
1 
 

Environmental Life Cycle Assessment of small water resource recovery facilities: 1 

Comparison of mechanical and lagoon Systems  2 

Matthew Thompsona; Sussan Moussavia; Shaobin Lib; Philip Baruthac Bruce Dvoraka,d 3 

a Dept. of Civil and Environmental Engineering, University of Nebraska-Lincoln, NE 68588, 4 
United States 5 

b College of the Environment and Ecology, Xiamen University, Xiamen, Fujian 361102, China 6 

c Durham School of Architectural Engineering & Construction, University of Nebraska-Lincoln, 7 
NE 68588, United States 8 

d Dept. of Biological Systems Engineering, University of Nebraska-Lincoln, NE 68588, United 9 
States 10 

 11 

*Correspondence author at Department of Civil Engineering, University of Nebraska-Lincoln, 12 
NH W150C, City Campus (Lincoln), NE 68588, United States. 13 

*Correspondence author email: bdvorak1@unl.edu, phone: +1(402)-472-3431 14 

  15 

© 2022 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S004313542200197X
Manuscript_f17f9d292f13dc465333f1fc40d87d9c

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S004313542200197X


2 
 

Abstract 16 

 Small water resource recovery facilities (WRRFs) serving communities with populations 17 

of less than 10,000 people account for 70% of centralized wastewater treatment systems in the 18 

United States. With growing interest globally in improving the sustainability of these systems, 19 

this study evaluated the environmental life cycle impact and land use tradeoffs of different 20 

lagoon and mechanical WRRFs across the diverse climate of Nebraska. Life cycle inventory 21 

including construction and operations was collected for 35 existing systems representing a range 22 

of commonly used mechanical WRRFs: oxidation ditch, extended aeration, and sequencing batch 23 

reactors, and lagoon treatment systems: complete retention, irrigation, and controlled discharge 24 

lagoons.  25 

 Lagoons exhibit a significantly smaller environmental impact relative to mechanical 26 

WRRFs in all impact categories with exception of the smog category based on a 20-year design 27 

lifespan provided land is available for use; in contrast, on-site land use of lagoons was 28 

significantly higher than mechanical WRRFs, 73.7 ± 35.9 m2/capita and 2.4 ± 1.9 m2/capita, 29 

respectively. Lagoons on average exhibited significantly more impact associated with the 30 

construction phase in most impact categories (up to 80% in case of smog impacts) relative to 31 

mechanical WRRFs (<25%). The differences in contribution of the construction leads to the 32 

environmental impacts and comparisons between the technologies being sensitive to system 33 

lifespan and type of electric grid mix. Irrigation lagoon per capita excavation and cast-iron 34 

resource use was observed to decrease with increasing differences between evaporation and 35 

precipitation rates. Uncertainty of the environmental impacts within sites is primarily driven by 36 

variations in energy intensity within mechanical WRRFs and volumes of treated water within 37 
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lagoons. Variability between facilities of similar technology groups is largely driven by a 38 

combination of site-specific factors including climate, design, and operations.  39 
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1. Introduction 40 

 Wastewater treatment has served as a safeguard in protecting public health and local 41 

ecosystems for well over century. Treatment technologies have evolved to meet the objectives of 42 

new water quality standards (Lofrano & Brown, 2010) and have adopted operations to screen 43 

materials and grit (preliminary treatment), remove heavier solids (primary treatment), 44 

biologically convert organic waste materials (secondary treatment), disinfect and filter water 45 

(tertiary treatment), and process biosolids (Metcalf & Eddy, 2014). These systems can carry a 46 

significant environmental burden associated with their material and energy inputs as well as 47 

output soil-, water,- and air-emissions (Corominas et al., 2013).  48 

Small water resource recovery facilities (WRRFs) are defined as serving communities with 49 

populations of less than 10,000 people or treating less than 3,785 m3/day and account for 50 

approximately 70% of centralized wastewater treatment systems in the United States (EPA, 51 

2008). Many small community water resource recovery facilities are facing increased regulatory 52 

water quality standards and aging infrastructure requiring replacement or renovation in the 53 

coming decades (Moussavi et al., 2020). Environmental impact considerations are of growing 54 

relevance globally in the water/wastewater sector as also observed in the energy, agriculture, and 55 

manufacturing sectors (Bardouille & Koubsky, 2000; Labuschagne et al., 2005; Ngarava et al., 56 

2019). The 2021 infrastructure funding bill recently passed by the U.S. congress allocated $55 57 

billion dollars for upgrading water infrastructure and included funding specifically for 58 

sustainability and resilience improvements in small communities (Congress, 2021). To help 59 

community leaders make more informed decisions regarding the environmental sustainability of 60 

wastewater treatment technology they are adopting, information on the environmental life cycle 61 

impact tradeoffs of different technologies for small communities is needed. With fewer human 62 
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and financial resources relative to larger communities, there is a need for information on these 63 

environmental tradeoffs that design engineers can use in communicating with community leaders 64 

in decision making to ensure that future systems are more sustainable (Landis, 2015).  65 

Environmental Life Cycle Assessment (LCA) is a widely used tool for quantifying the 66 

environmental impact of products and services. The field has developed to integrate the spatial 67 

dimension as reviewed by Patouillard et al. (2018), coupling the analysis with economic studies 68 

(França et al., 2021), and improvements in handling uncertainties (Igos et al., 2018).  Application 69 

of LCA for assessment of wastewater treatment systems has developed significantly since the 70 

1990s and refinement in defining goals and scope, collection of life cycle inventory, application 71 

of different impact assessment methods, and interpretation of results (Corominas et al., 2013). 72 

Beyond exploration of different functional units and system boundaries, studies have further 73 

refined the context of its application, collection of more detailed inventory data, included 74 

sensitivity and uncertainty analysis, and methods in which LCA can be integrated with life cycle 75 

cost analysis (LCCA) and/or techno-economic assessment (TEA) (Corominas et al., 2020). 76 

