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Abstract 9 

Regional wastewater systems are used for the collection and treatment of the wastewater 10 

generated in a region, and aimed at guaranteeing surface water quality. The volumes of 11 

wastewater to process depend on future population, and thus are affected by the 12 

uncertainty inherent to population dynamics. In this article, we present a robust 13 

approach to the planning of regional wastewater systems under population dynamics 14 

uncertainty. The approach searches for the optimal configuration of the sewer networks 15 

and for the best location, type, and size of the possible pump stations and treatment 16 

plants to include in the system. It assumes uncertainty to be described by a given 17 

number of discrete scenarios of known probabilities, and relies on discrete nonlinear 18 

optimization models whose objective is to minimize the expected regret of solutions 19 

with respect to total costs. As demonstrated through a case study developed for the 20 

North Baixo Mondego area, in central Portugal, the results obtained through the 21 

proposed approach provide clear insights into the wastewater system planning decisions 22 

to make and do not require excessive computational effort. 23 
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INTRODUCTION 27 

Population growth and urbanization continue to take place at fast speed in many parts of 28 

the world, and this affects essential resources  in particular, water resources. As a 29 

consequence, water bodies are under heavy stress and contaminated with large volumes 30 

of pollutants, attributable to a great extent to domestic household sewage. Wastewater 31 

systems play an important role in guaranteeing surface water quality, which is vital for 32 

sustainable development. The investments needed to build, operate, and maintain such 33 

systems are often very large, but they can be fully recouped through the social benefits 34 

they are expected to generate (WBCSD 2008). For this to happen, it is essential that 35 

investment plans are made bearing in mind all the costs involved, preferably at regional 36 

level, to cash in on possible economic and environmental scale advantages (Cunha et al. 37 

2009). 38 

One of the main difficulties faced by wastewater system planners in their studies relates 39 

with the uncertainty affecting the volumes of wastewater to plan for, which in general 40 

closely depend on the population to serve in a distant future (the horizon for such 41 

studies is at least 20 years). Population projections are, therefore, an essential ingredient 42 

of wastewater system planning (as well as of any other infrastructure system planning 43 

activities). Typically, these projections lead to the definition of reference population 44 

values that do not properly reflect the uncertainty inherent to demographic dynamics. 45 

However, neglecting uncertainty in such studies can result in either over-conservative or 46 

over-optimistic solutions. To avoid this, a robust planning approach ensuring, by design, 47 

solutions less sensitive to uncertainty needs to be adopted (Mulvey et al. 1995). This 48 

kind of approach takes into account all (or most) possible realizations of the uncertain 49 
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variables, enabling to find solutions that are close to optimal and feasible for all (or 50 

most) scenarios considered, but are not necessarily optimal in any of them. 51 

The goal of this article is to present a robust approach to the planning of a regional 52 

wastewater system (i.e., the set of facilities operated to collect and treat the wastewater 53 

generated in a region) under population dynamics uncertainty. The system comprises 54 

the following types of facilities: wastewater treatment plants (WWTP), to process the 55 

wastewater before it is discharged into a river; sewer networks connecting the 56 

population centers with the WWTP; and pump stations, to lift wastewater if it is 57 

unfeasible or uneconomic to drain it by gravity. The approach we have adopted assumes 58 

uncertainty to be described by a given number of discrete scenarios of known 59 

probabilities, and relies on discrete nonlinear optimization models whose objective is to 60 

minimize the expected regret of the solution with respect to total costs while ensuring 61 

that the volumes of treated wastewater discharged from the WWTP into the river do not 62 

compromise water quality standards. Regret is the deviation between the payoff (total 63 

costs in this case) of a solution selected with limited information and the best payoff 64 

that could be obtained if all information was available at the time the solution was 65 

selected (Loomes and Sugden 1982). Three optimization models are proposed, each one 66 

handling uncertainty in a different way.  The models are solved through a heuristic 67 

method combining a simulated annealing algorithm with a local improvement 68 

procedure. The results that can be obtained through the approach are illustrated for a 69 

case study involving the North Baixo Mondego area, in central Portugal. 70 
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LITERATURE OVERVIEW 71 

Regional wastewater system planning models and population projection methods are the 72 

two main bodies of literature implicated in this article. Below, in separate subsections, 73 

we provide overviews for both. 74 

Regional wastewater system planning models 75 

The history of the application of optimization models to regional wastewater system 76 

planning is already quite long, dating back to the 1970s. The best-known early 77 

contributions have dealt with the problem of finding a minimum-cost solution for the 78 

sewer network, or more generally, the wastewater system to be installed in a region 79 

(e.g., Converse 1972, Deininger and Su 1973, and Joeres et al. 1974), in some cases 80 

taking into account quality issues in the receiving water bodies (e.g., McNamara 1976, 81 

