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ABSTRACT 
	
  

There is an urgent need for wastewater treatment plants (WWTPs) to adapt to a rise in 

water and energy demands, prolonged periods of drought, climate variability, and resource 

scarcity.  The Environmental Protection Agency’s (EPA) strategic research action plan states that 

the “failure to manage the Nation’s waters in an integrated sustainable manner will limit 

economic prosperity and jeopardize human and aquatic ecosystem health” (EPA, 2012a).  As 

population increases, minimizing the carbon and energy footprints of wastewater treatment, 

while properly managing nutrients is crucial to improving the sustainability WWTPs.  Integrated 

resource recovery can mitigate the environmental impact of wastewater treatment systems; 

however, the mitigation potential depends on various factors such as treatment technology, 

resource recovery strategy, and system size.  

Amidst these challenges, this research seeks to investigate the environmental 

sustainability of wastewater treatment plants (WWTPs) integrating resource recovery (e.g., water 

reuse, energy recovery and nutrient recycling) in different contexts (developing versus developed 

world) and at different scales (household, community, and city).  The over-arching hypothesis 

guiding this research is that:  Context and scale impact the environmental sustainability of 

WWTPs integrated with resource recovery.  Three major research tasks were designed to 

contribute to a greater understanding of the environmental sustainability of resource recovery 

integrated with wastewater treatment systems.  They include a framework development task 

(Chapter 2), scale assessment task (Chapter 3), and context assessment task (Chapter 4).  
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The framework development task includes a critical review of literature and models used 

to design a framework to assess the environmental sustainability of wastewater treatment and 

integrated resource recovery strategies.  Most studies used life cycle assessment (LCA) to assess 

these systems.  LCA is a quantitative tool, which estimates the environmental impact of a system 

over its lifetime (EPA, 2006).  Based on this review, a comprehensive system boundary was 

selected to assess the life cycle impacts of collection, treatment, and distribution over the 

construction and operation and maintenance life stages.  Additionally, resource recovery offsets 

associated with water reuse, energy recovery, and nutrient recycling are considered.  The 

framework’s life cycle inventory includes material production and delivery, equipment 

operation, energy production, sludge disposal, direct greenhouse gas (GHG) emissions, and 

nutrients discharged to the environment.  Process-based LCA is used to evaluate major 

environmental impact categories, including global impacts (e.g., carbon footprint, embodied 

energy) and local impacts (e.g., eutrophication potential).  This is followed by an interpretation 

of results using sensitivity or uncertainty analysis.    

The scale assessment task investigates how scale impacts the environmental sustainability 

of three wastewater treatment systems integrated with resource recovery in a U.S. context.  

Household, community, and city scale systems using mechanized technologies applicable to a 

developed world setting were investigated.  The household system was found to have the highest 

environmental impacts due high electricity usage for treatment and distribution, methane 

emissions from the septic tank, and high nutrient discharges.  Consequently, the life cycle 

impacts of passive nutrient reduction systems with low energy usage at the household level merit 

further investigation.  The community scale system highlights trade-offs between global impacts 

(e.g., embodied energy and carbon footprint) and local impacts (e.g., eutrophication potential) 
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where low nutrient pollution can be achieved at the cost of a high embodied energy and carbon 

footprint.  The city scale system had the lowest global impacts due to economies of scale and the 

benefits of integrating all three forms of resource recovery: Energy recovery, water reuse, and 

nutrient recycling.  Integrating these three strategies at the city scale led to a 49% energy offset, 

which mitigates the carbon footprint associated with water reuse.   

The context assessment task investigates how context impacts the environmental 

sustainability of selected community scale systems in both Bolivia and the United States.  In this 

task, rural developing world and urban developed world wastewater management solutions with 

resource recovery strategies are compared.  Less mechanized treatment technologies used in 

rural Bolivia were found to have a lower carbon footprint and embodied energy than highly 

mechanized technologies used in urban United States.  However, the U.S. community system 

had a lower eutrophication potential than the Bolivia systems, highlighting trade-offs between 

global and local impacts.  Furthermore, collection and direct methane emissions had more 

important energy and carbon implications in Bolivia, whereas treatment electricity was dominant 

for the U.S. community system.  Water reuse offsets of embodied energy and carbon footprint 

were higher for the U.S community system, because high quality potable water is replaced 

instead of river water.  In contrast, water reuse offsets of eutrophication potential were high for 

the Bolivia systems, highlighting the importance of matching treatment level to end-use 

application.  One of the Bolivia systems benefits from the integration of water, energy, and 

nutrient recovery leading to beneficial offsets of both global and local impacts.   This research 

can potentially lead to transformative thinking on the appropriate scale of WWTPs with 

integrated resource recovery, while highlighting that context lead to changes in the dominant 

contributors to environmental impact, appropriate technologies, and mitigation strategies.  
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CHAPTER 1:  INTRODUCTION 

	
  
1.1 Background  

Global stressors, such as population growth, climate change, increasing urbanization, 

excessive nutrient inputs into surface waters, and water stress place additional pressure on water 

and wastewater utilities to provide adequate water and sanitation in an energy efficient manner, 

while protecting human health and the environment (Zimmerman et al., 2008).  By 2050, the 

global population is expected to increase by 32% to 9.1 billion people (Evans, 2011).  Increased 

population and affluence can coincide with a rise in water demand, which is estimated to 

increase electricity used to supply and treat water and wastewater by 33% by 2022 (ASE, 2002).  

Meanwhile, up to 23% of the total energy used within a typical municipality comes from 

wastewater treatment in some regions (CEC, 1992; Means, 2004).  Additional materials and 

energy required to treat wastewater to higher standards while meeting increased demands 

contribute to larger environmental footprints and economic costs over the life cycle.   