Assessing small systems is often constrained due to limited data availability (e.g., water quality, 77 

energy use, construction data) and is further compounded by the often-limited human resources 78 

available in small communities to collect and retain such information (Moussavi et al., 2021, 79 

Thompson et al., 2020). 80 

1.1 Small Community Wastewater Treatment Technologies 81 

Various wastewater treatment technologies are employed within small communities; 82 

however, two widely adopted technology groups for small communities include: (a) mechanical 83 

WRRFs (also known as activated sludge systems) and (b) lagoons (also known as pond treatment 84 

systems) (Matamoros et al., 2016).  85 
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1.1.1 Mechanical WRRFs 86 

Activated sludge (AS) processes are the most widely used means of biological wastewater 87 

treatment in the world (Gernaey and Sin, 2013). The process acts as a biological reactor by 88 

initially providing aeration to wastewater in a tank, allowing bacteria to convert organic waste to 89 

additional biomass. Biomass or “activated sludge” is separated from the effluent water in a 90 

clarifier and returned to the aeration basin to maintain effective biomass concentration.  91 

Some of the most common systems being employed by these communities include extended 92 

aeration (EA), oxidation ditch (OD), and sequencing batch reactor (SBR); however, other types 93 

that may be encountered include membrane biological reactors (MBR), rotating biological 94 

contactor (RBC), trickling filters (TFs), and upflow anaerobic blanket reactor (UASB) (Molinos-95 

Senante,et al., 2014; Liu et al., 2003). Each of the technologies comes with tradeoffs regarding 96 

operability-, maintenance-, space-, energy- requirements, capacity for handling shock loads, 97 

capacity for future expansion, and other performance characteristics (Metcalf & Eddy, 2014). 98 

These systems are all characteristic of having large, typically concrete basins by which some 99 

form of energy intensive aeration (i.e., diffused or mechanical aeration) is supplied and relatively 100 

short hydraulic retention times (8-24 hours) are observed. Furthermore, many of the systems will 101 

utilize similar preliminary treatment and disinfection operations. There is often auxiliary 102 

infrastructure required to support these operations, as in the case of a building that houses 103 

aeration blowers, pumps, and controls (Thompson et al., 2020).  104 

1.1.2 Lagoons 105 

 Waste stabilization pond treatment systems (also known as lagoons) are another common 106 

type of biological wastewater treatment systems for small communities, as they account for more 107 
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than 50% of the wastewater treatment facilities in the U.S. (US EPA, 2016). Many different 108 

types of lagoons exist and may carry variations in terminology, common types include: 109 

controlled discharge (CD) lagoons, anaerobic lagoons, aerobic stabilization ponds, irrigation 110 

lagoons (Irrig), complete retention (CR) lagoons, and mechanically aerated oxidation ponds 111 

(Gloyna, 1971). The mechanisms for treatment of wastewater are similar to that of AS process 112 

where bacteria are used for metabolizing organic waste; however, lagoons typically occupy a 113 

large land footprint area, have long detention times (5-180+ days), and utilize the natural 114 

convention of wind to provide oxygen to the water (Abdul et al., 2011). Furthermore, many 115 

Lagoons facilitate the growth of algae that help assimilate nitrogen and phosphorous that in turn 116 

oxygenate the lagoon. While lagoons have been used for centuries for storage and treatment of 117 

wastewater, specific design criteria related to volumetric requirements, organic loading rates, and 118 

detention periods have developed only within the last 70 years (Fitzgerald & Rohlich, 1958). 119 

Complete retention lagoons and irrigation lagoons that use treated water for land application of 120 

cropland are two technologies that are being adopted more regularly to avoid water emissions 121 

and limitations these systems can face in maintaining high water quality. The energy use of 122 

lagoons can be relatively minimal as they have primarily influent pumping and screening for 123 

operating equipment. 124 

1.2 Environmental LCA Comparison of Technologies 125 

Literature assessing the environmental LCA of small lagoon treatment systems for treatment 126 

of municipal wastewater and comparison to mechanical WRRFs is limited to a handful of case 127 

studies. In a study by Garfí et al. (2017), mechanical WRRFs, constructed wetlands, and high 128 

rate algal ponds were compared, and it was found that mechanical WRRFs exhibited between 2 129 

to 5 times the environmental impact of more natural-based systems. Another study comparing 130 
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constructed wetlands and extended aeration by Lopsik (2013) highlighted the high upfront 131 

construction impact of the nature-based system and the high energy use associated with the 132 

mechanical WRRFs. In agreement with these studies, Yildirim & Topkaya (2012) compared 133 

vegetated land treatment, constructed wetlands, and mechanical WRRFs and found that these 134 

natural systems are more environmentally friendly. A study by Muga & Mihelcic (2008) 135 

highlighted variability in operational cost and energy tradeoffs between mechanical WRRFs, 136 

lagoons, and land treatment systems, but lacked consideration of built infrastructure and direct 137 

emissions. Despite past LCA comparisons of natural-based systems and mechanical WRRFs, 138 

comparisons of different types of lagoons are lacking from the literature (Godin, 2012). 139 

Furthermore, case studies of the life cycle impact of agricultural water reuse lagoons (will be 140 

referred to as irrigation lagoons) are absent, meriting further investigation. Lastly, small systems 141 

can often exhibit a range of energy intensities, variations in population changes, and whose 142 

design can be influenced by climate factors that merit an investigation with a larger sample of 143 

systems while also considering uncertainty in the data. 144 

Given the lack of literature assessing different small community wastewater treatment 145 

systems, the goal of this research is to evaluate the environmental life cycle impact and land use 146 

tradeoffs of lagoons and mechanical WRRFs. The findings of the study can help provide key 147 

stakeholders information that could aid in treatment process selection. Further, the methodology 148 

could be used as a tool for engineers to aid in technology selection and improved sustainable 149 

design of wastewater treatment systems. 150 

 151 

2. Methodology 152 

2.1 Case study selection 153 
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Selection of the 35 small wastewater treatment systems for both mechanical WRRF and 154 

lagoon case studies aimed for inclusion of different technology sub-groups, various design 155 

flowrates, different percent design capacities (PDC) (i.e., ratio of average flowrate to design 156 

flowrate), and representative energy intensities (EI) (i.e., energy use per unit flow treated). 157 

