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Abstract 7 

This study aims to propose a holistic, life cycle assessment (LCA) of urban wastewater systems 8 

(UWS) based on a comprehensive inventory including detailed construction and operation of sewer 9 

systems and wastewater treatment plants (WWTPs). For the first time, the inventory of sewers 10 

infrastructure construction includes piping materials and aggregates, manholes, connections, civil 11 

works and road rehabilitation. The operation stage comprises energy consumption in pumping stations 12 

together with air emissions of methane and hydrogen sulphide, and water emissions from sewer leaks. 13 

Using a real case study, this LCA aims to quantify the contributions of sewer systems to the total 14 

environmental impacts of the UWS. The results show that the construction of sewer infrastructures 15 

has an environmental impact (on half of the 18 studied impact categories) larger than both the 16 

construction and operation of the WWTP. This study highlights the importance of including the 17 

construction and operation of sewer systems in the environmental assessment of centralised versus 18 

decentralised options for UWS.  19 
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time; LCA, life cycle assessment; LCI, life cycle inventory; LCIA, life-cycle impact assessment; N, 25 

Nitrogen; N2O, nitrous oxide; PE, population-equivalent; SE, sub-assemblies; SR, sewer subsets; 26 

UWS, urban wastewater system; WWTP, wastewater treatment plants.  27 

 28 

1 Introduction 29 

Life cycle assessment (LCA, standardised ISO-14044) has become one of the reference methods used 30 

to assess the environmental performance of processes over their complete life cycle from raw material 31 

extraction, infrastructure construction and operation to final dismantling. Several LCA studies have 32 

been conducted since the 1990s to assess the environmental impacts caused by wastewater treatment 33 

systems as reviewed in Corominas et al.(2013). Table 1 complements the review of Corominas et 34 

al.(2013) and lists the published LCA studies so far on urban wastewater systems (UWS) which 35 

included sewer systems. These are grouped into i) studies based on carbon or energy footprint 36 

approaches i.e., with an inventory limited to greenhouse gas emissions (GHG) and/or cumulative or 37 

gross energy demand and ii) studies which followed a multi-criteria LCA approach i.e., with an 38 

inventory of all resource consumption and pollutant emissions. Table 1 shows for each of the studies 39 

the inventoried components of the sewer systems included in the stages of construction, operation and 40 

maintenance. The end-of-life stage was not included as there were scarce information in most studies 41 

about the chosen options for the dismantling of the used infrastructure and whether recycling was 42 

done for some materials. 43 

All the reviewed studies with the exception of Benetto et al. (2009) and Tarantini et al. (2001) 44 

included the use of building materials for the sewer pipes, which generally include cement, PVC and 45 

metals. For 2 of these studies (Lassaux et al., 2007; Lemos et al., 2013), it is the only element that is 46 

taken into account. Only 8 studies out of 19 (Barjoveanu et al., 2014; De Sousa et al., 2012; Doka, 47 

2009; Friedrich et al., 2009; Lundie et al., 2004; Remy et al., 2006; Slagstad and Brattebø, 2014; 48 

Venkatesh et al., 2009) included in the inventory the use of materials for other components of the 49 

sewer systems such as manholes and connection systems, and only 8 studies included the pumping 50 

stations as components (De Sousa et al., 2012; Friedrich et al., 2009; Gagnon et al., 2008; Godskesen 51 
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et al., 2013; Lundie et al., 2004; Mouri and Oki, 2010; Slagstad and Brattebø, 2014; Uche et al., 52 

2013). The inventory related to the civil works required to build the sewer on-site following the steps 53 

of excavation, backfill and compaction, was addressed in 3 papers (Doka, 2009; Herz and Lipkow, 54 

2002; Uche et al., 2013). To a lesser extent, an estimation of energy demand or fuel consumption was 55 

accounted in 3 papers (Remy et al., 2006; Slagstad and Brattebø, 2014; Venkatesh et al., 2009) and 56 

the use of concrete and aggregates for pipes bedding was included in 7 papers (Borghi and Gaggero, 57 

2008; Doka, 2009; Gagnon et al., 2008; Herz and Lipkow, 2002; Remy et al., 2006; Slagstad and 58 

Brattebø, 2014; Uche et al., 2013). Finally, none of the papers included the paving of the roads using 59 

bitumen, which is a product of the petroleum refining industry, whose environmental burdens can be 60 

significant because it is energy and resource-intensive (Santero et al., 2010). Concerning maintenance 61 

operations on the sewer systems, only Barjoveanu et al. (2014) assessed ongoing expenditures in 62 

terms of diesel consumption, replacement piping materials and waste generation, while Lundie et al. 63 

(2004) estimated additional materials to cope with system upgrades and maintenance. As for 64 

operation, electricity consumption in pumping stations was provided in 8 studies (Barjoveanu et al., 65 