Smeers and Tyteca 1982, and Vieira 1989). These contributions, which are thoroughly 82 

reviewed in Melo and Câmara (1994) and Whitlatch (1997), either used optimization 83 

models that overly simplify the planning problems under consideration or employed 84 

greedy methods prone to miss global optima (or both). This started to change with the 85 

works of Sousa et al. (2002) and Wang and Jamieson (2002), which are, to the best of 86 

our knowledge, the first ones where modern heuristic methods (respectively, simulated 87 

annealing and genetic algorithms) were applied to regional wastewater system planning 88 

models. The majority of recent articles on this and similar subjects apply the same types 89 

of methods. This includes Zechman and Ranjithan (2007), Álvarez-Vasquez et al. 90 

(2008), and Brand and Ostfeld (2011) on the genetic (or evolutionary) algorithm side, 91 

and Cunha et al. (2009) and Yeh et al. (2011) on the simulated annealing side. Genetic 92 

algorithms have also been used for solving regional waste load allocation models (e.g., 93 
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by Cho et al. 2004, Yandamuri et al. 2006, and Aras et al. 2007), a kind of models 94 

closely related with the ones used in regional wastewater systems planning. 95 

A feature common to all the works quoted above (and many others) is that they are 96 

deterministic  i.e., they do not take uncertainty into account. To the best of our 97 

knowledge, the only article concerned with regional wastewater system planning where 98 

this occurs is Zeferino et al. (2012). There, three robust optimization models are 99 

proposed, corresponding to three different ways of capturing uncertainty in a particular 100 

variable  the flow of the river where the treated wastewater is discharged. These 101 

models are inspired by the robust optimization framework introduced in Mulvey et al. 102 

(1995). The uncertainty is handled through scenario planning, that is, is represented 103 

with a set of possible states of the world called scenarios whose probability is assumed 104 

to be known (Rockafellar and Wets 1991). The same kind of models has been recently 105 

applied to other water-related problems, namely by Maeda et al. (2010), to handle a 106 

waste load allocation multi-objective problem considering uncertainties in the inflow 107 

rates, by Rosenberg and Lund (2009), to address water supply system enhancements 108 

and conservation actions taking into account water shortage uncertainties, and by Cunha 109 

and Sousa (2010) to design robust water supply systems capable of responding to 110 

uncertain extreme events. 111 

Population projection methods 112 

Population projections are an essential ingredient of planning studies (in particular those 113 

involving infrastructure systems), being the subject of an extremely vast literature that 114 

includes, among many others, renowned textbooks by Newell (1988), Smith et al. 115 

(2001), and Rowland (2003), as well as a new wide-ranging book edited by Stillwell 116 

and Clarke (2011). A recent review by Booth (2006) sets out three types of methods: 117 
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(trend) extrapolation methods, which predict the future based on historical patterns; 118 

expectation methods, which resort to subjective prospects; and explanation methods, 119 

which rely on structural models. The latter include component methods that combine 120 

projections of births, deaths, and migrations to update a population. The cohort-121 

component method is a type of method developed in terms of gender and age groups, 122 

which is useful in planning situations where a detailed knowledge of the population 123 

characteristics is needed. However, it is worth noting here that the more complex 124 

methods  namely, the component methods  do not necessarily lead to more accurate 125 

forecasts of total population than those achieved with simpler methods (Smith 1997). 126 

The reason is mainly because there is some irreducible level of uncertainty about the 127 

future that no method can cope with, no matter sophisticated it is. Keilman (2008) came 128 

to a similar conclusion that demographic forecasts are intrinsically uncertain after 129 

realizing that the population projections made by several statistical agencies are no more 130 

accurate today than they were twenty-five years ago. 131 

Among the factors that influence the accuracy of population projections are the time 132 

frame and the spatial aggregation. The degree of uncertainty increases and projections 133 

are more inaccurate for smaller regions (errors tend to cancel each other out over large 134 

space scales) and long term horizons, leading to values affected by considerable 135 

uncertainty (Smith 136 

what occurs in the country as a whole. However, the internal variability of a 137 

demographic trend at regional scale is larger and more complex than at national scale, 138 

and fewer works dealing with small-area projections have been published (Wilson and 139 

Bell 2007). There are several causes that might generate significant internal migration 140 

within the urban centers of a region, even if this does not affect the 141 

population. After evaluating the accuracy of small-area population projections, 142 
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Murdock et al. (1991) suggested that growth patterns are inclined to be accentuated or 143 

muted by the demographic characteristics of an area, and thus presented relevant groups 144 

of characteristics. 145 

A possible way of improving population projections is to take advantage of ex post 146 

forecasting errors, assuming that future errors can be drawn from the same statistical 147 

distribution as past errors. Keyfitz (1981) and Stoto (1983) pioneered the study of this 148 

topic. For instance, the distribution of past errors can be used to construct empirical 149 

confidence intervals for population forecasts (Smith and Sincich 1988, and De Beer 150 