Furthermore, lagoons selection was made to include systems in diverse evaporation and 158 

precipitation rates exhibited across the state of Nebraska. While the sample size was not large 159 

enough to measure the statistical effect of each variable, the sampling was done to ensure that a 160 

representative sample was taken across these variables. A map of the site locations in addition 161 

the evaporation and precipitation rate isotherms are provided in Fig SI-1 and Fig SI-2, 162 

respectively. 163 

Nebraska provides a useful case study representation for comparison to systems throughout 164 

the developed world. Energy benchmarks of the mechanical WRRFs was shown by Hanna et al. 165 

(2018) to be similar to other states and countries. Nebraska exhibits a diverse climatic 166 

environment in precipitation and evaporation which both have implications on the design of 167 

lagoons but also the water reuse demands of crops when considering irrigation lagoons (Irmak et 168 

al., 2010). Fig. SI-3 shows the design equation used for sizing the systems based on the state 169 

regulatory agency which is based on a water balance with these variables. The middle and 170 

eastern portions of the state exhibit a humid continental climate based on the Köppen climate 171 

classification being representative of many central and northeastern portions of North America, 172 

Europe, and Asia (Beck et al., 2018). In contrast the north-western panhandle and west edge of 173 

Nebraska exhibits a semi-arid climate being prevalent in many parts of the world where 174 

precipitation is less than potential crop evapotranspiration. The southwestern edge of the state 175 

exhibits a humid subtropical climate representative of the southeastern side of many continents. 176 
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2.1.1 Mechanical WRRFs 177 

A process flow diagram (Figure 1a) shows the key elements of the activated sludge system. 178 

Some systems have slightly different configurations (e.g., inclusion of primary treatment); 179 

however, the configurations shown were typical of most sites in the study. Use of biosolid 180 

dewatering varied across sites with some utilizing belt filter presses, some others utilizing drying 181 

beds, and several not utilizing any form at all. The main difference among technologies is the 182 

secondary treatment, where OD and EA use different reactor configurations in conjunction with 183 

a clarifier for treatment and SBRs use multiple basins for aeration and settling. It should be noted 184 

that none of the sites used primary clarifier. In most cases, decanted water from biosolids was 185 

also recycled back to the front of facility. Auxiliary infrastructure includes buildings for housing 186 

equipment, vehicles, lab, and related components. 187 

2.1.2 Lagoons 188 

Lagoons examined in the study exhibited several different configurations which are 189 

summarized in Figure 1. The configuration for complete retention lagoons is shown in Figure 1b 190 

and only has water exiting the system via evaporation and seepage. Irrigation lagoons, shown in 191 

Figure 1c, periodically pump treated water to local cropland for irrigation of crops. Controlled 192 

discharge facultative lagoons, shown in Figure 1d, include periodic discharge of treated water to 193 

local water ways and may also include a UV disinfection system if discharging during the 194 

recreational session (i.e., May 1st -October 1st). For all lagoons, influent water is pumped to the 195 

site before proceeding through preliminary treatment and entering the lagoon cells where it is 196 

retained for extended periods of time. Water exits via evaporation or seepage through the liner, is 197 

completely retained (i.e., CR lagoon), intermittently discharged to a local water way (i.e., 198 
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controlled discharge facultative lagoon), or pumped for land application to nearby agriculture 199 

land (i.e., irrigation lagoon).  200 

  201 

Fig. 1. Process flow diagrams for (a) mechanical WRRFs, (b) complete retention lagoons, (c) 202 

irrigation lagoons, and (d) controlled discharge facultative lagoon. 203 
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Evaporation and precipitation rates are highly influential variables in the design of lagoon 204 

systems; accordingly, sites were selected across the state to exhibit significant spatial variability 205 

in these factors (Abdul et al., 2011). Average annual precipitation rates in Nebraska can be 206 

observed ranging from 41 cm/year in the northwest to 86 cm/year in the southeast, whereas, lake 207 

evaporation rates exhibit values ranging from 102 cm/year in the northeast up to 137 cm/year in 208 

the southwest (NOAA, 2020). In the case of irrigation lagoons, the same climatic variables 209 

driving evaporation (i.e., temperature, humidity, solar radiation, wind) also directly impact the 210 

crop water evapotranspiration demands impacting the application rate for which water can be 211 

reused (Jian et al., 2019). 212 

 213 

2.2 Life cycle assessment 214 

The environmental life cycle assessment was performed in accordance with ISO 14040 215 

and 14044 standards (ISO 14040, 2006; ISO 14044, 2006). These standards define four key 216 

stages in analysis: (1) goal and scope definition; (2) inventory analysis; (3) environmental impact 217 

assessment; and (4) interpretation. Each stage is described in more detail in the following 218 

sections. 219 

 220 
2.2.1 Goal and scope definition 221 

The goal of the study was to evaluate and compare the environmental LCA impact of 222 

different mechanical WRRFs and lagoons. The overall lifespan of the systems was defined as 20 223 

years, as is commonly done in other studies (Corominas et. al. 2020) and is consistent with U.S. 224 

design standards (GLUMRB, 2014). While lifespan is a defined variable, it should be 225 

acknowledged that lifespan of the actual systems can vary drastically. System age within the 226 