2014; Friedrich et al., 2009; Gagnon et al., 2008; Godskesen et al., 2013; Lundie et al., 2004; Mouri 66 

and Oki, 2010; Slagstad and Brattebø, 2014; Uche et al., 2013). Direct emissions generated during the 67 

operation of sewer systems such as methane (CH4) and hydrogen sulphide (H2S) were never 68 

accounted for in the reviewed studies. Methane, in addition to being explosive at low concentrations, 69 

is one of the main GHG contributors to global warming with a lifespan of approximately 12 years and 70 

a global warming potential of approximately 21–23 times higher than carbon dioxide (Doorn et al., 71 

2006). The build-up of H2S in the sewer atmosphere causes major detrimental effects such as adverse 72 

acute health effects (H2S was reinstated in the Toxics Release Inventory program in 2012 (US EPA, 73 

2013)) and corrosion which decreases the life-span of the sewer system components (Boon, 1995; 74 

Boon et al., 1998; Hvitved-Jacobsen, 2002). In summary, none of the studies conducted a 75 

comprehensive inventory including the construction and operational stages for the sewer systems. 76 

Hence, the main goal of this paper is to propose a holistic environmental assessment (performed by a 77 

life cycle assessment) of UWS based on a comprehensive inventory including detailed construction 78 
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and operation of sewer systems and wastewater treatment plants. A detailed inventory enables the 79 

appraisal of sewer system contributions to the overall environmental impacts of UWS.  80 

(Insert Table 1)  81 

2 Materials and methods 82 

2.1 Comprehensive inventory approach 83 

Figure 1 and Figure 2 illustrate the proposed comprehensive inventory framework for sewer systems 84 

and WWTPs including the construction, operation and end-of-life, after adapting the graphical 85 

framework proposed for WWTPs in Foley et al. (2010) and extending with the sewer system.  86 

(Insert Figure 1 here) 87 

(Insert Figure 2 here) 88 

2.2 Life Cycle Assessment of a real system 89 

The general methodology described in the ISO 14040 and 14044 standards (ISO 14040, 2006; ISO 90 

14044, 2006) was applied in this study through the 4 following steps: Goal & scope definition, 91 

inventory analysis, impact assessment and interpretation of results. 92 

2.2.1 Goal & scope definition 93 

The goal of this assessment is to compare the relative contributions on the environmental impacts 94 

generated from the construction and operation of the sewer system and the WWTP providing service 95 

to the town of Grabels (Montpellier conurbation, South of France). This system is designed to 96 

transport and treat sewage generated by 5200 population-equivalents (personal communication 97 

Veolia-Eau). With an average population density of approximately 1700 capita/km², the urban 98 

development of Grabels features a small dense city centre and a moderate urban sprawl in its 99 

periphery. The studied sewer system has 40 km of pipes, which make up a gravity-fed network with a 100 

main pipeline diameter of 200 mm, followed by a pumping station which raises the wastewater flow 101 

towards the Montpellier gravity sewer system. The existing Grabels sewer system features a 500 102 
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meter-long linking sewer section transporting wastewater by a pumping station over an elevation of 103 

12 meters to the main sewer lines of the Montpellier sewer network via a main pipe with a diameter of 104 

200 mm (Figure 3). The average hydraulic retention time (HRT) is 51 minutes (HRT variation = 0.5-105 

2 h).  106 

Wastewater treatment is performed at the Montpellier WWTP by a conventional activated sludge 107 

technology which biologically removes nitrogen and features a selective chemical precipitation of 108 

phosphates with iron (III) chloride as described in Boutin et al. (2011). The conventional sludge 109 

conditioning process starts with a thickening step on a belt thickener then is followed by a lime 110 

flocculation and, finally, the sludge is conveyed to a belt filter press for dewatering to obtain a 111 

stabilised, dry-cake sludge.  112 

(Insert Figure 3 here) 113 

The upstream system boundary is defined as the raw wastewater inflow to the sewer system. The 114 

downstream system boundary is set to release treated effluent from the WWTP to surface water and is 115 

the end-of-life for waste and by-products arising from the wastewater treatment. The modelled life 116 

cycle stages of the sewer system include construction (materials, pumps, transport, civil engineering 117 

works and related machinery), operation (electricity used by pumping stations and unwanted air 118 

emissions) and finally dismantling and end-of-life options of the sewer components (e.g., partial 119 

recycling of some materials such as cast iron manholes) (Figure 1). Similarly, we modelled the same 120 

life cycle stages for the WWTP system, from infrastructure building, operation and maintenance, to 121 

final dismantling and the end-of-life options for waste and by-products arising from the wastewater 122 

treatment (Figure 2). 123 

Hence, pumps, electricity and ancillary chemicals required to operate the WWTP have been included. 124 

The end-of-life stages for both systems included dismantling of the infrastructures and a partial 125 

recycling for certain metals (40% for copper) and total recycling for others (aluminium, cast iron, 126 

stainless steel), while other building materials are sent to final disposal (e.g., concrete), landfill and/or 127 

municipal incineration (e.g., plastics). The sludge produced in the WWTP was assumed to have the 128 

following end-of-life which corresponds to usual French practice in sludge handling: 70% agricultural 129 

spreading, 20% incineration and 10% landfilling (Risch et al., 2012). The selected functional unit 130 
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(FU) is 1 day of operation for the urban wastewater system, i.e., the collection and treatment of 131 

wastewater generated by 5200 population-equivalents (PE) (corresponding to a BOD5 load of 312 132 

kg·d
-1

). The lifespan for both WWTPs and sewer system infrastructures is assumed to be 30 years.  133 