2000). Small-area forecasts can also take advantage of ex post forecasting errors as 151 

proposed by Tayman et al. (1998) and Rayer et al. (2009) to obtain confidence intervals 152 

for county and sub-county areas. 153 

OPTIMIZATION MODELS 154 

In this section, we present the three optimization models upon which the proposed 155 

robust approach to regional wastewater system planning under population dynamics 156 

uncertainty is based. We also provide essential information on the method used to solve 157 

them. 158 

The first model (designated as expected-regret model) extends the deterministic model 159 

described in Cunha et al (2009) to a stochastic formulation, making use of scenario 160 

planning to find solutions that are expected to perform well (i.e., are close to optimum 161 

and/or to feasibility) under the set of possible future states of the world. The objective 162 

consists in minimizing the expected regret of the solution with respect to total costs 163 

(that is, the expected deviation between the costs of a solution selected with limited 164 

information and the minimum costs that could be obtained if all information was 165 
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available at the time the solution was selected). The second model (alpha-reliable 166 

model) pursues the same expected-regret minimization objective but taking only into 167 

account a fraction of scenarios with a given global probability of occurrence, . The 168 

third model (beta-reliable model) also pursues the expected-regret minimization 169 

objective but facilities (specifically, sewers) are required to work in proper conditions 170 

only in a fraction of scenarios with a given global probability of occurrence, . In all the 171 

three models, water quality concerns are handled through constraints on the maximum 172 

volume of wastewater discharged from each WWTP. 173 

Expected-regret model 174 

This optimization model aims to find the solution whose expected regret with respect to 175 

total costs is as low as possible, while working properly in all scenarios considered. 176 

Using the notation introduced in Table 1, the model can be formulated as follows: 177 

Minimize W (1) 178 

subject to: 179 

 (2) 180 

 (3) 181 

 (4) 182 

 (5) 183 
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 (6) 184 

 (7) 185 

 (8) 186 

 (9) 187 

 (10) 188 

 (11) 189 

 (12) 190 

 (13) 191 

 (14) 192 

 (15) 193 

 (16) 194 

The objective function (1) of this model minimizes the expected regret of the solution 195 

(represented with W) with respect to total costs. Constraints (2), (3), and (4) are the 196 

continuity equations for three types of network nodes: wastewater sources, possible 197 

intermediate nodes (representing slope changes and possible sewer intersections), and 198 

possible WWTP locations (Figure 1). Constraints (5) ensure that all the wastewater 199 

generated in the region will be treated at some WWTP. Constraints (6) guarantee that 200 
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there will be at most one WWTP, of a specific type, in each possible WWTP location. 201 

Constraints (7) ensure that the flow carried by sewers will be within given minimum 202 

and maximum desirable values. These values depend on the diameter and slope of 203 

sewers, and on flow velocity requirements. The calculations needed to determine the 204 

diameter and slope of sewers are performed using a hydraulic simulation model. 205 

Constraints (8) ensure that the wastewater sent to any WWTP will not exceed given 206 

maximum values. These values depend on the water quality standards defined for the 207 

river where the wastewater is discharged and vary with the type of WWTP. Constraint 208 

(9) defines the regret associated with each scenario in terms of the (total discounted) 209 

costs of the solution, as discussed previously (note that Cs
* are model parameters, and 210 

their values should have been previously calculated). Constraints (10) specify the costs 211 

of solutions, separating between sewer network and pump station costs (Cijs) from 212 

WWTP costs (Ckps). The former depend, for each sewer and scenario, on wastewater 213 

flow, sewer length, and hydraulic head difference. The latter depend, for each type of 214 

WWTP and scenario, on wastewater flow. Both types of costs include capital (setup) 215 

and operation costs, properly discounted. Constraint (11) defines the expected regret of 216 

the solution to implement, summing over the scenario set the probability of each 217 

scenario multiplied by the respective regret. Expressions (12) to (16) specify the domain 218 

of the decision variables. 219 

Alpha-reliable model 220 

This optimization model is aimed at finding a solution that also minimizes the expected 221 

regret with respect to total costs, but disregarding the most unfavorable scenarios in 222 

terms of expected regret according to the -reliable concept. This concept was 223 

introduced by Daskin et al. (1997) in relation with maximum regret minimization 224 
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problems (minimax regret). The set of scenarios to take into account (called reliability 225 