study area was observed to vary from 10 to 60 years. Thus, a sensitivity analysis on this variable 227 
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was completed. The average volume of treated water was selected as the functional unit for the 228 

study and thus results are presented as average resource (e.g., kg cast iron) use or average 229 

environmental impact (kg CO2-eq) per 1 m3 of treated wastewater.  230 

The system boundary of this study, shown in Figure 2, details the foreground processes 231 

for which data was collected and background processes that were used from the Ecoinvent v3.6 232 

database. The built infrastructure associated with the systems, electricity use, water quality, 233 

biosolids, and air emissions were included in the study. Only built infrastructure within the 234 

facility fence line was included with exception of the main lift stations that in some cases can be 235 

present outside this boundary. End-of-life impacts were not included in this study due to being 236 

identified as a relatively marginal impact (Moussavi et al., 2021). In assessment of agriculture 237 

water reuse systems, the required infrastructure and energy to pump wastewater from the lagoon 238 

was included in the system boundary. 239 

 240 

Fig. 2. System boundary of material, energy, and emission streams for the study 241 
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 242 

2.2.2 Life cycle inventory 243 

Life cycle inventory (LCI) was compiled for a total set of 35 small wastewater treatment 244 

systems. Table 1 summarizes the type of system, sample size, and flowrate range. Except for one 245 

OD system that receives occasional industrial loads, the systems treated exclusively residential 246 

and commercial wastewater. 247 

 248 

Table 1. Profile of case studies of small wastewater treatment technologies 249 

System Type 
Sample 

Size 

Range of Average 

Flowrates (Avg.)  

m3/day 

Range of 

Energy 

Intensity (Avg.) 

kWh/m3 

Range of 

Percent 

Design 

Capacity 

(Avg.) (%) 

Mechanical WRRFs 16 total 100-3,436 (593) 0.89-3.76 (1.72) 27-91 (55) 

Oxidation Ditch (OD) 5 345-3,436 (1,096) 0.89-1.69 (1.27) 27-69 (49) 

Extended Aeration (EA) 5 144-1,473 (680) 2.02-2.41 (1.52) 48-91 (65) 

Sequencing Batch Reactor (SBR) 6 100-2,271 (880) 1.25-3.76 (2.27) 32-72 (52) 

Lagoons 19 total 49-1,197 (306) 0-0.91 (0.3) 10-96 (68) 

Complete Retention (CR) 5 49-394 (151) 0-0.91 (0.39) 82-96 (84) 

Irrigation (Irrig) 7 106-955 (250) 0.16-0.49 (0.30)* 52-85 (74) 

Controlled Discharge (CD) 7 309-1,197 (618) 0.12-0.58 (0.24) 10-95 (53) 

Total 35 49-4,126 (722) 0-3.76 10-95 

* Irrigation energy intensity includes electricity associated with pumping treated wastewater to agriculture land. 

 250 

An overview of the life cycle inventory data sources used for the study is in Table 2. 251 

Construction inventory was collected from engineering design documents provided by the design 252 

firms. Materials were catalogued by specification (e.g., pipe material, diameter) and then 253 

converted to an equivalent inventory mass based on data collected from product specification 254 

sheets. Construction material transport was assumed to be 40 km on average, as done in previous 255 

studies (Morera et al., 2017; Moussavi et al., 2021). The collected and aggregate LCI for the 256 



15 
 

mechanical WRRFs and lagoons are provided in Table SI-1 and Table SI-2, respectively. The 257 

precipitation and evaporation rate data used for sizing the lagoons is also provided in Table SI-2.  258 

 259 

Table 2. Data sources for life cycle inventory of wastewater treatment systems 260 

Data Type Data Source 

Construction inventory Engineering design documents and contractor line-item documents 

Electricity usage Facility utility bills and utility providers 

Flowrates, water quality, and 

biosolid characteristics 

Nebraska Department of Environment and Energy (NDEE) Discharge 

Monitoring Reports (NDEE, 2021) 

Air emissions from 

biological processes 

Estimated based on literature (EPA, 2010; Foley et al., 2010; Cornejo, 

2013; van Dijk, 2021) 

Background process data Ecoinvent Database v3.6 

Design life 10 State Standards (GLUMRB, 2014) 

 261 

Electricity use was collected from utility bills or provided directly from the power 262 

supplier. Water flowrate, water quality, and biosolid characteristics were collected from the 263 

facility’s Discharge Monitoring Reports. This included carbonaceous biochemical oxygen 264 

demand (cBOD), total nitrogen, total phosphorous for water emissions. Water quality data and 265 

ammonia discharge limit data for the case studies is provided in Table SI-3. It should be noted 266 

that all sites were regulated and in compliance to meet monthly (cBOD) and total suspended 267 

solids (TSS) emissions of less than 30 mg/L and 80 mg/L, respectively; whereas minimum 268 

ammonia emissions varied 0.22-13.7 mg/L depending on the receiving water body 269 

characteristics. These systems were designed based on regional design standards in the U.S. 270 