2.2.2 Life cycle inventory of system components 134 

As shown in Figure 1 and Figure 2, the life cycle models of the sewer system and the WWTP are 135 

constructed from available processes using the SimaPro 7.3 LCA software package developed by Pré 136 

Consultants. The foreground life cycle inventory (LCI) data for the WWTP construction is compiled 137 

directly from detailed design documents and vendor-supplied information. Emissions to water 138 

(particulate phosphorus and dissolved phosphates, organic nitrogen, ammonium, nitrites, nitrates) and 139 

to air (nitrogen gas, nitrous oxide, carbon dioxide and methane) are estimated applying mass balances 140 

for phosphorus, nitrogen and carbon compounds in an activated sludge system (Boutin et al., 2011).  141 

For the sewer system construction, a modular inventory was developed on two levels: (i) the level of 142 

basic components (CP) which includes linear sections of concrete pipes, concrete manholes or 143 

pumping stations, (ii) the level of combinations (or assemblies) of basic components. This second 144 

level includes sub-assemblies (SE) and sewer subsets (SR), which are network items combining two 145 

or more CP elements and require civil engineering works and equipment for their setup. SE elements 146 

refer to sewer mains linear sections, while SR elements describe the PVC pipes servicing a 147 

determined number of households in residential subdivisions. The detailed construction inventory data 148 

for the sewer system is attached in the Supporting Information (Appendix A, Section S2).  149 

Estimates of dissolved inorganic nitrogen (DIN) emissions to ground and surface water from leaking 150 

sewer infrastructures for the serviced Grabels area were calculated by using the factor of 10.9 151 

kgDIN·d
-1

 expressed as total N (geometric mean value from different scenarios investigated in Divers 152 

et al., 2013 as described in Supporting Information, Appendix A Section S2.3 in Table 2-4). Air 153 

emissions of CH4 and H2S were estimated using the SeweX model l (Guisasola et al., 2008; Sharma et 154 

al., 2008a, 2008b), obtaining values of 0.67 kg COD-CH4·d
-1

 and 1.33 kg S-H2S·d
-1

, respectively. 155 

Electricity consumption from the pumping stations was obtained from Veolia Eau. It was assumed 156 

that no N2O was emitted from the sewer system.  157 
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The LCI includes all materials, chemicals, energy inputs required to build/dismantle, operate and 158 

maintain the sewers system and the WWTP. The inventory of air and water emissions includes those 159 

occurring during wastewater transport and treatment (primary emissions) as well as secondary 160 

emissions (e.g., following land sludge application). Table 2 summarises key inventory data obtained 161 

for this study with values relative to the functional unit of the urban wastewater system in Grabels. 162 

It should be noted that the total nitrates (NO3
-
) emissions to surface water from the WWTP are 163 

estimated on the basis of secondary treated effluent quality and land spreading of the stabilised 164 

sludge. A conservative scenario was chosen for the land spreading of sludge (Risch et al., 2012) 165 

where there is significant leaching of nitrates not retained in the topsoil compared with the nitrates 166 

inputs from WWTP secondary treated effluents. With this scenario, almost 75% of nitrates originate 167 

from farmland runoff while 25% are from secondary WWTP effluents.  168 

The background life cycle inventory data (e.g., LCI of 1 kWh electricity or 1 tonne of concrete) was 169 

provided by the Ecoinvent LCI database v2.2 (SCLCI, 2010),  as implemented in Simapro 7.3. These 170 

process data were entirely European-based and were adopted without modification for this study.  171 

(Insert Table 2 here) 172 

2.2.3 Uncertainty assessment 173 

The uncertainty associated to the inventory was estimated by using the Monte-Carlo routine 174 

in SimaPro (1500 runs). The uncertainty range for each parameter is provided in Table 3. Uncertainty 175 

ranges for unit processes taken from the Ecoinvent database were defined by the “data pedigree” 176 

algorithm available in SimaPro as proposed by Weidema and Wesnaes (1996). This algorithm relates 177 

the datum uncertainty to its source characteristics – i.e. reliability of the source, representativeness of 178 

the sample, currency of the period, geographical correlation, technological correlation and sample 179 

size. The uncertainty ranges associated to the amount of materials used, the transportation distances, 180 

the duration of civil works operations, the amount of energy and ancillary chemicals used during 181 

WWTP operation were defined according to expert judgement as described in Table 3. The 182 

uncertainties associated to the emissions from the sewer were estimated after running multiple 183 

simulations and varying key model inputs and parameters. Uncertainties related to emissions from 184 
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WWTP operation were obtained from literature. Depending on the emissions data sources (from 185 

literature or from the SeweX model for H2S and CH4), the uncertainty was modelled using normal or 186 

log-normal distribution to better fit with the available data and also to avoid negative random values 187 

of emissions during the Monte-Carlo runs. Based on this uncertainty data, the 95% confidence 188 

interval of cumulative LCI results is calculated and shown in the results plots. 189 