Water reuse and other forms of resource recovery (e.g., energy recovery and nutrient 

recycling) can help reduce the environmental impact associated with wastewater treatment 

facilities.  Urban water demand, water scarcity, efficient resource utilization, and the protection 

of human and ecosystem health are additional drivers towards recent movements to reclaim 

water and other resources (EPA, 2012b; NRC, 2012). All of these drivers have led to the 

implementation of 3,300 water reclamation systems globally (FAO, 2010).  From a systems 

perspective, water reuse can offset energy and resources needed for conventional water 

production, energy recovery can lead to energy offsets by replacing natural gas, and nutrient 
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recycling can offsets chemical fertilizer usage (Fine and Hadas, 2012; Mihelcic et al., 2011; Mo 

and Zhang, 2012a).  An estimated 22% of the world’s phosphorus supply could be meet through 

nutrient recycling from urine and feces, which also leads to the reduction of anthropogenic 

impacts of phosphate mining, while addressing phosphorus scarcity (Mihelcic et al., 2011).  

Collectively, integrated resource recovery via water reuse, energy recovery, and nutrient 

recycling (see Figure 1) can address the challenges associated with the rising environmental 

footprint of wastewater treatment.   

	
  
Figure 1.  Diagram of integrated resource recovery including water reuse, nutrient recycling, and 
energy recovery 
	
  

Many studies use life cycle assessment (LCA) to evaluate the carbon footprint and/or 

embodied energy of wastewater treatment plants (WWTPs) (Hospido et al., 2004), WWTPs with 

water reuse, nutrient recycling and/or energy recovery applications (Lundie et al., 2004; Meneses 

et al., 2010; Ortiz et al., 2007; Pasqualino et al., 2010; Tangsubkul et al., 2005; Tillman et al., 

1998; Zhang et al., 2010; Cornejo et al., 2013; Cornejo et al., 2014) and water supply systems 

(e.g., comparing water reuse, desalination and importation) (Lyons et al., 2009; Stokes and 

Horvath, 2006, 2009; Santana et al., 2014).  Eutrophication potential is also a frequently 

Integrated	
  
Resource	
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investigated environmental impact category, pertinent to the life cycle impacts of water reuse and 

wastewater systems (Dennison et al., 1998; Hospido et al., 2004; Lundie et al., 2004; Meneses et 

al., 2010; Muñoz et al., 2010; Pasqualino et al., 2010; Tangsubkul et al., 2005).  Consequently, 

embodied energy, carbon footprint, and eutrophication potential were identified as key 

environmental sustainability impact categories related to the water-energy-carbon-nutrient nexus 

of wastewater management solutions and resource recovery strategies, as defined in Table 1. 

Table 1.  Description of embodied energy, carbon footprint, and eutrophication potential and key 
contributors to these environmental impact categories 

Impact 
Category Description Contributors 

Embodied 
Energy 

Life cycle energy 
consumption N/A 

Direct Energy 
(e.g., on-site 

energy) 

Indirect energy 
(e.g., production 

of materials) 

Carbon 
Footprint 

Life cycle 
greenhouse gas 

emissions (GHG) 

Direct GHG 
emissions 
(e.g., CH4 
and N2O) 

Indirect GHG 
emissions 

(e.g., 
electricity) 

Other indirect 
emissions (e.g., 
production of 

materials) 

Eutrophication 
Potential 

Life cycle nutrient 
pollution  

Direct 
sources (e.g., 

nutrients) 
discharged to 
environment 

Indirect 
sources (e.g., 

NOx from 
electricity) 

Other indirect 
sources (e.g., 
production of 

materials) 

 

Life cycle assessment (LCA) is a quantitative tool that estimates the environmental 

impact of a process or product over its life, including raw material extraction, construction, 

operation, reuse and end-of-life phases (EPA, 2006).  Embodied energy is the life cycle energy 

consumption consisting of direct energy (e.g., on-site energy consumption from electricity and 

diesel) and indirect energy (e.g., infrastructure, chemicals).  Carbon footprint represents the life 

cycle greenhouse gas (GHG) emissions consisting of:  direct (Scope 1) emissions (e.g., CH4 and 

N2O), indirect (Scope 2) emissions (e.g., electricity production), and other indirect (Scope 3) 

emissions (e.g., infrastructure, chemicals).  Eutrophication potential is the life cycle nutrient 
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pollution that increases the risk of algal growth in water bodies impairing water quality, 

depleting oxygen levels, and impacting freshwater availability.  Eutrophication comes from 

direct sources (e.g., nutrients discharged directly to the environment), indirect sources (e.g., NOx 

from electricity) and other indirect sources (e.g., infrastructure, chemicals).   

A brief overview of embodied energy and carbon footprint ranges from representative 

studies is shown in Table 2.  Embodied energy and carbon footprint values from developed and 

developing world studies, as well as highly mechanized and less mechanized technologies 

integrating natural treatment processes are shown.  Most of these studies took place in the 

developed world on mechanized wastewater treatment technologies.  A general trend can be 

observed in this table on the high end of the ranges in which the embodied energy and carbon  

Table 2.  Review of embodied energy and carbon footprint ranges for representative LCA 
literature in developing and developed world regions and for highly mechanized and less 
mechanized wastewater treatment technologies with resource recovery 

Context Countries 

Embodied 
Energy Literature 

Carbon 
Footprint Literature Range 

(MJ/m3) 
Range (kg 
CO2eq/m3) 

Developed 
World 

Australia, 
United 
States, 
Spain 

1.3-23 

Lundie et al. (2004); 
Stokes and Horvath 
(2006); Stokes and 

Horvath (2009); 
Meneses et al. 

(2010); Pasqualino 
et al. (2010) 

0.12-1.8 

Tangsubkul et al. (2005); 
Stokes and Horvath (2006); 
Lyons et al. (2009); Stokes 

and Horvath (2009); 
Meneses et al. (2010); 

Pasqualino et al. (2010) 

Developing 
World 

China, 
South 
Africa, 
Bolivia 

3.6-4.7 Zhang et al. (2010); 
Cornejo et al. (2013) 0.33-0.63 Friedrich et al. (2009); 

Cornejo et al. (2013) 

Highly 
Mechanized 

Australia, 
United 
States, 
Spain 

1.3-23 

Lundie et al. (2004); 
Stokes and Horvath 
(2006); Stokes and 

Horvath (2009); 
Meneses et al. 