(GLUMRB, 2014) and are expected to be representative of most systems performing secondary 271 

treatment with similar water quality objectives. Biosolids were land applied to local agriculture 272 

land in all the case studies and included emissions of tested chemicals and heavy metals. For 273 
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most sites, the quantity of biosolids being land applied was not available, and thus was estimated 274 

based on average rates observed at other sites and scaled for the respective flowrate. The data 275 

used for this analysis is provided in Table SI-4.  276 

Air emissions, including carbon dioxide, methane, dinitrogen oxide, and ammonia from 277 

the biological processes, were estimated based on a combination of literature sources. Direct air 278 

emissions from the secondary treatment, indirect effluent discharge to estuary, and indirect 279 

emissions offset in fertilizer from mechanical WRRFs were estimated based on methods detailed 280 

by Foley et al. (2010). While the current systems are not configured specifically for 281 

denitrification, it is expected that some level of denitrification is likely still occurring and leading 282 

to increased air emissions. Dinitrogen oxide emissions associated with potential denitrification 283 

occurring were estimated based on the methods of EPA (2010) and using process-specific 284 

emission factors reported by van Dijk (2021). Estimates of carbon dioxide and methane 285 

emissions from the 3-pond lagoon system estimated by Cornejo et al. (2013) were used for the 286 

lagoons and N2O emissions were estimated as done with mechanical WRRFs using a 1% 287 

emission factor (EPA, 2010). Implications of air emission uncertainties from the lagoon systems 288 

are included in discussion of the results. Background data was utilized from Ecoinvent Database 289 

v3.6. The specific processes referenced are summarized in Table SI-5. In the case of excavation 290 

for lagoon systems, three case studies had project fuel use collected from the contractors to 291 

compare to fuel use associated with Ecoinvent database. This data is included in Table SI-6.  292 

2.2.3 Life cycle impact assessment 293 

Life cycle impact assessment was conducted using Tool for the Reduction and Assessment of 294 

Chemical and Other Environmental Impacts (TRACI v2.1) method due to the North American 295 

context of the study (Bare et al., 2003). To investigate all impact categories on a national 296 
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comparative basis, US 2008 normalization factors from TRACI v2.1 were used (Ryberg et al., 297 

2014). The non-carcinogen impact category was omitted from the study due to heavy metals in 298 

biosolid emissions being the dominant contributor, but not being included in the national total 299 

normalization factors. LCIA computation was completed using OpenLCA software v1.7 in 300 

addition to further analysis in a spreadsheet. Statistical analysis comparing the environmental 301 

impact of the systems was conducted in R (R Core team, 2017). Provided the relatively small 302 

sample size and non-normally distributed data, the Wilcoxon-Mann-Whitney test was used for 303 

comparing the environmental impact of the two technologies (Mann and Whitney 1947; 304 

Wilcoxon 1945). 305 

2.2.4 Uncertainty and sensitivity analysis 306 

Uncertainty in the environmental impacts of the technologies was assessed by considering 307 

variations in resource use (e.g., electricity use) and emissions (e.g., water emissions). Monte 308 

Carlo uncertainty analysis was used to evaluate the impact of select foreground data on the 309 

resulting environmental impact of select technologies (Guo and Murphy 2012). Variations in 310 

annual energy use, water quality, air emissions, and water flowrate was included in the study as 311 

observed in the work of Niero et al. (2014). Sub-sampling of the total dataset for the analysis was 312 

done for facilities only having a minimum of at least three years of available data. Provided the 313 

limited data, a triangle distribution using the minimum, mean, and maximum values for 314 

establishing the parameters. Input data used for this analysis are provided in Table SI-7. This 315 

included 15 of the mechanical WRRFs and 11 of the lagoons and total of 10,000 iterations were 316 

performed. 317 

 The sensitivity of system lifespan between mechanical WRRFs and lagoons was 318 

investigated due to the high variability of lifespans observed within the state. A large majority of 319 
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small communities locally and nationally experience population changes, which correspondingly 320 

leads to changes in water flowrate and PDC (USDA, 2020). This can directly impact the system 321 

lifespan as systems not reaching full capacity, but still operate effectively, may operate longer 322 

than designed for without replacement. Sensitivity of different electric grid mixes was also 323 

investigated by examining the environmental impacts of the systems under different major 324 

market groups reported in Ecoinvent v3.6 (e.g., Europe, India, etc.). 325 

 326 

3. Results and discussion  327 

The goal of the study was to evaluate and compare the environmental LCA impact of 328 

different small mechanical WRRFs and lagoons. The environmental life cycle impact profile of 329 

each technology and sub-group are provided in the following sections to elucidate the source of 330 

impacts associated with each technology. Comparisons between mechanical WRRFs and lagoons 331 

are then presented and followed with the uncertainty and sensitivity analysis. 332 

3.1 Mechanical WRRF LCA profiles 333 

The average environmental profile of the mechanical WRRFs is characterized by process in 334 

Figure 3a. The profile includes direct air-, water-, soil-emissions, operating electricity use, and 335 

construction resources. These AS system results were aggregated due to only the secondary 336 

reactor being different among facilities (a relatively small difference in LCI once examined). 337 

Individual technology profiles are provided in Fig. SI-4 and show similar profile with exception 338 

to SBR showing a slightly larger impact of air emissions for the global warming impact category. 339 

Across all impact categories, with exception of water emissions driving eutrophication impacts 340 

and solid emissions driving non-carcinogens impacts, electricity use is the dominant contributor. 341 
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Small mechanical WRRFs can exhibit energy intensities up to two to five times on average 342 

relative to their larger counterparts due to lacking control systems (e.g., aeration controls) 343 

(Hanna et al., 2018, Moussavi et al., 2021). As highlighted in prior research of these systems, 344 

overdesign is common among these facilities, further exacerbating a higher energy due to 345 

oversized equipment relative to the required treatment flowrate (Pham et al., 2021). Specifically, 346 

aeration associated with aerobic digestion and secondary treatment along with space heating of 347 

buildings have been shown to be key drivers of energy use within these facilities (Thompson et 348 

al., 2020). 349 

It should be noted that most small systems in the developed world are in the process of 350 

integrating nutrient removal that would lessen their impacts associated with eutrophication; 351 

however, implementing such changes would result in tradeoffs of potential increases in air 352 

emissions and additional infrastructure (Caniani et al., 2019). Consideration of alternative 353 

operating methods (e.g., intermittent aeration) should be considered when implementing nutrient 354 

removal technologies; however, consideration of the intrinsic links between saving energy, 355 

potentially increasing air emissions, and reducing nutrient loadings requires consideration. Non-356 

carcinogen impacts associated with the solids are largely driven by heavy metals such as Zinc. It 357 

should be highlighted that the fate and transport of such contaminants in the environment is not 358 

well characterized and is an area of ongoing research (Mohapatra et al., 2016). Air emissions 359 

contribute a meaningful contribution to the acidification and global warming impact categories. 360 