(Insert Table 3 here) 190 

2.2.4 Life cycle impact assessment methods (LCIA) 191 

The impacts were calculated using the ReCiPe Midpoint (H) V1.07 method (Goedkoop et al., 192 

2009). This method was chosen for the proposed harmonised impact assessment framework at two 193 

levels in the cause-effect chain, that is, an environmental mechanism, of an impact category. First, 194 

midpoint indicators quantify the relative importance of emissions or extractions that occur due to 195 

human operations in terms of reference substances (e.g., CO2-eq for the global warming category, kg 196 

SO2-eq for acidification). Next, endpoint indicators are calculated to reflect differences between 197 

stressors further in the cause-effect chain and are of direct societal concern (e.g., human health, 198 

ecosystem quality and resources).  199 

In the characterisation step, the impact score is determined by multiplying the quantity of substance 200 

emitted to the environment by its specific characterisation factor. The score defines the potential 201 

impact per unit mass of the substance (e.g., 1 kgCH4 = 25 kgCO2-eq). Regarding H2S emissions to the 202 

atmosphere, no characterisation factors are defined yet in ReCiPe V1.07, so we implemented factors 203 

from the CML 2001 V2.05 method to include categories on the impacts on human toxicity and 204 

terrestrial acidification. For the dissolved inorganic nitrogen (DIN), we selected ammonia (1.0 kg N-205 

eq) for the nitrogen characterisation factor, which impacts the marine eutrophication category. Further 206 

information on the assumptions regarding these characterisation factors is given in the Supporting 207 

information (Appendix A, Section S3, Table 3-1). 208 
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3 Results  209 

3.1 Impact assessment at the midpoint level 210 

Figure 4 presents the LCA results obtained from the life cycle analysis of the Grabels UWS on 211 

the 18 midpoint impact categories. This graph shows the respective contributions of the WWTP and 212 

different elements included in the sewer system. The resulting graph shows that the sewer system 213 

generates larger impacts than the WWTP for 10 out of the 18 midpoint categories. Among these 10 214 

impact categories, the construction phase of the sewer infrastructure appears to be the main 215 

contributor (90% of the total impact) in the natural land transformation category, approximately 86% 216 

in the categories of terrestrial ecotoxicity and marine ecotoxicity, 78% in the water depletion 217 

category, and around 65% in the categories of climate change, particulate matter formation, and 218 

freshwater ecotoxicity. A breakdown of the sewer infrastructure construction (Figure 5) reveals that 219 

onsite civil works required to build the sewers have the largest contributions on 6 impact categories 220 

(including climate change). Next, road rehabilitation works (bitumen paving) and the concrete 221 

aggregates (pipes bedding) are equally important as they both have contributions over 50% in 4 222 

impact categories. Lastly, the impacts from the pipes materials are comparatively smaller.  223 

The main contributor to the 8 other impact categories is the WWTP. The WWTP causes 95% of the 224 

impacts on freshwater eutrophication and fossil depletion, 81% on agricultural land occupation, and 225 

around 70% on marine eutrophication, ionising radiation and metal depletion. These large 226 

contributions on the categories dealing with aquatic ecosystems are linked to emissions to air, water 227 

and soil arising during wastewater treatment and sludge end-of-life processes, especially agricultural 228 

land spreading. The impacts on fossil depletion, and to a lesser extent on ionising radiation, are linked 229 

to electricity consumption during WWTP operation (mostly in the aerated tank). While the impacts on 230 

metal depletion and agricultural land occupation are dominated by the consumption of chemical 231 

reagents during WWTP operation. Figure 6 presents the breakdown of WWTP contributions between 232 

infrastructure, operation and emissions/discharges. Three categories of impacts are particularly 233 

affected by the infrastructure, which represents 93% of the impact on terrestrial ecotoxicity, 61% on 234 

the marine ecotoxicity category and 82% of urban land occupation. Both terrestrial and marine 235 
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ecotoxicities are mainly driven by diesel fuel consumption during the civil works for the construction 236 

phase. 237 

(Insert Figure 4 here) 238 

(Insert Figure 5 here) 239 

(Insert Figure 6 here) 240 

LCA results showed that the direct gas emissions generated during the sewer operation do not 241 

contribute significantly to overall environmental impacts. CH4 emissions scored less than 1% in the 242 

climate change impact category. Impacts caused by H2S emissions are relatively high at 243 

approximately 20% in the terrestrial acidification category. However, DIN losses from leaking sewers 244 

contribute to a significant impact of 30% in marine eutrophication.  245 

3.2 Impact assessment at the endpoint level 246 

At the endpoint level, as shown in Figure 7, results confirm the importance of impacts arising 247 

from the construction of the sewer system. Indeed, on the human health and ecosystems endpoint 248 

categories the sewer infrastructure (construction and dismantling) accounts for 64% of the impacts, 249 

while the WWTP generates approximately 35% of the impacts. Sewer-generated CH4 and H2S 250 

emissions, together with electricity consumption during sewer operation comprise the remaining 1%.  251 