set) is endogenously determined with a global probability of occurrence < 1, defined 226 

by the decision-maker. The more averse to risk the decision-maker is, the higher should 227 

be the value of . 228 

In the formulation of this model, constraints (7), (8), and (11) of the expected-regret 229 

model are replaced with the following ones: 230 

 (17) 231 

 (18) 232 

 (19) 233 

 (20) 234 

 (21) 235 

Constraints (17) ensure that, for the scenarios included in the reliability set (the subset 236 

of scenarios over which the regret is computed), the flow carried by sewers will be 237 

within given minimum and maximum desirable values. MQmin and MQmax are constants 238 

that must be set small and large enough, respectively, so that the size of sewers will not 239 

be dependent on scenarios excluded from the reliability set. Constraints (18) ensure that, 240 

for the scenarios included in the reliability set, the wastewater sent to any WWTP will 241 

not exceed given maximum values. MQT is a constant that must be set large enough so 242 

that the maximum capacity of a WWTP will only be applied to scenarios included in the 243 

reliability set. Constraint (19) defines the expected regret of the solution to implement, 244 
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considering only the scenarios included in the reliability set. Constraint (20) states that 245 

the global probability of occurrence of these scenarios is at least . Expressions (21) 246 

specify the domain of the additional decision variables (Z s). 247 

Beta-reliable model 248 

This optimization model is aimed at finding a solution that minimizes the expected 249 

regret with regard to costs for all scenarios (similarly to the expected-regret model), but 250 

requiring each sewer to work in proper conditions only in a fraction of scenarios 251 

endogenously determined with a global probability of occurrence  < 1, defined by the 252 

decision-maker. The the decision-253 

maker is, the higher should be the value of . By proper conditions we mean, in this 254 

context, that the maximum desirable flow in a sewer, Qmaxij, which corresponds to a 255 

depth of flow , is not exceeded (such depth of 256 

flow still ensures good ventilation and prevents septicity problems in the sewers). In the 257 

remaining fraction of scenarios (with a global probability of occurrence of 1- ), the 258 

depth of flow is allowed to be up to 0.94 times the diameter, which corresponds 259 

to the maximum tolerable flow in a sewer, QMAXij. 260 

In the formulation of this model, constraints (7) of the expected-regret model are 261 

replaced with the following ones: 262 

 (22) 263 

 (23) 264 

 (24) 265 
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Constraints (22) ensure that the flow carried by sewers will be above a given minimum 266 

desirable value in any scenario, below a maximum desirable value in the scenarios 267 

included in the reliability set, and below a maximum tolerable value in the scenarios 268 

excluded from the reliability set. Constraint (23) states that the global probability of 269 

occurrence of the scenarios included in the reliability set is at least . Expressions (24) 270 

specify the domain of the additional decision variables (Z s). 271 

Model solving 272 

The optimization models presented in the previous section are nonlinear and include 273 

discrete decision variables. Even for small-scale instances, such models can be 274 

extremely difficult to solve to exact optimality, and need to be handled through heuristic 275 

methods. In line with the work we have been developing with respect to regional 276 

wastewater system planning (Cunha et al. 2009, Zeferino et al. 2009, and Zeferino et al. 277 

2012), we used a heuristic method combining a simulated annealing (SA) algorithm and 278 

a local improvement (LI) procedure to solve the model. The SA algorithm was proposed 279 

by Kirkpatrick et al. (1983) and has been applied to a wide range of problems. 280 

Comprehensive information about the SA algorithm and its evolution through time can 281 

be found in Eglese (1990) and Suman and Kumar (2006). 282 

The heuristic method starts with the SA algorithm. Accordingly, candidate model 283 

solutions chosen at random in the neighborhood of some incumbent solution are 284 

sequentially generated. For each candidate solution, the hydraulic simulation model is 285 

applied to design sewers (using the Manning equation), possible pump stations, and 286 

WWTP complying with all relevant regulations, and then the total costs of the regional 287 

wastewater system are calculated. Neighborhood moves to solutions better (less costly) 288 

than the incumbent solution are always accepted. The SA algorithm attempts to avoid 289 
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being trapped in a local optimum by sometimes accepting candidate solutions worse 290 

than the incumbent solution. The transition between solutions is regulated by a 291 

parameter called temperature, according to a cooling schedule. Initially, even very 292 

negative transitions will be accepted, but, as temperature falls, the acceptance of such 293 

transitions will become increasingly less frequent. The SA algorithm proceeds until the 294 

incumbent solution ceases to improve, and then the LI procedure starts. This procedure 295 

searches all the solutions in the neighborhood of the incumbent solution and moves into 296 

the best (least cost) of these solutions if it is better than the incumbent solution. By 297 

doing this in successive iterations until no further total cost reductions are achieved, the 298 