The construction phase accounts for a non-negligible share (>5%) in most impact categories 361 

and most notably Carcinogen and Smog impact categories. The material resources associated 362 

with the construction phase were cast iron primarily associated with water and air piping, 363 

concrete associated with process and building structures, and reinforcing steel (Pham et al., 364 
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2021). It should be noted that the construction phase is expected to increase in significance as the 365 

electricity grid moves to a more renewable energy supply over time. The impact of the built 366 

materials could also be reduced given greener energy supply in their production, but this is 367 

highly process and location-specific (Goldstein and Rasmussen, 2017).  368 

 369 

Fig. 3. Average environmental profile of (a) mechanical WRRFs, (b) controlled discharge 370 

facultative lagoons, (c) irrigation lagoons, and (d) complete retention lagoons 371 
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3.2 Lagoon LCA profiles 372 

The environmental impact of the three different lagoons on average is characterized by 373 

process in Figure 3b (controlled discharge facultative lagoon), Figure 3c (irrigation lagoon), and 374 

Figure 3d (complete retention lagoon). In contrast to mechanical WRRFs, lagoons exhibit more 375 

impact in the construction phase relative to the operational phase (up to 80% in smog category) 376 

because of their relatively small electricity use and high upfront built infrastructure. Air 377 

emissions contribute significantly to the acidification, eutrophication, and global warming impact 378 

categories. Within the carcinogen and fossil fuel depletion impact categories, cast iron piping 379 

was a significant driver. Most lagoons have a relatively large supply inlet pipe that extends into 380 

the center of the lagoon to effectively distribute wastewater. Excavation of soil for the lagoon’s 381 

volume was also a driving factor of the construction phase, most notably in the smog impact 382 

category.  383 

Previous research has shown that excavation energy use can vary significantly due to 384 

environmental (e.g., soil types) and operational factors (e.g., number of excavators) (Devi et al., 385 

2017). Data collected from local contractors showed significantly higher fuel use than the 386 

amounts estimated using EcoInvent database (Devi and Palaniappan, 2017). This data was only 387 

used for reference in a handful of separate case studies and not used for the main LCA analysis 388 

of this study but did highlight the high variability in this resource use. The required volume of a 389 

lagoon system is influenced by differences in evaporation and precipitation rates, which vary 390 

spatially and year-to-year. With effective operating depths being defined as relatively constant, 391 

variations in these climatic variables directly impact the excavation use and the cast iron supply 392 

line since it is also dependent the lagoon system’s horizontal plane space use.  393 
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In the case of complete retention and irrigation lagoons, electricity use is a driving factor 394 

associated with eutrophication due to a lack of water emissions that are prevalent in controlled 395 

discharge facultative lagoons and mechanical WRRFs. Electricity use in these systems is 396 

associated with pumping at the lift station and in some cases preliminary screening processes. 397 

The electricity use intensity of these systems is dependent on the pumping head, which can vary 398 

site to site and be dependent on the location and elevation of the facility relative to the collection 399 

system and town. As noted in previous work assessing energy use of unit operations at these 400 

small WRRFs, pumping operations use only a marginal amount of electricity relative to aeration 401 

processes and building heating as observed in mechanical WRRFs (Thompson et al., 2020).  402 

3.3 Comparison of mechanical WRRFs and lagoons 403 

Lagoons and mechanical WRRFs are different in terms of design and exhibit tradeoffs in 404 

environmental impacts as well as other factors. Figure 4(a–i) summarizes the environmental 405 

impact of facilities for their respective technology group across different impact categories. The 406 

technology groups are ordered from left to right as extended aeration (EA), oxidation ditch (OD), 407 

sequencing batch reactor (SBR), complete retention (CR) lagoon, Irrigation (Irrig.) lagoon, and 408 

controlled discharge (CD) lagoon). Mechanical WRRFs exhibit a higher environmental impact in 409 

almost all impact categories with exception to the smog impact category in which the 410 

construction phase of lagoons contributes a similar magnitude of impact relative to the 411 

mechanical WRRFs electricity use. SBRs exhibited a higher global warming potential relative to 412 

OD and EA systems due to higher N2O emissions and higher energy intensities. Only significant 413 

differences were observed when comparing controlled discharge lagoons relative to complete 414 

retention and irrigation lagoons in the eutrophication impacts due to the intermittent discharge of 415 

treated wastewater to water ways. 416 
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Controlled discharge facultative lagoons discharge less water emissions relative to 417 

mechanical WRRFs on an annual basis because they allow for evaporation and seepage during 418 

the long water storage time. However, as noted in the work of Hernández-Padilla et al. (2017), 419 

characterization of water emissions should be assessed on a site-to-site basis. Many local 420 

controlled discharge lagoons are being converted to either complete retention, irrigation, or a 421 

mechanical WRRF due to challenges in meeting water quality limits (specifically Ammonia) due 422 

to ineffective treatment. While general differences can be derived between mechanical WRRFs 423 

and lagoons, assessing differences between different mechanical WRRFs and different lagoons 424 

in most impact categories would require an LCA to be conducted at the design stage. This 425 

practice could be implemented by design engineers but would also require improved energy 426 

modeling in addition to a working knowledge of LCA by the engineer and/or require supportive 427 

tools to help implement such analysis. 428 
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  429 