In the resources consumption endpoint category, the WWTP is responsible for most of the impact 252 

(92.3%), while the sewer infrastructure causes 3.7% and the electricity consumption of the pumping 253 

station induces the remaining 4% impact. This consequent impact is explained by the large amount of 254 

electricity required for operation of the aerated tanks in the WWTP. 255 

(Insert Figure 7 here) 256 

3.3 Uncertainty assessment results 257 

Figure 8 shows the associated 95% confidence intervals from the Monte Carlo analyses on the 258 

endpoint scores (human health, ecosystems and resources) for the entire UWS, but also for the sewer 259 
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system (orange) and the WWTP (blue), including their respective emissions. Sewer emissions are not 260 

significantly contributing to the endpoint scores, whereas concerning the WWTP, its emissions are 261 

contributing to approximately half of its endpoint damage score. There is a significant uncertainty 262 

range on direct WWTP emissions linked with the large uncertainty on the N2O emission factor, for 263 

which substantial discrepancies are found in the literature.  264 

(Insert Figure 8 here) 265 

4 Discussion 266 

After presenting a comprehensive inventory for sewer systems and WWTPs and applying it to a 267 

real case study to assess the relative contribution of sewer systems to the overall impacts of UWS, we 268 

can state that the sewer network infrastructure cannot be neglected. Studies which omitted civil works 269 

and/or road refection (bitumen) and/or concrete aggregates (pipes bedding) in their inventories 270 

underestimated the impacts of sewer infrastructure. This is the case for most of the studies presented 271 

in Table 1, except for Doka (2009) and Herz and Lipkow (2002). In any case, it is not acceptable to 272 

assume that construction can be omitted based on previous results from literature. Whether to include 273 

or not the construction stage depends of the case and of the goal of the study and system boundaries. 274 

Nowadays, new inventory data is available (in Supporting Information of this paper) which facilitates 275 

the inclusion of construction-related processes. Further, some detailed aspects on the novelties 276 

included in the study are discussed. 277 

4.1 Sewer system construction 278 

The results obtained in this study show that the sewer system construction significantly 279 

contributes to the overall impacts of the UWS (superior or equal to 40%) in 12 out of 18 impact 280 

categories. These results are relying on the initial assumption on the lifespan of the infrastructure 281 

(which is set at 30 years without any maintenance, for both the sewer system and the WWTP). Indeed, 282 

the “potential” environmental impacts considered in the scope of a LCA study are related to the 283 

fulfilment of a functional unit, which is defined in this study as the normal operation of the UWS for 284 

one day. This means that the total environmental burdens arising from the construction are to be 285 
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divided by the lifespan of the system. UWS infrastructure deterioration has multiple causes and 286 

depends of operating and maintenance conditions, of materials and technology used and of the quality 287 

of their implementation, of soil conditions, etc. Insofar as no direct relationship between the usable 288 

life of the assets and the operating and maintenance conditions is available in scientific literature, we 289 

have assumed 30 years lifespan duration (the duration commonly used for economic depreciation).  290 

In addition, a basic sensitivity analysis on the sewer infrastructure lifespan is presented in 291 

supplementary information (Appendix A) with the reference lifespan of 30 years used in this study 292 

(without any maintenance modeled), a reduced lifespan of 15 years and an extended lifespan of 100 293 

years. A reduction of half of the usable life of the sewer networks (e.g. from 30 to 15 years) translates 294 

into an increase in the range of 40 to 50% in the categories most concerned with the civil works and 295 

the associated diesel consumption, which are climate change, terrestrial, freshwater and marine 296 

ecotoxicity. Other categories also strongly impacted include photochemical oxidant formation, 297 

particulate matter formation, and natural land transformation with the disposal processes of concrete 298 

and bitumen. An increase of the lifespan from the reference 30 years to 100 years shows a reduction 299 

in the range of 45 to 60% in the same midpoint categories. Hence, the relative contribution of sewer 300 

systems to the overall environmental impacts would be larger for shorter lifespans and smaller for 301 

longer lifespans as this is more driven by construction rather than operation aspects.  302 

Finally, the uncertainty associated to sewer construction is quite low as shown on Figure 8. For 303 

the interpretation on this result, it should be noted that this uncertainty is estimated (i) from expert 304 

judgement for foreground system (quantity of materials and hours of civil work as described in Table 305 

3) and (ii) from data quality indicators for all background processes used from Ecoinvent database. 306 

4.2 UWS emissions to air 307 

Detrimental compounds generated during the operation of sewer systems have been 308 

accounted for the first time in a LCA study of a UWS. H2S and CH4 are two of the most harmful 309 

substances emitted from sewers worldwide (Foley et al., 2009; Hvitved-Jacobsen, 2002). However, 310 

the dissolved CH4 concentration range predicted by the SeweX model for the studied sewer system in 311 

Grabels (3-23 mg COD-CH4/L, just downstream of the pumping station) was significantly lower than 312 
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those reported in other sites in Australia (20-120 mgCOD-CH4/L) (Foley et al., 2009; Guisasola et al., 313 

2008). These low emissions are linked to the specific configuration of the Grabels sewer system. 314 

