

Again the overflow volume v is a random quantity and

the expectation of equation (A13) is required:

E D3ð~v;VÞð Þ ¼
Z 1
v¼~v

D0

vS
ðv� ~vÞ a

b

v

b

� �a�1
exp � v

b

� �an o
dv

�
Z 1
v¼~vþvS

D0

vS
v� ðvS þ ~vÞð Þ a

b

v

b

� �a�1
exp � v

b

� �an o
dv: ðA14Þ

By applying the left-truncated Weibull distribution (equa-

tion (A7)) and the transformation t¼ (v / b)a the expected

cost can be rewritten in terms of the incomplete gamma

function as follows:

E D3ð~v;VÞð Þ ¼D0

vS
Pfð~vÞ b exp

~v

b

� �a� �
�

1

a
þ 1;

~v

b

� �a� �
� ~v


 �

�D0

vS
Pfð~vþ vSÞ b exp

~vþ vS
b

� �a� �


�
1

a
þ 1;

~vþ vS
b

� �a� �
� ð~vþ vSÞ

�
; ðA15Þ

where �(a,x) is the incomplete gamma function for x� 0

and a4 0 which is defined as:

�ða; xÞ ¼
Z 1
t¼x

ta�1exp ð�tÞdt: ðA16Þ

Note that the incomplete gamma function can be reformu-

lated in terms of the cumulative distribution function of the

gamma distribution.
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