(2010); Pasqualino 
et al. (2010); Zhang 

et al. (2010) 

0.12-1.8 

Stokes and Horvath (2006); 
Lyons et al. (2009); Stokes 

and Horvath (2009); 
Meneses et al. (2010); 

Pasqualino et al. (2010) 

Less 
Mechanized 

Australia, 
Bolivia 3.6-4.1 Cornejo et al. (2013) 0.33-0.63 Tangsubkul et al. (2005); 

Cornejo et al. (2013) 
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footprint of developed world technologies are higher than developing world technologies.  

Additionally, the embodied energy and carbon footprints of highly mechanized technologies on 

the high end of the ranges are higher than less mechanized technologies integrating natural 

treatment processes.   

Whereas a wide range of previous studies have documented embodied energy and carbon 

footprint, fewer studies have documented eutrophication potential of WWTPs with integrated 

resource recovery.  Variations in methodology and presentation of results limit adequate 

comparisons from previous LCA literature for eutrophication potential, though a general range of 

0.03 g PO4eq/m3 to 1.00 g PO4eq/m3 was identified (Meneses et al., 2010; Pasqualino et al., 

2010).  The range emerges from indirect sources of eutrophication only (e.g. NOx from 

electricity), where the low end of the range is from an agricultural reuse scenario (tertiary 

treatment with fertilizer offsets) and the high end of the range is from a potable water reuse 

scenario (WWTPs with tertiary treatment), which considers a more comprehensive system 

boundary. 

In spite of these general trends, the comparison of life cycle assessment results from 

different studies is difficult because inconsistent LCA frameworks are implemented for analysis.  

Variations in system boundaries, phases considered, parameters considered, technologies 

evaluated, underlying assumptions, electricity mixes, and estimation methodologies lead to a 

wide range of findings from different literature sources.  Consequently, a consistent framework 

is required to better compare resource recovery technologies at different scales of 

implementation (e.g., different levels of centralization) in different contexts (developed versus 

developing world).  In this research scale refers to the size of a system or level of centralization 

(e.g., household, community, city scale systems), whereas context refers to location and factors 
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specific to a given region that impact wastewater management (i.e., socio-political conditions, 

regulations, decision-making processes, economics, demographics, operational capacity, social 

acceptance, appropriate treatment technologies selection, resource recovery strategies 

implemented, etc.). 

Limited research has investigated how scale of implementation or level of centralization 

impacts the environmental sustainability of WWTPs that are integrated with resource recovery.  

Most of the previous studies on the impact of scale have focused on scale’s influence on system 

cost.  Cost studies have shown that wastewater treatment systems adhere to cost-based 

economies of scale, in which centralized systems provide cost saving compared to decentralized 

systems (EPA, 1978a, 1978b; Fraquelli and Giandrone, 2003; Hopkins et al., 2004).  Concerns 

over rising energy costs, climate change, and the protection of local water bodies; however, have 

led to an increase in research on scale’s impact on the environmental footprint of WWTPs 

integrated with resource recovery.   

Life cycle assessment studies investigating the impact of scale on the environmental 

sustainability of wastewater treatment systems have focused on hypothetical source separation 

schemes and sludge management options in a European context (Dennison et al., 1998; Tillman 

et al., 1998; Lundin et al., 2000), as shown in Table 3.  European studies have found that source 

separation schemes and sludge management adhere to environmentally-based economies of 

scale, where centralization is beneficial to reducing the environmental impact.  However, some 

limitations in these European studies are the exclusion of direct emissions (e.g., methane and 

nitrous oxide) and/or the exclusion of comprehensive life cycle assessment (i.e., only conducting 

a life cycle inventory).   
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Table 3.  Summary of key studies assessing scale’s impact on WWTPs with resource recovery 
applications 

Source Location Description Findings Research Gap 

Tillman et al. 
(1998) Sweden 

LCA on two WWTPs 
with two 

decentralization 
alternatives (filter bed 
and urine separation) 

Increased 
decentralization 

decreased electricity 
usage, but increased 

fossil fuel usage 

Excludes direct 
emissions (e.g., methane 

and nitrous oxide) 

Dennison et 
al. (1998) 

United 
Kingdom 

LCA on sludge 
management options for 

fifteen wastewater 
treatment facilities 

Complete centralization 
reduced the carbon 
footprint of sludge 

handling 

LCI only.  Excludes 
infrastructure 

Lundin et al. 
(2000) Sweden 

LCA comparing two 
WWTPs with two 

separation schemes 
(liquid composting and 

urine separation) 

Source separation 
adheres to 

environmentally-based 
economies of scale 

LCI only.  Focuses on 
source separation.  

Excludes water reuse 

Pitterle 
(2009) 

United 
States 

LCA on six WWTPs 
ranging from 100 gpd to 

130 mgd in Colorado 

Benefits to centralization 
due to economies of 

scale 

Doesn't fully assess 
integrated resource 

recovery 

Shehabi et al. 
(2012) 

United 
States 

LCA on two WWTPs in 
California 

Benefits to centralization 
due to economies of 

scale 

Doesn't assess scale's 
influence on 

eutrophication potential 
 

Similarly two U.S. based studies found environmental benefits of centralization in 

wastewater management (Pitterle, 2009; Shehabi et al., 2012).  The U.S. studies address global 

concerns (e.g., carbon footprint, embodied energy), but ignore local concerns (e.g., 

eutrophication potential of local water bodies).  Furthermore, most U.S. and European studies 

don’t fully assess integrated resource recovery alternatives.  For example, most studies exclude 

water reuse or fail to consider nutrient recycling from reclaimed water. Consequently, further 

research is needed on the environmental impacts of integrated water, energy and nutrient 

recovery at different scales using a comprehensive framework that considers global (e.g., carbon 

footprint and embodied energy) and local concerns (e.g., eutrophication potential of local water 

bodies).  