Indeed, this sewer network has a short length and features almost exclusively gravity pipes (98%), 315 

hence only 2% of the network is pressurised (rising mains pipes). As reported in the literature, in-316 

sewer H2S and CH4 production occurs primarily in anaerobic rising mains with long hydraulic 317 

retention times (Hvitved-Jacobsen, 2002; Sutherland-Stacey et al., 2008). In general, longer 318 

pressurised rising mains networks with longer retention times and more pumping stations are expected 319 

to generate more GHG emissions (Gutierrez et al., 2009). Although H2S emissions were around 50% 320 

lower than those reported in Sharma et al (2008a), (1.33 kg S-H2S·d
-1 

vs 2.1-2.5 kg S-H2S·d
-1

), the 321 

impacts caused by H2S emissions were still relatively consequent with approximately 20% in the 322 

terrestrial acidification category. 323 

In this LCA study, we have only considered the direct environmental impacts of H2S and CH4 324 

emissions to air. However, indirect effects (e.g., corrosion of pipes and infrastructures induced by 325 

H2S) will have to be included in future assessments. When H2S is present in the sewer atmosphere, it 326 

can be biologically converted to sulphuric acid (H2SO4) and lead to corrosion processes, leading to 327 

losses of concrete mass, cracking of the sewer pipes and ultimately, structural collapse (Joseph et al., 328 

2012). The rehabilitation and replacement of corrosion-damaged sewers entails very high costs. It is 329 

estimated that the annual cost of concrete corrosion within the water and wastewater infrastructure is 330 

about $36 billion in USA (Koch et al., 2002). Moreover, this cost is expected to increase as the ageing 331 

infrastructure continues to fail (Sydney et al., 1985; US EPA, 1991). Therefore, the lifespan of the 332 

sewers could be significantly reduced with consequences on maintenance and rehabilitation 333 

expenditures, as well as road rehabilitation. The lifespan choice for the sewer infrastructure (30 years 334 

of useful lifetime) is one of the main hypotheses that might influence the overall contribution of the 335 

sewer infrastructure to environmental impacts. Based on these first results, further work is needed to 336 

investigate longer sewer lifespans and should include maintenance expenditures.  337 

Recent research on municipal gravity sewers shows contrary to current international (IPCC) 338 

guidance (Doorn et al., 2006) that these sewers are a likely source of N2O and develops a presumptive 339 

emission factor for gravity sewers which is comparable to the IPCC-adopted value of Czepiel et al., 340 
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(1995) for joint primary and secondary wastewater treatment (Short et al., 2013). This warrants that 341 

N2O emission potential should be further investigated (by combining models and experimental 342 

results) from a broader system perspective in order to identify clearly the respective contributions of 343 

the sewer system and WWTP. It should be noticed that there is still no consensus on the extent of N2O 344 

emissions thus making difficult to discriminate between its uncertainty and variability. As a 345 

consequence the results of Monte Carlo simulations, showing a significant uncertainty range as 346 

defined in Table 3 and illustrated in Figure 8, need to be considered in the light of this limitation. 347 

4.3 Sewer system leakages 348 

The effect of DIN emissions to ground and surface water has a significant impact (30%) on 349 

marine eutrophication. It should be noticed that there is a lack of consolidated data regarding this 350 

emission factor which is based on a study out of Pittsburgh, USA (Divers et al., 2013). These flows 351 

are proportional to several parameters associated to leaks in sewers such as pipes technology, age, soil 352 

conditions, topography, etc. Therefore, the associated impacts should be interpreted carefully insofar 353 

as representativeness of those flows for other cities is definitely not consolidated and not quantifiable. 354 

4.4 Usefulness of the approach 355 

The outcomes of this study add also a relevant contribution to the debate between centralized 356 

versus decentralized options for UWS. As stated in Libralato et al. (2012) traditional centralized 357 

approaches are changing in favor of new decentralized treatment levels. Keeping in mind that 358 

decentralized options do not require the construction of large sewer systems, the outcomes of this 359 

paper suggest that decentralized systems would lead to more environmentally friendly UWS when 360 

combined with emerging technologies for wastewater recovery and reuse. 361 

An interesting perspective on the further extension of this work would be to investigate how the 362 

results may be different for a larger or more densely populated city. This may include the scale effect 363 

as well as the urban form effect (dense versus sprawled development) for both components of the 364 

system: sewer & WWTP. A recent peer-reviewed literature paper (Loubet et al., 2014) shows that a 365 

large part of impacts associated to the entire urban water system are generated after the tap (if water 366 
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heating is not considered). By demonstrating that sewers have a greater contribution than expected 367 