LI procedure is expected to improve on the solution obtained by the SA algorithm. 299 

For detailed information about the implementation of this type of heuristic algorithm for 300 

solving regional wastewater system planning models, the reader is referred to Zeferino 301 

et al. (2009). 302 

CASE STUDY 303 

The results that may be obtained by applying the optimization models presented in the 304 

previous section are illustrated below with a case study involving the North Baixo 305 

Mondego area, in central Portugal (Figure 2). This area occupies a territory of 1,222 306 

km2 on the right banks of River Mondego, the longest all-Portuguese river. It is divided 307 

in 6 municipalities and subdivided in 56 communities 308 

administrative unit in Portugal). In 2001, date of the latest census (when the study was 309 

made), the total population of this area was 229,625. The terrain is quite flat 310 

downstream of Coimbra, the largest city located in the area, and particularly along the 311 

Mondego banks, which is characterized with an intense farming activity. The only 312 

exception is the Boa Viagem Hills area, near the Atlantic Ocean, north of the second-313 
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largest city, Figueira da Foz. Upstream of Coimbra, terrain is much rougher, reaching a 314 

maximum altitude of more than 500 m, and forestry is the predominant activity. 315 

The case study consists in determining a planning solution for the wastewater system of 316 

the North Baixo Mondego area taking into account the uncertainty that affects the 317 

evolution of its population. The horizon year considered in the study was 2021, which 318 

signifies a 20-year time span with respect to the date of the latest census. At present, the 319 

region is served by 8 separate systems, each one built around one WWTP. Since a large 320 

part of the existing infrastructure is expected to be in poor condition in 2021, we have 321 

decided to plan for a whole new system (note, however, that considering some parts of 322 

the existing infrastructure as possible components of the future system would not pose 323 

any significant challenge). Detailed information about the data and results of this case 324 

study, as well as about computational issues, is provided below in consecutive 325 

subsections. 326 

Study Data  327 

The data used in the study can be organized into three categories: network; population; 328 

and costs. 329 

Network Data 330 

The network consists of three types of features: wastewater sources; possible sewer 331 

networks; and possible WWTP locations. 332 

The wastewater sources were assumed to be the 56 communities of the North Baixo 333 

Mondego area, represented with their respective geometric centers (Figure 3). The daily 334 

volume of wastewater generated in each community was taken to be 200 liters per 335 

inhabitant. The base sewer network (i.e. the superset of possible sewer networks) was 336 
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defined to allow for direct connections between each community and neighboring 337 

communities or intermediate nodes representing slope changes and possible sewer 338 

intersections. In total, this network comprises 77 nodes (including 21 intermediate 339 

nodes) and 482 possible sewers. The possible WWTP locations were considered to be 340 

the locations of the existing plants, which, according with what was said before, were 341 

assumed to cease operations. The maximum capacity for a WWTP was taken to be 342 

30,000 cubic meters per day (150,000 inhabitants), that is, the capacity of the largest 343 

plant currently operating in the area. 344 

Population Data 345 

The population data employed in the case study were obtained in two stages: first, using 346 

(linear) regression analysis, we modeled the population growth rates (PGR) of the 105 347 

communities of the Baixo Mondego region as a function of their characteristics (we 348 

used the whole Baixo Mondego region for this purpose  and not only its northern part 349 

 to have a larger data sample and increase the accuracy of population projections);  350 

second, using the regression model and taking into account the properties of the 351 

respective error term, we generated 20 scenarios with the same 5% probability for the 352 

population of the communities of the North Baixo Mondego area in 2021. 353 

The regression model for the PGR of the Baixo Mondego communities was estimated 354 

with data from 1981, 1991, and 2001 considering the following community 355 

characteristics as independent variables: PGR in the previous census period; distance to 356 

the region main town (Coimbra); distance to the municipality main town; total 357 

population; population density; average population age; literacy rate; economically 358 

active population rate; and unemployment rate (thus following the recommendations 359 

contained in Murdock et al., 1991). Since some of these characteristics are correlated, 360 
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we applied linear regression in a (backward) stepwise way, discarding in each step the 361 

less significant variable until all variables were statistically significant (Draper and 362 

Smith, 1998). 363 

The result was as follows: 364 

 (25) 365 

where PGRT is the population growth rate in period T (starting in year t); DST is the 366 

(road) distance to the municipality main town; DNSt is the population density in year t, 367 

and AGEt is the average population age in year t; and T is the error term. 368 

This regression model shows that, ceteris paribus, the PGR of the communities of the 369 