Furthermore, few studies focus on the life cycle environmental impact of wastewater 

treatment systems with resource recovery in a developing world context or comparisons between 
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systems in developing and developed world settings.  Galvin (2013) investigated the life cycle 

impacts of household wastewater management systems with nutrient recycling and energy 

recovery, but excludes water reuse.  This study highlights the benefits of energy recovery from 

on-site biogas digesters and fertilizer offsets, which effectively achieve carbon neutrality; 

however, another study found that on-site biogas recovery has a high failure rate in the 

developing world leading to unintended methane releases caused by improper operation and 

maintenance practices (Bruun et al., 2014).  Other LCA studies in the developing world focus on 

household water provision in Mali, West Africa (Held, 2013), shea butter production in Ghana, 

West Africa (Adams, 2015) and large-scale mechanized water reclamation facilities (greater than 

10 mgd) serving urban areas in China (Zhang et al., 2010) and South Africa (Friedrich et al., 

2009).   

For smaller-scale household or community scale applications (<5 mgd); however, Muga 

and Mihelcic (2008) suggest that mechanized treatment technologies (e.g., activated sludge 

processes) are less appropriate than natural systems (e.g., waste stabilization ponds (WSPs)) in 

the developing world, due to higher costs and higher energy-intensities.  Furthermore, Verbyla et 

al. (2013), highlights the benefits of water reuse and nutrient recycling for food security from 

community scale waste stabilization ponds in rural Bolivia.  Other life cycle assessment studies 

on the carbon footprint of WSPs have been conducted in urban areas such as Sydney, Australia 

(Tangsubkul et al., 2005).  However, limited research has been conducted on both global (e.g., 

embodied energy, carbon footprint) and local (e.g., eutrophication potential) life cycle 

environmental impacts of community-managed wastewater systems integrated with resource 

recovery in rural developing regions.  Additionally, to the author’s knowledge no peer-reviewed 

studies assessed the impact of context (e.g., developed versus developing world) on the 
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environmental sustainability of community-scale wastewater management systems integrated 

with resource recovery.  

1.2 Scope of Research 

Consequently, this research seeks to investigate the influence that context (e.g., rural 

developing world setting versus urban developed world setting) and scale (e.g., size of system or 

level of centralization) have on the environmental sustainability of appropriate wastewater 

treatment technologies that recover water, energy, and nutrient resources.  The central hypothesis 

guiding this research is that:  Context and scale impact the environmental sustainability of 

integrated resource recovery systems applied to management of wastewater.  A framework was 

developed to identify proper models and methods to investigate systems in both developed and 

developing world settings.  Then, life cycle assessment (LCA) case studies were conducted to 

test the stated hypothesis.  Context is expected to impact the environmental sustainability of 

wastewater treatment technologies and resource recovery strategies because location leads to 

changes in appropriate technologies for a given region and rural developing communities 

manage wastewater systems differently than urban developed regions.  Therefore context related 

factors such as location, socio-political conditions, operational requirements, technology 

implemented, resource recovery strategies, and other demographics are expected to change, 

impacting the environmental sustainability of varying systems.  Similarly, scale of 

implementation is expected to impact the environmental sustainability of these systems.  

Environmentally-based economies of scale, as well as changes in wastewater treatment 

technologies and resource recovery strategies applicable at each scale are expected to lead to 

changes in environmental sustainability at varying scales.   
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 The contributions of construction (e.g., production of materials) and operation phases 

(e.g., direct emissions, electricity usage) are expected to be context and scale dependent.  

Previous research has highlighted some differences in construction and operation phases for 

mechanized systems versus less mechanized systems integrating natural treatment processes 

(Cornejo et al., 2013) and systems implemented at different scales (Pitterle, 2009).  These studies 

found that the environmental impact of infrastructure had a higher relative contribution for 

systems with natural treatment technologies and smaller systems since less electricity is typically 

used for these systems.  In contrast, operation and maintenance had a higher environmental 

impact for mechanized systems at larger scales, due higher levels of electricity usage. 

Furthermore, scale and context are expected to lead to different resource recovery strategies that 

alter the offset or mitigation potential of environmental impact categories.  A summary of 

research conducted for this dissertation is shown in Figure 2 and a diagram of the research 

conducted in this dissertation is shown in Figure 3.  

	
  
Figure 2.  Major research tasks including framework development task used to design an LCA 
framework for wastewater treatment plants with integrated resource recovery, scale assessment 
task used to evaluate the impact of scale in United States and context assessment task used to 
compare systems in Bolivia and United States 
  

1) Framework 
Development 

a) Review of 
methods, models, 
and framworks for 

WWTPs with 
resource recovery 

b) Design of LCA 
framework for  
WWTPs with 

integrated resource 
recovery 

2) Scale Assessment   

a)  Impact of scale 
on WWTPs with 

integated resource 
recovery case studies 

in Florida, U.S. 

b) Comparison of 
systems at different 
scales to evaluate 
inflluence of scale 

3) Context 
Assessment 

a) Cases study on 
WWTPs with 

resource recovery in 
Beni, Bolivia 

b) Impact of context 
on WWTPs with 
resource recovery 
(developed versus 
developing world) 
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Figure 3.  Scope of research investigating the impact of context and scale on the environmental 
sustainability of wastewater treatment systems integrated with resource recovery 
	
  

This research consists of three major research tasks and a concluding chapter to 

summarize key findings.  The following tasks are conducted to test the stated hypothesis:   

• Framework Development (Chapter 2):  Develop a life cycle assessment (LCA) 

framework that is appropriate for wastewater treatment plants (WWTPs) that are 

integrated with resource recovery (water reuse, energy recovery, and nutrient recycling).   

• Scale Assessment (Chapter 3):  Assess the impact of scale on the environmental 

sustainability of resource recovery systems integrated with wastewater treatment at a 

household, community, and city scale in Florida, United States.   

Sustainable 
WWTP with 

Resource 
Recovery 

Water 
Reuse 

Energy 
Recovery 

Nutrient 
Recycling 

Fram
ew

ork 

Develo
pment 

Context 
Assessment 
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Assessment 

Decentralized 
(Household) 

Semi-Centralized 
(Community) 

Centralized 
(City) 

Developing World Context 
Latin America 

Developed World Context 
United States Appropriate 

Technology & Mitigation 
Strategies 

Developed versus 
Developing World 

Scale Impact in 
Developed 

World 

WWTP with 
Resource 
Recovery 
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• Context Assessment (Chapter 4):  Assess the impact of context on the environmental 

sustainability of wastewater treatment integrated with resource recovery systems by 

comparing community scale systems in Bolivia and United States. 