Fig. 4(a–i). Environmental LCA comparison of mechanical WRRFs and lagoons for TRACI 430 

impact factors (EA: extended aeration, OD: oxidation ditch, SBR: sequencing batch 431 

reactor, CR: complete retention lagoon, Irrig.: irrigation lagoon, CD: controlled 432 

discharge lagoon) (note: each data point represents an individual facility) 433 

 While lagoons exhibit less environmental burden relative to mechanical WRRFs, land use 434 

associated with the systems varies significantly between systems. On average lagoons and 435 

mechanical WRRFs per capita land use in this study was 73.7 ± 35.9 m2/capita and 2.4 ± 1.9 436 

m2/capita, respectively. The sizing of the lagoons is influenced in part by design choices with 437 

most of the systems having long residence times (180+ days) but also being influenced by 438 
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relative differences in evaporation and precipitation rates. It would be anticipated that in more 439 

arid climates, lagoons would utilize less land relative to these estimates. It should be noted that in 440 

some rural areas, sufficient land may not be always available for direct use by a community 441 

without utilizing the process of eminent domain (i.e., government seizing land for public use 442 

with compensation). Land use changes can have potential environmental impact implications as 443 

highlighted in studies of biofuels (Qin et al., 2014; Humpenöder et al., 2013); however, the 444 

impact of such changes is highly dependent on details of the shifting land use (e.g., what type 445 

and how much of land would be changed). Only foreground land use of the systems was assessed 446 

in this analysis and TRACI does not account for land use of background inventory. Preliminary 447 

analysis of a representative mechanical WRRF using ReCIPE impact assessment to assess 448 

background land use found only a marginal increase (~10 m2/capita) in land use associated with 449 

background energy and material resources of the mechanical WRRFs and was largely attributed 450 

to land use from coal mines and additional roads. Thus, lagoons likely require a significantly 451 

larger life cycle land footprint relative to mechanical WRRFs. More details related to this result 452 

is provided in Table SI-8. 453 

 Administrative management and operational burdens of the different systems varies 454 

significantly and merits discussion. Mechanical WRRFs typically involve much higher-level 455 

operator training and attention (Thompson et al., 2021). Specifically, operators require training 456 

related to regular sampling, assessment of the AS process and clarifier performance, process 457 

adjustment, maintenance of facility equipment, etc. In contrast, lagoon systems exhibit far less 458 

burden with most maintenance primarily focused on ensuring clearing of grasses and other wind 459 

obstructing growths around the lagoon cells (Gloyna, 1971). Some maintenance and replacement 460 

of the lift station pump and preliminary treatment equipment is expected but is significantly 461 
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minor relative to mechanical WRRFs. For mechanical WRRFs, controlled discharge facultative 462 

lagoons, and irrigation lagoons, the administrative burden of sampling, testing, and reporting 463 

water quality is a notable tradeoff relative to complete retention lagoons.  464 

 In selecting treatment technologies, the most common factors driving decision making 465 

reported by community leaders and engineers was cost and capacity for meeting regulatory water 466 

quality limits. In terms of cost, these technologies vary significantly in upfront, operating, and 467 

life cycle cost (Resende et al., 2019). Cost tradeoffs in the technologies are often analyzed on a 468 

case-by-case basis due to the highly site-specific cost driving factors for each system (e.g., land 469 

cost, electricity cost, etc.) (Ilyas et al., 2021).  470 

 The environmental impact of a shifting electricity grid to more renewable energy supply 471 

is expected to have large implications on the environmental profiles of these systems. Since a 472 

significant portion of the construction impact of lagoons is carried in the excavation and mined 473 

materials, reducing these impacts may occur at a slower rate relative to greening of the electricity 474 

grid. Further, the lagoon construction phase may lead to shifting environmental burdens since 475 

they would involve shifts to increased biofuels and/or use of battery storage systems (Daystar et 476 

al., 2015; Baars et al., 2021).  477 

 478 

3.4 Sensitivity analysis of system lifespan and electric grid mix 479 

System lifespan can be influential on the environmental LCA impact of a process. While 480 

most studies assume a base lifespan of 20 years based on typical design standards, these are not 481 

always representative of actual systems. In cases where upfront construction impacts are 482 
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relatively larger than the operational phase, the lifespan of a system has a greater effect on the 483 

life cycle measured impact.  484 

 When comparing the environmental impact of different lagoon systems and mechanical 485 

WRRFs, observing significant differences between the technologies was identified to be 486 

dependent on system lifespan in the Acidification, Carcinogen, Fossil Fuel Depletion, Ozone 487 

Depletion, and smog impact categories. The statistical comparison of mechanical WRRFs and 488 

lagoons at different system lifespans is summarized in Table SI-9. Due to the large upfront built 489 

infrastructure of the lagoons and lower operating impacts relative to mechanical WRRFs, shorter 490 

system lifespans lead to larger environmental life cycle impacts. In contrast, the impact 491 

categories of ecotoxicity, eutrophication, global warming, and respiratory effects exhibited 492 

significant differences irrespective of the system lifespan due to these categories being more 493 

heavily influenced by operations (e.g., electricity use, water emissions) Due to the relatively high 494 

energy use and continuous water emissions of mechanical WRRFs, lagoons will tend to have less 495 

environmental impact in categories dominated by such resource/emission streams. 496 

Figure SI-5 shows environmental impact comparison of mechanical WRRFs and lagoons 497 

utilizing different market group electrical grid mixes from around the world. The source of 498 

electricity generation was identified to be highly influential on the environmental impact of both 499 

systems and influenced comparisons between the technologies. When the grid reached a 500 

composition with approximately 75% renewables, mechanical WRRFs exhibited similar 501 

environmental impacts relative to the lagoons. While this analysis examines only the impact of 502 

electricity use, further consideration of the co-current integration of biofuels used in construction 503 

processes (e.g., excavation equipment) may further merit consideration when considering this 504 

comparison. 505 
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  506 

3.5 Uncertainty analysis and impact of climate on lagoons 507 

Uncertainty associated with the environmental impact of these systems was conducted to help 508 

quantify variability associated with foreground resources/emissions within facilities. Figure 509 