Baixo Mondego region in a given period is larger the larger the PGR in the previous 370 

period, the shorter the distance to the municipality main town, and the lower the 371 

population density and average age of the community  which is generally in line with 372 

what could be expected. It also shows that, in this region, population forecasts are 373 

subject to considerable uncertainty, thus reinforcing the need of using a robust approach 374 

in the planning of its infrastructure systems. Indeed, despite the large number of 375 

community characteristics considered in the analysis, the adjusted correlation 376 

coefficient, R2
adj, was just 0.31, meaning that those characteristics explain only 31 377 

percent of the variation observed in the data. The large dispersion of PGR values around 378 

the expected values (given by the regression model with  = 0) is illustrated in Figures 379 

4 and 5, where we show the observed values of PGR plotted against the modeled values 380 

and a histogram of the PGR regression residuals (realizations of the error term), 381 

respectively. This histogram clearly suggests that the error term follows a normal 382 

distribution. 383 
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The generation of the population scenarios was also accomplished in two stages: first, 384 

the regression model (25) was used to design 20 PGR scenarios for the communities of 385 

the North Baixo Mondego area in the periods 2001-2011 and 2011-2021, with 386 

realizations of the error term drawn at random from a normal distribution with a mean 387 

of -1.4885 and a standard deviation of 8.9358 (note that the mean would be zero if it 388 

referred to all the communities of the Baixo Mondego region used in the regression 389 

analysis); second, for each scenario, the populations of the communities in 2021 were 390 

obtained by multiplying the respective PGR in the periods 2001-2011 and 2011-2021 391 

with the respective population in 2001 and projected population in 2011. 392 

Cost Data 393 

The cost data needed to run the case study consists of the total costs for the 20 optimal 394 

wastewater systems corresponding to the population scenarios considered. These values 395 

were obtained by solving 20 times, one for each scenario, the deterministic wastewater 396 

system planning model presented in Cunha et al. (2009), considering the maximum 397 

capacity for a WWTP to be 30,000 cubic meters per day. An SA algorithm enhanced 398 

with an LI procedure similar to the one described previously was used for solving the 399 

model. The cost values obtained for the various scenarios are displayed in Table 2. The 400 

total costs of the optimal systems range between 39.73  (for a discount 401 

rate of 4% per year), and the capital costs between 28.36 the average 402 

costs are , and the mean deviations with respect to the average are 403 

0.82 and 0.55 , respectively. An example of optimal wastewater 404 

system for one of the scenarios  specifically Scenario 19 (the highest-cost scenario)  405 

is shown in Figure 6. 406 
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Study Results 407 

The application of the three optimization models to the case study led to the results 408 

presented and compared below.  409 

Expected-regret model 410 

The results obtained through the expected-regret model are displayed in Table 3 and 411 

Figure 7, together with the results obtained through the other two models. The capital 412 

costs for the optimal wastewater system are s 413 

vary 414 

corresponds to total costs . Such costs are 3.1 to 415 

11.4% higher than the minimum costs obtained for the different scenarios (Table 2), and 416 

. The additional costs are justified with the fact that 417 

the optimal system obtained through the expected-regret model is fully reliable (works 418 

in proper conditions for all scenarios), whereas the optimal systems for the different 419 

scenarios are not  even the most expensive one, corresponding to Scenario 19, would 420 

not work properly if any one of the other scenarios arise. The optimal system 421 

configuration for the expected-regret model is displayed in Figure 7 (top). This system 422 

comprises 7 WWTP, 2 of them  the ones located near Coimbra and Figueira da Foz  423 

with vast catchment areas, and 19 pump stations. The total length of sewer networks is 424 

179.93 km. 425 

Alpha-reliable model 426 

The -reliable model was applied to the case study considering an  value of  427 

0.90. This means that the optimal wastewater system will work in proper conditions for 428 

a set of scenarios with a global probability of occurrence of at least 90%, and that the 429 
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remaining scenarios are disregarded. The total costs of the system range between 43.19 430 

correspond to capital costs (Table 3). It is not 431 

surprising that the total costs of this system are lower (1.07 ) than the 432 

costs of the optimal system obtained through the expected-regret model  the latter 433 

correspond to a system that will work in proper conditions for all scenarios. Two 434 

scenarios are excluded from the reliability set  Scenarios 12 and 19, coincidentally the 435 

ones corresponding to the two most expensive solutions (note that this had not to occur 436 

as the objective is to minimize expected regret). The optimal system configuration for 437 

the -reliable model is shown in Figure 7 (middle). It comprises 4 WWTP (again, 2 of 438 

them, in the same locations as before, with large catchment areas), 21 pump stations, 439 

and sewer networks with a total length of 187.73 km. The main difference with respect 440 

to the solution obtained through the expected-regret model is the reduction of the 441 

number of WWTP from 7 to 4. This happens because, in this solution, the largest 442 