1.3 Summary of Technology Selection 

Three systems are assessed in a developed world context and two systems are assessed in 

a developing world setting.  A summary of implementation scale selected for technologies in 

different settings is summarized in Table 4.  Developed world technologies selected focus on a 

large urban setting in a coastal region, whereas developing world technologies focus on a small 

town near rural agricultural areas.  These regions represent critical areas for research on the 

water-energy-nutrient nexus, as they are expected to face population growth and increases in 

water demand with increased urbanization (Caplan and Harvey, 2010; Hallegatte et al., 2013).  

Selection criteria for U.S and Bolivia systems include:  (1) Data availability, and (2) 

Commonly-used and proven resource recovery applications.  Additionally, U.S. systems are 

applicable and appropriate to an urban developed world context, whereas Bolivia systems are 

appropriate and applicable to rural developing world context.  

Table 4.  Level of centralization, scale, population equivalent, and flowrate for technologies 
evaluated in this research.  Includes household, community, and city scale systems in United 
States and community scale systems in Bolivia 

Level Scale 
Population 
equivalents 

(p.e.) 

Flowrate 
(mgd) 

Developing 
World 

Technologies 

Developed 
World 

Technologies 

Decentralized Household 2-3 Less than 
0.02  X 

Semi-
centralized Community ~1,000 0.02-0.3 X X 

Centralized City 100,000 10.3  X 
Note:  X indicates technologies will be assessed at given scale 

 
A summary of the technologies analyzed in this research is provided in Table 5. 

Developed world technologies selected in Florida, U.S. include: (1) a 250 gallon per day (gpd) 
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household septic tank followed by an aerobic treatment unit, and drip irrigation for reuse, (2) a 

0.31 million gallons per day (mgd) community water reclamation facility with 

nitrification/denitrification using headworks (grit removal, bar screens, odor scrubbing), 

equalization tanks, aeration tanks, denitrification tanks, re-aeration, clarifiers, denitrification 

filters, a clearwell, chlorination and UV disinfection, aerobic digestion, and landscape irrigation 

for reuse, (3) a 10.3 mgd city scale advanced water reclamation facility with headworks (grit 

removal, bar screens), activated sludge (biological secondary treatment includes aeration basins 

with return activated sludge for biochemical oxygen demand (BOD) removal), secondary 

clarification, filtration, chlorination, anaerobic digestion for energy recovery, and landscape 

Table 5.  Summary of technologies analyzed 

Context Scale Population 
served Treatment Processes Resource Recovery 

Strategies 

Developed 
World 

Systems 

Household 
(250 gpd) 

2-3 Primary tank, secondary 
(aerobic treatment unit) 

Water and nutrient 
reuse for subsurface 

landscape drip 
irrigation, nutrient 

recycling from 
biosolids 

Community 
(0.31 mgd) 

~1,500 Headworks, aeration tanks, 
denitrification tanks, re-

aeration, clarification, de-
nitrification filters, a 

clearwell, chlorination, UV, 
aerobic digestion 

Water and nutrient 
reuse for golf course 
irrigation, nutrient 

recycling from 
biosolids 

City            
(10.3 mgd) 

100,000 Headworks, activated sludge, 
(aeration with return 

activated sludge), secondary 
clarification, filtration, 
chlorination, anaerobic 

digestion 

Water and nutrient 
reuse for landscape 
irrigation, nutrient 

recycling from 
biosolids, energy 

recovery 

Developing 
World 

Systems 

Community 
(0.019 mgd) 

~1,471 Grit removal chamber, 
upflow anaerobic sludge 

blanket (UASB) reactor, two 
maturation ponds 

Water and nutrient 
reuse for crop 

irrigation, energy 
recovery 

Community 
(0.024) 

~727 Facultative Pond, two 
maturation ponds 

Water and nutrient 
reuse for crop irrigation 
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irrigation for reuse.  Developing world technologies selected in Beni, Bolivia include: (1) a 0.019 

mgd UASB-Pond system (Upflow anaerobic sludge blanket reactor followed by two maturation 

lagoons in series) and (2) a 0.024 mgd 3-Pond system (A facultative pond followed by two 

maturation ponds in series) at the community scale.  These technologies enable a comparison 

across both scale (system size) and context (technology).  

In this research, commonly used resource recovery strategies applicable to small towns in 

Latin America and residential urban communities in the United States are selected for analysis. 

Integrated resource recovery includes water reuse, nutrient recycling, and energy recovery, 

where applicable at each scale.  Water reuse and nutrient recycling via biosolids and/or 

reclaimed water are feasible or currently practiced at all the systems investigated.  Energy 

recovery is feasible at the city scale U.S. based system and the community scale UASB-Pond 

system in Bolivia.  

1.4 Framework Development Summary  

The framework development stage (Chapter 2) consists of a thorough review of 

frameworks, methods, and models to assess the environmental impact of wastewater treatment 

and resource recovery strategies.  The central purpose of this task is to develop a comprehensive 

LCA framework for WWTPs with integrated resource recovery systems.  After synthesizing data 

on system boundaries, phases considered, input data requirements, emission sources considered, 

major environmental impact categories relevant to resource recovery, and appropriate assessment 

methods, an LCA framework for resource recovery applications is proposed.  The proposed 

framework is used to assess the impact of scale (Chapter 3) and context (Chapter 4). This task 

has the dual purpose of gaining an in-depth understanding of the proper framework used to  
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assess WWTPs and resource recovery systems in general, while developing the specific 

framework and assessment methodology utilized in the subsequent chapters.  

A critical review of models and methods provides a thorough assessment of aspects 

needed to develop a comprehensive, robust, and transferable framework.  Chapter 2 provides a 

detailed analysis of existing framework system boundaries, data sources, model inputs, methods 

for calculation, model outputs, limitations and applicability to WWTPs with integrated resource 

recovery.  Outcomes of this research include: (1) a literature review of  existing LCA and non-

LCA frameworks related to wastewater treatment systems and resource recovery strategies and 

(2) a proposed framework for future research.  This task addresses the following research 

questions: 

• What should be included in the system boundary and what phases should be considered 

for wastewater treatment and resource recovery systems? 