(compared to previous LCAs), the results of the present study hope to promote further research in this 368 

direction. 369 

 370 

5 Conclusions 371 

For the first time this study proposed a comprehensive life cycle analysis of an urban wastewater 372 

system comprised of a sewer network and a WWTP. This work highlights the importance of sewer-373 

related impacts, which have to be understood to inform decision making in the field of urban 374 

wastewater treatment. Overall, the study shows that sewer systems have to be included in the 375 

environmental analysis of wastewater treatment infrastructures because their contributions to a wide 376 

range of impacts are very relevant, especially those arising from the construction phase. The main 377 

findings of the study are: 378 

 Contributions to environmental impacts of the sewer system were often assumed as negligible in 379 

previous studies based on incomplete sewer system inventories. 380 

 The sewer system inventory should not only include construction materials (pipes, cement, 381 

miscellaneous components) as included in previous studies. It should also take into account civil 382 

works (excavation, backfill), pipes bedding (concrete aggregates) and connections as well as road 383 

rehabilitation operations (bitumen paving). 384 

 It has been shown that with a comprehensive inventory of its infrastructure, the sewer system has 385 

greater contributions than the WWTP on half of the studied range of impact categories. 386 

 Sewer-generated CH4 and H2S emissions have overall limited contributions to the range of 387 

impacts covered in the life cycle methodology. 388 
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Appendix A.  405 

A description of the modular inventory used to build the sewer system model is given in this 406 

supporting information file, as well as a description of the assumptions leading to the assessment of 407 

the energy consumption in the sewer system, and details concerning the impact assessment phase 408 

(chosen method) to ensure the reproducibility of this Life Cycle Assessment (LCA).  409 

Appendix B.  410 

Further supplementary data regarding the Life Cycle Inventory (background datasets) of the sewer 411 

system is available in this pdf file. 412 

Appendix C.  413 

A description of the LCI datasets and calculated LCIA results for the sewer and WWTP systems are 414 

provided in this Excel file. 415 
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LCA inventory of 

sewer systems → 

Com-

ments 

Pipes 
(cement, 

PVC, 
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stations 
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(excavation, 
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on due to 

excavation 

(including 

bitumen) 

Sewer-
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gas (CH4, H2S) 

and nitrogen 

leaks 

Pumping 

stations 
(Electricity) 

Sewer maintenance 

expenditures 
(renewal, 

replacement & 

repair interventions 

on pipelines, etc.) 

  

Authors ↓ 

Carbon or energy footprint approaches (i.e. inventory limited to greenhouse gas emissions and/or cumulative or gross energy demand) 

(Borghi and Gaggero, 

2008)   
X 1   X   

  
    

  

(De Sousa et al., 2012)   X X X             

(Herz and Lipkow, 2002)   X 1   X X         

(Mouri and Oki, 2010)   X   X   1     X   

(Venkatesh et al., 2009)   X X     2         

Multicriteria LCAs (i.e. inventory of all resource consumption and pollutant emissions) 

(Barjoveanu et al., 2013) 

  

X X           X 

X (Diesel 

consumption, piping 

materials and waste 

produced) 

(Benetto et al., 2009) (a)                   

(Doka, 2009) – 

Ecoinvent database v2.0 (b) 
X X   X X       

  

(El Sayed et al, 2010) (c )                    

(Friedrich, Pillay, 2009)   X X X         X   

(Gagnon et al., 2008)   X   X X       X   

(Godskesen et al., 2013)   3 1 X 1 1     X   
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(Lassaux et al., 2007)   X     1 1         

(Lemos et al., 2013)   6                 

(Lundie et al, 2004) (d) X X X 1       X 

X additional 

materials estimated 

to cope with system 

upgrades and 

maintenance 

included 

(Remy et al., 2006)   X X   4 5         

(Tarantini et al, 2001) (e )                   

(Uche et al, 2013)   X   X X X 1   X   

(Slagstad et al, 2014)   X X X X 2     X   

Current study 

  

X X X X X X X X 

Not yet included 

(30-yr lifespan, no 

maintenance 

included) 

Legend: 

X: included; 1: not explicitly specified in the paper, considered not-taken into account; 2: only fuel consumption; 3: Ecoinvent database v2.0 was used (Doka, 2009);  4: partially 

taken into account; 5: only energy demand; 6: f or simplification, all pipes were considered to be PVC pipes 

Comments: 

(a) The authors excluded the infrastructures (mainly sanitation equipments and sewer network) from the scope of their study on the basis that their contributions to environmental impacts were 

considered negligible according to (Remy et al., 2006). 

(b) This Life Cycle Inventory (LCI) report of Waste Treatment Services was conducted for the Ecoinvent database. It includes a readily useable inventory for multicriteria LCAs. No pumping energy 

required as the wastewater is carried through the sewers with gravity and gentle slopes. 

(c ) « The research included assessment of the water treatment plants, water distribution system, wastewater treatment plants (WWTP) and the sewerage system. Only the operational phase of the 

infrastructure is taken into consideration in the LCA because it has the highest contribution to the total environmental impact of the life cycle (Friedrich and Buckley, 2001; Lundie, 2004). » 

(d ) « Impacts of the production of the construction materials are included, but energy used during the construction process is excluded. This is a simplification based on other wastewater case studies 

(Tillman et al, 1998 and Lundin and Morrisson, 2002) which have concluded that operational impacts are more important than asset creation impacts and that material production is the most important 

part of the asset creation impacts. » 

(e) This study does not include in its LCI the equipments, waterworks and buildings for processing and distributing clean drinking water and wastewater : it was assumed to remain unchanged both in 

“existing” and in the “innovative” scenario. The focus of the LCA study was to analyse the chemicals, energy, materials consumption and their transport to the final use location. 