WWTP, located close to Coimbra, is near the maximum capacity. When the two 443 

scenarios are excluded from the reliability set, this WWTP becomes able to receive the 444 

wastewater generated in more communities, and it is possible to avoid the construction 445 

of 3 (small) WWTP. Such change implies the installation of more pump stations and a 446 

longer sewer network, but this is worthwhile because of the savings on the WWTP. 447 

Beta-reliable model 448 

The -reliable model was applied to the case study considering a value of  of 0.75. 449 

Therefore, sewers are required to work in proper conditions only in scenarios with a 450 

global probability of occurrence of 75%, and can work in inadequate conditions in the 451 

remaining 25%  but still need to work (flow depth should not exceed 0.94 of the 452 

diameter of the sewer). The total costs of the wastewater system range between 44.03 to 453 
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44.93  (Table 3). The decrease in 454 

total costs with respect to the optimal system obtained through the expected-regret 455 

model is 0.22 The optimal system configuration for the -reliable 456 

model is displayed in Figure 7 (bottom). It comprises 7 WWTP, 19 pump stations, and 457 

sewer networks with a total length of 178.05 km (the darker sewers are those that will 458 

work in inadequate conditions with respect to ventilation and septicity if some scenarios 459 

occur). This configuration is very similar to the one obtained through the expected-460 

regret model  the difference is that some sewer networks are shorter and some sewers 461 

have a smaller diameter. 462 

Results summary 463 

As one could expect, there exists a tradeoff between the cost and the reliability of the 464 

wastewater system solutions provided by the three models. The expected-regret model 465 

has led to the most expensive solution because it provides a wastewater system that is 466 

fully reliable, working properly in all scenarios, even the most unfavorable ones. With 467 

the beta-reliable model, solutions are less costly but also less reliable than with the 468 

expect-regret model, because the system, in particular the sewer network, is allowed to 469 

work in inadequate conditions for a fraction of scenarios. The alpha-reliable model is 470 

the one that has led to the less expensive solution, but the wastewater system will fail if 471 

the most unfavorable scenarios occur. The expect-regret model is therefore the model 472 

that the more risk-averse decision-makers should use, whereas the more risk-prone 473 

decision-makers will tend to prefer the alpha-reliable model. 474 

Computational Issues 475 

The models used in the case study were solved in a 2.50 GHz Intel Core2 Quad 476 

computer with 2 GB of RAM running Microsoft Windows 7 through the OptWastewater 477 
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software package (developed at the University of Coimbra for research purposes). The 478 

computation time taken to solve the deterministic model was around one minute for 479 

each scenario. The expected-regret model took around 20 minutes, and the -reliable 480 

model took about 5 minutes more. These are very reasonable computational efforts 481 

given the large size of the models. In contrast, the -reliable model has taken around 4.5 482 

hours to solve. The reason for this to happen is because, in the case of this model, and 483 

unlike with the -reliable model, it is necessary to analyze which scenarios are excluded 484 

from the reliability set to calculate expected regret, and there are numerous 485 

combinations of such scenarios. 486 

CONCLUSION 487 

Until some time ago, infrastructure system planning solutions were generally designed 488 

through deterministic approaches, often complemented with sensitivity analyses. 489 

Recently, there is a clear trend to incorporate uncertainty issues explicitly into planning 490 

processes, because uncertainty is no longer accepted as an excuse for infrastructure 491 

solutions that fail to perform correctly. 492 

The robust approach to regional wastewater system planning proposed in this article 493 

tallies with this trend. Among the many types of models upon which such approach 494 

could rely (see Snyder 2006), we opted for models aiming at minimizing the expected 495 

regret of solutions with respect to total costs. The solutions provided through these 496 

types of models are, by design, close to the yet unknown optimal solutions (they depend 497 

on which future scenario will prevail), while being feasible for all (or most) scenarios 498 

under consideration. The models therefore contemplate two of the main concerns of 499 

decision-makers: costs and reliability. As demonstrated through the case study 500 

developed for the North Baixo Mondego area, in central Portugal, the results obtained 501 
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through the models provide clear insights into the planning decisions to make and do 502 

not require excessive computational effort (particularly when all scenarios are to be 503 

taken into account). 504 

The source of uncertainty considered in the optimization models upon which the robust 505 

approach is based is population dynamics. This is an important uncertainty source that 506 

planners need to face, including because of the impact climate change may have on the 507 

spatial distribution of population, but it is far from being the only one. Other major 508 

sources of uncertainty are costs and river flows. In order to increase the practical 509 

usefulness of the proposed robust approach, the various sources of uncertainty need to 510 

be dealt with at the same time. On the basis of what we have learned up to now, 511 

expected-regret models and derivatives, such as the - and the -reliable models, should 512 

be valuable tools for this endeavor. But, of course, the underlying models will be more 513 

complex and the number of scenarios to take into account will necessarily increase, thus 514 

the models will be more difficult to solve. Our future efforts along the line of research 515 

where this article fits into will surely include some work on these more complex 516 

models. 517 
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Table 1 - Notation for the robust optimization models 