• What input data and emission sources should be considered for these systems? 

• What are the main environmental impact categories associated with these systems? 

• What should be included in an LCA framework that can assure consistency and 

robustness? 

• What methods should be used to assess the offset potential of resource recovery? 

• What are the major impacting factors of these systems? 

• Are certain methods more appropriate to use in certain contexts (developing versus 

developed world)? 

1.5 Scale Assessment in the Developed World 

Chapter 3 assesses how scale influences the environmental sustainability of wastewater 

treatment systems implementing resource recovery in the developed world.  The environmental 
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impact of wastewater treatment integrated with resource recovery alternatives are evaluated at 

varying scales in the Tampa Bay region of Florida, a coastal urban area facing growing 

population and urbanization (Hallegatte et al., 2013).  Specifically the carbon footprint, 

embodied energy and eutrophication potential of case studies at decentralized (household level), 

semi-centralized (community level), and centralized (city level) scales are assessed.  The 

environmental sustainability of these systems, offset potential of resource recovery strategies, 

and trends associated with scale changes are evaluated in this chapter.  The central hypothesis 

guiding this research task is that scale impacts the environmental sustainability of wastewater 

treatment systems and resource recovery strategies.  The following research questions are 

addressed by conducting this research: 

• How does scale impact technology selection and resource recovery solutions in a 

developed world settings? 

• How does scale impact the environmental sustainability of resource recovery for major 

impact categories selected (e.g., carbon footprint, embodied energy, and eutrophication 

potential)? 

o How does scale lead to embodied energy differences between direct and indirect 

energy (or construction and operation phase)? 

o  How does scale lead to carbon footprint differences between direct and indirect 

emissions (or construction and operation phase)?  

o How does scale impact eutrophication differences between direct and indirect 

sources of eutrophication potential? 

• How do resource recovery strategies mitigate the impact wastewater treatment 

management at different scales? 
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1.6 Context Assessment:  Developed versus Developing World Settings   

Chapter 4 assesses the impact of context through a comparative analysis of the 

environmental sustainability of resource recovery technologies in both developed and developing 

world settings.  The context assessment task (Chapter 4) includes two case studies of community 

scale WWTPs in rural Bolivia.  These case studies are subsequently compared to the community 

scale wastewater treatment system with resource recovery in U.S. assessed in Chapter 3 allowing 

for a comparison of systems from both developing and developed world settings.  The central 

hypothesis guiding this research task is that context impacts the environmental sustainability of 

wastewater treatment systems and resource recovery strategies.  This chapter addresses the 

following research questions: 

• How does context impact technology selection and resource recovery in developed and 

developing world settings? 

• How does context impact the environmental sustainability of resource recovery for major 

impact categories selected (e.g., carbon footprint, embodied energy, and eutrophication 

potential)? 

o How does context lead to embodied energy differences between direct and 

indirect energy (or construction and operation phase)? 

o  How does context lead to carbon footprint differences between direct and indirect 

emissions?  

o How does context impact eutrophication between direct and indirect sources of 

eutrophication potential? 

• How does context impact the environmental sustainability of resource recovery? 

• What knowledge can be transferred to improve sustainability of systems in both settings? 
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1.7 Significance   

The Environmental Protection Agency’s (EPA) Safe and Sustainable Water Resources 

strategic action plan states that research is needed on, “the minimization of energy use, effective 

recycling and re-use of water and waste, with the ultimate goal of providing communities with 

management options for sustainable water quality and availability” (EPA, 2012a).  This 

investigation addresses these issues, aiming to provide insight to engineers and decision-makers 

on appropriate scale and/or design of the recovery of resources from wastewater in different 

settings.  By focusing on developed and developing world settings, this project is also consistent 

with the EPA’s mission to ensure, “the United States plays a leadership role in working with 

other nations to protect the global environment” (EPA, 2014a).  The research applies an 

operational model for sustainable development that uses global partnerships, enhanced by 

integrating the best and most appropriate knowledge, methodologies, techniques, principles, and 

practices from both the developed and developing worlds (Mihelcic et al., 2007).  Outputs from 

this research are based on sound science and provide practical quantification of the preferred 

outcomes of recovery and reuse that achieve social, economic, and ecological well-being 

associated with more sustainable wastewater management for current and future generations.  

This research provides insight on the how wastewater management solutions with resource 

recovery strategies can be applied at different scales and in different contexts to achieve 

environmentally sustainable solutions.	
  

1.8 Broader Impacts   

 As seen in Table 6, research on WWTPs with integrated resource recovery encompass 

several key grand challenges for engineering put forth by the National Academy of Engineering 

(NAE).  Resource recovery strategies that address NAE grand challenges include:  (1) energy  
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Table 6.  Resource recovery strategies that address engineering grand challenges 
National Academy of Engineers Grand 
Challenges  (NAE, 2012) 

Example of resource recovery strategy that 
address Grand Challenges 

Providing affordable and renewable energy Energy recovery from anaerobic processes 

Managing the nitrogen cycle Nutrient recycling and reduced fertilizer use 

Providing clean water Potable water replacement via water reuse 

 

recovery from anaerobic processes providing affordable and renewable energy sources (2) 

nutrient recycling and reduced fertilizer use leading to improved management of the nitrogen 

cycle and (3) water reuse replacing potable water leading to the provision of clean water (NAE, 

2012).  Research in the developing world also addresses key millennium development goals, 

such as, ensuring environmental sustainability (e.g., sanitation provision and reductions in global 

CO2 emissions), reducing child mortality (e.g., addressing water quality issues) and enhancing 

global partnerships for development (UN, 2011).  Additionally, this context-sensitive research on 

synergistic water-energy-nutrient systems can impact the current paradigm of wastewater 

management by transforming our understanding of wastewater as a resource, not a waste (Guest 

et al., 2009).    
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CHAPTER 2:  FRAMEWORK DEVELOPMENT 
	
  
2.1 Introduction 

Stressors such as population growth, increased water demand, resource scarcity, and the 

impacts of climate change have led to a growing need for demand management and alternative 

water supplies, such as water reuse and desalination, in addition to innovative ways of recovering 

energy and nutrient resources.  Worldwide, policy makers are increasingly adapting to climate 

variability and associated supply reliability issues (Major et al., 2011) because many parts of the 

world face periods of prolonged drought, population growth, and urbanization (Zimmerman et 

al., 2008; Padowski and Jawitz, 2012).  For example, California recently issued the first 

mandatory water restriction in the state’s history to address a four-year water crisis, in which 

drought conditions have drastically impacted the state’s water resources (Nagourney, 2015). 