5summarizes the results of the respective global warming potential impact of a sub-sample of 510 

mechanical WRRFs and different lagoon types characterized by source. Energy intensity (i.e., 511 

energy use / flowrate treated) was identified as one key driver of the variation between 512 

mechanical WRRFs and can vary significantly (case studies exhibited a range of 0.89 – 3.76 513 

kWh/m3). These variations are often attributed to variations in the volumes of treated water while 514 

both process and non-process related energy use remains relatively constant. A conceptual figure 515 

highlighting how the measured environmental impact of both operations and built infrastructure 516 

vary over variable annual average flowrates of mechanical WRRFs and lagoons is provided in 517 

Figure SI-6 for reference. This highlights the importance of needing to properly size equipment 518 

and/or improve the capacity for small systems to vary their process energy use with respect to 519 

changing flowrates through improved process control. Cast iron used for inter-process 520 

conveyance piping and resources used in auxiliary building structures are key drivers of the 521 

variability in mechanical WRRFs construction phase emphasizing the need for design engineers 522 

to focus on improving design of these components (Pham et al., 2021).  523 

In contrast, the lagoon systems’ operating energy consisted of a lift station pump whose 524 

energy use typically varies proportionally with water volume pumped. Further, the construction 525 

phase of lagoons exhibits higher uncertainty due to the relatively high contribution of the 526 

construction phase to the overall life cycle. Variability between lagoon systems is primarily 527 

associated with the climate dependent sizing of the plan area. Due to high variances in 528 
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evaporation and precipitation rates and the relatively defined operating depth, resource use 529 

associated with excavation and cast iron can vary significantly. The cast iron influent supply 530 

piping can increase proportionally with lagoon sizing.   531 

Figure 6(a–b) shows the per capita excavation and cast-iron use of the different treatment 532 

technologies relative to the differences in value between annual evaporation and precipitation 533 

rates. Climate dependent differences in the per capita resource use showed weak negative 534 

correlations in irrigation systems (the trend line provided is just for the irrigation lagoons). Both 535 

lagoon sizing and the demand for water reuse (i.e., crop evapotranspiration) would decrease with 536 

larger differences in evaporation and precipitation and could allow for smaller sizing of the 537 

systems. This observation is expected due to the sizing of the lagoons being based in part on 538 

these climate variables. The design equation used for sizing the lagoons and local evaporation 539 

and precipitation rate data are provided in the Figure SI-3 and Figure SI-2 respectively for 540 

reference of this relation. In general, it is expected that in more arid climates, lagoons will tend to 541 

exhibit a more reduced spatial and environmental footprint provided that they can maintain 542 

effective operating volumes. 543 

 544 

   545 
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546 

Fig. 5. Uncertainty analysis of global warming potential by source for and technology groups 547 

 548 

Fig. 6. Per capita (a) excavation, and (b) cast iron use of lagoons by lagoon type relative to 549 
differences in value between annual evaporation and precipitation rates. 550 
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3.6 Limitations and future work 551 

There are several limitations to the findings of this work that require additional discussion. 552 

First, estimates of air emissions for the lagoon systems could be improved through further data 553 

collection (specifically, influent water quality and N2O emission factors for small municipal 554 

lagoons over longer time periods).  555 

In conducting the Monte Carlo uncertainty analysis, foreground data (i.e., energy intensity, 556 

water quality, air emissions) were randomly and independently sampled from distributions for 557 

the analysis but would not be fully representative of these systems due to these factors being 558 

inherently connected. Uncertainty in the characterization factors associated with background data 559 

was not included in this study and could be included in further works. 560 

The system boundaries of this study did not include inventories associated with the 561 

agriculture systems associated with the irrigation lagoons. Assessing such impacts requires a 562 

more in-depth analysis including evaluating potential changes associated with resource use (e.g., 563 

fertilizer use), direct emissions (e.g., air emissions), and system outputs (e.g., crop production) 564 

and is the focus of ongoing work. The impact of the irrigation lagoon on these connected systems 565 

is highly site-specific and influenced by the type of conversion being made such as converting a 566 

dryland to irrigated cropland, offsetting well water pumping, and types of crops being irrigated. 567 

4. Conclusions 568 

The goal of this work was to evaluate the environmental life cycle impact and tradeoffs of 569 

different lagoon and mechanical WRRF systems. Mechanical WRRFs and lagoons exhibit 570 

different environmental profiles. Energy use is the largest driver of environmental impacts in 571 

mechanical WRRFs; whereas, the construction phase, air emissions, and operating energy of 572 
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lagoons can be leading sources of impacts . Site-specific factors such as climatic conditions in 573 

the case of lagoons and the design type and process layout (e.g., auxiliary building use, facility 574 

piping layout, etc.) within the mechanical WRRF (Pham et al., 2021) can impact the quantity of 575 

resource use and environmental emissions.  576 

In general, assuming a 20-year lifespan, lagoons exhibit a smaller environmental impact 577 

relative to Mechanical WRRFs in all impact categories for systems in similar climate zones 578 

observed in Nebraska, for the population range investigated in this study (150-2,200 people), and 579 

with a similar electric grid mix of the United States. SBRs exhibited higher global warming 580 

potential impacts relative to OD and EA systems due to higher N2O emissions and higher energy 581 

intensities.  582 

 Comparisons of mechanical WRRF and lagoon environmental impacts were sensitive to 583 

system lifespans and the type of electrical grid mix being used. If lagoons only operate for a 584 

short lifespan of 10 years or less, they may exhibit similar environmental impacts to mechanical 585 

WRRFs for select impact categories. Likewise, local electrical grid mixes with high percentages 586 

of renewable energy (>75%) lead to mechanical WRRFs having similar impacts relative to 587 

lagoon systems. 588 
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