Symbol Descripton 
Sets 
NS set of wastewater sources 
NI set of possible intermediate nodes 
NT set of possible WWTP and related river reaches 
N set of nodes (wastewater sources plus possible intermediate nodes plus possible 

WWTP) 
T set of WWTP types 
S set of scenarios 
Decision variables 
Qijs wastewater flow carried from node i to node j under scenario s 
QTks wastewater flow sent to a WWTP located at node k under scenario s 
Vkp binary variable that takes the value 1 if there is a WWTP of type p at node k, 

and is equal to 0 otherwise 
Xij binary variable that takes the value 1 if there is a sewer to carry wastewater 

from node i to node j, and is equal to 0 otherwise 
Rs regret associated with scenario s 
Cs cost of the solution to be implemented under scenario s 
Eijs difference of hydraulic heads between node i and node j under scenario s 
Yij binary variable that takes the value 1 if there is a pump station for taking 

wastewater from node i to node j, and is equal to 0 otherwise 
Z  and Z  binary variables that take the value 1 if scenario s is included in the reliability 

set, and are 0 otherwise 
Parameters 
QRis wastewater flow generated at node i under scenario s 
Qminij and Qmaxij minimum and maximum desirable flows allowed in the sewer linking node i to 

node j 
QTmaxkp maximum wastewater flow that may be treated at node k in a WWTP of type p 

Cs
* minimum cost of the solution for scenario s 

Lij length of the sewer linking node i to node j 
Ps probability of scenario s 
MQmin very small constant 
MQmax and MQT very large constants 

and  reliability parameters 
QMAXij maximum tolerable flow allowed in the sewer linking node i to node j 

 

You created this PDF from an application that is not licensed to print to novaPDF printer (http://www.novapdf.com)

http://www.novapdf.com


 

1 
 

Table 2 - Costs of the optimal wastewater system for the different scenarios 

Scenario Capital costs     
 

Operating costs 
 

Total costs    
 

1 28.64 0.87 40.49 
2 28.62 0.87 40.44 
3 29.48 0.89 41.60 
4 29.16 0.89 41.23 
5 28.36 0.84 39.73 
6 29.49 0.91 41.80 
7 29.75 0.91 42.12 
8 28.51 0.86 40.25 
9 28.49 0.88 40.44 
10 28.51 0.87 40.37 
11 29.08 0.89 41.23 
12 30.32 0.94 43.06 
13 29.46 0.89 41.62 
14 29.75 0.91 42.12 
15 30.28 0.93 42.92 
16 28.62 0.86 40.34 
17 29.29 0.89 41.43 
18 29.25 0.89 41.34 
19 30.88 0.95 43.79 
20 28.96 0.89 41.01 
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Table 3 - Costs of the robust optimal wastewater systems 

Scenario 

Expected-regret  
model 

-reliable  
model 

-reliable  
model 

Capital 
costs 

Total 
costs 

Capital 
costs 

Total 
costs 

Capital 
costs 

Total 
costs 

 
1 

31.96 

44.52 

31.21 

43.45 

31.72 

44.30 
2 44.50 43.46 44.27 
3 44.72 43.65 44.50 
4 44.66 43.59 44.43 
5 44.25 43.19 44.03 
6 44.81 43.74 44.58 
7 44.88 43.83 44.69 
8 44.44 43.38 44.23 
9 44.57 43.50 44.33 
10 44.52 43.46 44.30 
11 44.66 43.59 44.44 
12 45.07 - 44.84 
13 44.79 43.70 44.54 
14 44.93 43.85 44.69 
15 45.06 43.97 44.83 
16 44.41 43.33 44.18 
17 44.71 43.64 44.47 
18 44.72 43.65 44.50 
19 45.16 - 44.93 
20 44.61 43.57 44.41 
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Figure captions 

Figure 1 - Notation for continuity equations 

Figure 2 - Baixo Mondego region 

Figure 3 - North Baixo Mondego network data 

Figure 4 - Observed vs. modeled PGR 

Figure 5 - Histogram of PGR residuals 

Figure 6 - Optimal wastewater system configuration for Scenario 19 

Figure 7 - Optimal wastewater system configurations: expected-regret model (top), -

reliable model (middle), and -reliable model 
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