Wastewater treatment plants (WWTPs) with integrated resource recovery can provide a viable 

solution to address stressors on traditional water resources (e.g., groundwater and surface water 

supplies).  Consequently, this chapter1 provides a critical review of literature and frameworks on 

the environmental sustainability of WWTPs with integrated resource recovery (e.g., water reuse, 

energy recovery and nutrient recycling) to propose a comprehensive framework used for this 

dissertation.  Integrated resource recovery has become more common worldwide to meet 
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growing water demands, address resource scarcity, and move towards resiliency in water 

management.   

Alternative water supplies are beneficial to water augmentation.  Water reuse systems in 

particular are beneficial because they have the added value of incorporating other forms of 

resource recovery (e.g., energy recovery and nutrient recycling).  Increased awareness and 

technological advancements have led to the implementation of 3,300 water reclamation systems 

globally (FAO, 2010), where water reuse has the potential benefit of protecting local water 

bodies from the risk of nutrient pollution.  Although alternative water supplies increase water 

availability, in some cases they are more energy intensive than conventional water supply and 

treatment, due to higher levels of treatment and additional infrastructure needs.  This raises 

concerns about the carbon footprint, embodied energy, and overall environmental sustainability 

of alternative water supplies.  For instance, the embodied energy of drinking water provision in 

Tampa, Florida was estimated to be 7.2 megajoules per cubic meter of water treated (MJ/m3) 

(Santana et al., 2014), whereas the embodied energy of water reuse and seawater reverse osmosis 

(RO) desalination were approximately 13-18 MJ/m3 and 24-42 MJ/m3, respectively (Lyons et al., 

2009; Stokes and Horvath, 2009; Pasqualino et al., 2010).  Carbon footprint values follow a 

similar trend, as desalination of seawater using RO (0.4-6.7 kg CO2eq/m3) is generally larger 

than water reuse (0.1-2.4 kg CO2eq/m3) (Cornejo et al., 2014).  

Local concerns, such as the protection of water bodies and global concerns, such as 

carbon footprint’s contribution to greenhouse gas (GHG) emissions are both important issues 

related to wastewater management.  Worldwide, many local and state governments have taken 

action to mandate a reduction in GHG emissions to address the problem of elevated carbon 

footprints and climate change impacts.  For example, since 2009 more than 825 cities are 
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participating in the United States Mayors Climate Protection Agreement, which would reduce 

GHG emissions in accordance with Kyoto Protocol goals (Newman et al., 2009).  Other 

measures, such as Assembly Bill 32 in California require a reduction in GHGs to 1990 levels by 

2020, whereas Seattle’s Climate Change Action Plan seeks to achieve net zero emissions by 

2050 (Foster et al., 2013).  

A number of studies have assessed the embodied energy, carbon footprint and overall 

environmental sustainability (e.g., includes other environmental impact categories) of WWTPs 

that are integrated with resource recovery (Lundie et al., 2004; Stokes and Horvath, 2006, 2009; 

Lyons et al., 2009; Muñoz et al., 2009; Meneses et al., 2010; Muñoz et al., 2010; Pasqualino et 

al., 2010; de Haas et al., 2011; Mo and Zhang, 2012; Cornejo et al., 2013; Galvin, 2013).  

However, the majority of these studies do not fully consider the impacts and offsets associated 

with integrated resource recovery (water reuse, energy recovery, and nutrient recycling).  

Additionally, various estimation tools have been developed to assess the environmental 

sustainability of water and wastewater systems (Stokes and Horvath, 2006; Reffold et al., 2008; 

UKWIR, 2008; Crawford et al., 2011; Johnston, 2011; Corominas et al., 2012; Goel et al., 2012; 

Tampa Bay Water, 2012; EnviroSim Associates Ltd., 2014).  While some of these tools are 

specific to carbon footprint, other tools have broader capabilities to investigate additional 

environmental impact categories important to wastewater management (e.g., embodied energy 

and eutrophication potential).  These studies provide designers, managers, and researchers with 

useful information; however, further research is needed to understand major trends related to the 

environmental sustainability of WWTPs with resource recovery.  Additionally, it is essential to 

analyze methodologies, frameworks and available tools that calculate the environmental impact 

of these systems.   



 
23 
 

The goal of this chapter is to identify the needs for future research and practice that could 

facilitate accurate comparisons of the environmental sustainability of WWTPs with resource 

recovery.  Previous studies were compared to identify challenges, trends, and major factors 

impacting the environmental sustainability of wastewater systems implementing water reuse, 

energy recovery, and/or nutrient recycling.  Additionally, environmental sustainability tools for 

water and wastewater systems were reviewed to identify limitations, challenges, and knowledge 

gaps.  Recommendations are provided to support the development of a more accurate and 

applicable framework to assess the environmental sustainability of WWTPs with integrated 

resource recovery.  Subsequently, a framework used to investigate global and local 

environmental impacts of WWTPs with integrated resource recovery at different scales of 

implementation (Chapter 3) in different contexts (Chapter 4) is presented.   