Table 1 - Literature review of sewer inventory models used in LCA of urban wastewater systems 565 

 566 
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Functional Unit: Collection and Treatment of a 
wastewater load from 5200 PE/d (≡312kgBOD5/d) 

Activated sludge, enhanced P 
precipitation, sludge 

conditioning with lime 

Sewer model 
representing the 
current Grabels 

gravity-fed 
network  

Urban wastewater system (UWS) WWTP Sewer system 

Electricity consumption, kWh (use stage) 670 31.6 

Sludge production, kg DM (dry matter) 769 N/D 

Ancillary chemicals consumption, kg 
 

  

Conditioning agent (lime, hydrated) 199 0.00 

Precipitating agent (iron chloride (III)) 95.7 0.00 

Flocculant (polymer) 0.26 0.00 

Principal air emissions, kg WWTP Sewer system 

CO2 427 N/D 

CH4 0.75 0.89 

N2O 1.65 N/D 

H2S 0.00 1.41 

Water Emissions, kg WWTP Sewer system 

P (particulate) 0.89 N/D 

PO4
3- 2.72 N/D 

N (organic) 1.55 10.90 

NO2
- 1.05 * 

NO3
- 100 * 

NH4
+ 2.07 * 

Total N (inorganic) : NO3- + NO2- + NH4+ 103 10.90 

Table 2. Summary of key inventory data assumptions for the urban wastewater system 567 

servicing Grabels (5200 PE). Functional Unit: Collection and treatment of a wastewater load 568 

from 5200 PE/d (equivalent to 312kgBOD5/d). N/D means not defined, *means that only 569 

total inorganic nitrogen is quantified. 570 
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Type of 
component 

Inventory (LCI) component LCI Data source Distribution type 
Uncertainty 

characterisation 
(1) 

Uncertainty source 

Infrastructure 
construction 

Materials manufacturing (kg) Ecoinvent database Ecoinvent (2) 

Materials transportation distance from 
manufacturing to local building site (t.km) 

Current study normal CV=30% see (3) 

Amount of material used (kg) Current study normal CV=5% see (3) 

Civil work teams (h) Current study normal CV=15% see (3) 

Operation  

Electricity production (kWh) Ecoinvent database Ecoinvent (2) 

Amount of electricity consumption (kWh) Current study normal CV=10% see (3) 

Ancillary chemicals production (kg) Ecoinvent database Ecoinvent (2) 

Amount of ancillary chemicals used (kg) Current study normal CV=10% see (3) 

Emissions 

Sewer-generated CH4 emitted to air Current study normal 
M= 0.89 kgCH4/d, 

SD=0.53 
see (4) 

Sewer-generated H2S to air Current study normal 
M= 1.41 kgH2S/d, 

SD=0.0106 
see (4) 

Dissolved inorganic nitrogen leaks from 
sewers to ground/surface water 

Current study lognormal 
GM=10.9 kgDIN/d, 

GSD^2= 1.712 
see (4) 

WWTP emission of CH4 Current study lognormal 
GM=0.128 gCH4/PE/d, 

GSD^2=1.21 
see (4) 

WWTP emission of N2O Current study lognormal 
GM=0.1462 gN2O/PE/d, 

GSD^2=26.99 
see (4) 

(1) CV= coefficient of variation, M=mean, SD=standard deviation,  GM= geometric mean, GSD=geometric standard deviation 
(2) Uncertainty from the Ecoinvent database when defined, assessment of data quality based on a pedigree matrix (Weidema and Wesnaes, 1996). For our system, up to 70% of the Ecoinvent 
processes have available uncertainty information. 
(3) Estimated uncertainty (SD) based on expert judgement 
(4)  See supplementary information (Appendix A) for details of uncertainty assessment and associated references 

Table 3. Randomisation parameters for the different components of the system 572 
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 574 

Figure 6. System boundary for life cycle inventory of sewer systems 575 
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 579 

Figure 7. System boundary for life cycle inventory of WWTPs 580 
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 583 

Figure 8. Sewer model of the serviced area of Grabels, France 584 
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 587 

 588 

Figure 9. Life Cycle Impact Assessment (LCIA) using ReCiPe V1.07 midpoint indicators for the 589 

Grabels urban WWT system (sewer + WWTP) 590 
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 594 

Figure 10. Breakdown of sewer infrastructure construction using ReCiPe V1.07 midpoint indicators 595 
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 598 

Figure 6. Breakdown of the WWTP model using ReCiPe V1.07 midpoint indicators 599 
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 603 

Figure 7. Life Cycle Impact Assessment (LCIA) using ReCiPe Endpoint (H) V1.07 / World ReCiPe 604 

H/H for the city of Grabels urban WWT system (sewer + WWTP) 605 

 606 
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 608 

Figure 8: Uncertainty analysis results at the endpoint level (confidence interval of 95%) for the main 609 

components of the urban water system 610 

 611 