Previous studies have shown that embodied energy, carbon footprint and eutrophication 

potential are key environmental impact categories for WWTPs integrating resource recovery 

(Dennison et al., 1998; Hospido et al., 2004; Ortiz et al., 2007; Lyons et al., 2009; Mo and 

Zhang, 2012; Cornejo et al., 2013).  Embodied energy and carbon footprint represent global 

impacts with both economic and environmental implications (e.g., reducing greenhouse gas 

emissions is essential for climate change mitigation) (Stokes et al., 2014).  Conversely, 

eutrophication potential represents local impacts important to managing the nitrogen cycle, 

protecting local water bodies worldwide, and addressing phosphorus scarcity (Mihelcic et al., 

2011; NAE, 2012; UNEP, 2014).  Collectively, embodied energy, carbon footprint, and 

eutrophication potential are key environmental sustainability indicators pertinent to the water-

energy-carbon-nutrient nexus of wastewater management solutions and resource recovery 

alternatives and consequently the primary focus of this research.  
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2.2 The Challenge of Comparing Environmental Impact Results 

Whereas life cycle assessment (LCA) tools can be used to investigate a wide range of 

environmental impact categories (e.g., carcinogens (chloroethylene [C2H3Cl] equivalents), ozone 

depletion (CFC-11 equivalents), respiratory organics (ethylene [C2H4] equivalents), aquatic 

ecotoxicity (triethylene glycol [TEG] water), terrestrial ecotoxicity (TEG soil)), this research 

focuses on carbon footprint, embodied energy, and eutrophication potential.  These impact 

categories were selected, because they represent key environmental impact categories related to 

the environmental sustainability of wastewater treatment and resource recovery applications.  

2.2.1 The Challenge of Carbon Footprint and Embodied Energy Comparisons   

Based on the limited data available in the literature, the estimated carbon footprint of 

WWTPs that incorporate water reuse and other forms of resource recovery (e.g., energy recovery 

and nutrient recycling) ranges from 0.1 to 2.4 kg CO2eq/m3 (Cornejo et al., 2013).  The wide 

variation in range can be attributed to major impacting factors from representative studies (See 

Table 7 and Table 8), which include: location, technologies evaluated, life cycle stages 

considered, parameters considered (i.e., materials, electricity, chemicals, etc.), and estimation 

methodologies.  Implementation scale is also known to be a major factor related to the 

infrastructure and operation and maintenance cost of WWTPs (EPA, 1978a, 1978b; Fraquelli and 

Giandrone, 2003; Hopkins et al., 2004); however, no clear trends between implementation scale 

and associated environmental impact have been demonstrated, highlighting the need for future 

research in this area.  

Location has a large impact on site-specific conditions such as electricity mix, water 

quality, and geographical conditions (e.g., topography, demographics), leading to changes in 

environmental impact. For example, various studies show that the electricity mix used for energy 
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production has a significant effect on Scope 2 GHG emissions (Ortiz et al., 2007; Stokes and 

Horvath, 2009).  Similarly, influent water quality and intended level of treatment (e.g., potable 

versus non-potable) influence technology selection and associated energy consumption (Fine and 

Hadas, 2012; Stokes and Horvath, 2006; Lyons et al., 2009).  Limited studies have investigated 

how context (location) influences technology selection and the environmental impact of WWTPs 

with resource recovery.  

Table 7.  Summary of representative literature evaluating the carbon footprint of WWTPs 
integrated with resource recovery 

Study Location Technologies/ Processes Life 
Stages 

Parameters 
Considered Methodology 

Tangsubkul et 
al. (2005) 

Australia 
CAS with membrane 

treatment, MBR-RO, waste 
stabilization ponds 

CLS, 
O&M 

Fuel, materials, 
electricity, chemicals, 

direct emissions 

PLCA, EIO-
LCA 

Ortiz et al. 
(2007) 

Spain 
CAS-Immersed MBR, CAS-

External MBR, CAS-
Filtration 

CLS, 
O&M, 
DLS 

Materials, delivery, 
electricity PLCA 

Friedrich et al. 
(2009) 

South 
Africa 

Collection, primary 
treatment, CAS, 

flocculation, coagulation, 
filtration, ozonation, GAC, 

chlorination 

CLS, 
O&M 

Fuel, materials, 
electricity, chemicals, 

water offsets 
PLCA 

Pitterle, 2009 United 
States 

Various (e.g., septic tank 
with leachfield, CAS with 

CHP) 

CLS, 
O&M 

Fuel, materials, 
electricity, chemicals, 
nutrient and energy 

offsets 

PLCA, EIO-
LCA 

Stillwell and 
Webber 
(2010) 

United 
States 

Various (e.g., trickling 
filters, CAS) O&M Electricity, water 

offsets 
Electricity 

and EF 

Fine and 
Hadas (2012) 

Israel 

Secondary aeration with 
nitrification/denitrification, 

clarifiers and deep sand 
filtration 

O&M 
Electricity, direct 

emissions, nutrient and 
energy offsets 

COD, energy 
and EF 

Mo and Zhang 
(2012) 

United 
States 

Primary and secondary 
treatment, nitrogen removal, 
post-aeration, and chlorine 

disinfection 

CLS, 
O&M 

Materials, electricity, 
water offsets, nutrient 

and energy offsets 

EIO-LCA 
and EF 

Shehabi et al. 
(2012) 

United 
States 

Septic tank, sand filter, UV 
and sedimentation, CAS, 
disinfection, anaerobic 

digestion 

CLS, 
O&M 

Fuel, materials, 
electricity, chemicals, 
water, nutrient, energy 

offsets 

PLCA, EIO-
LCA 

Cornejo et al. 
(2013) 

Bolivia 
Bathrooms, collection, 3-

Pond and UASB-Pond 
Systems 

CLS, 
O&M 

Fuel, materials, 
delivery, electricity, 

direct emissions, water 
and energy offsets 

PLCA 

Note:  Most studies include other environmental impact categories in addition to carbon footprint, yet all studies in table incorporate carbon 
footprint of water reuse systems. CLS – Construction life stage; CAS – Conventional activated sludge; CHP = combined heat and power; COD – 

Chemical oxygen demand; DLS – Decommission life stage; EF – Emission factor; EIO-LCA – Environmental input/ output life cycle 
assessment; GAC – Granular activated carbon; MBR – Membrane bioreactor; O&M – Operation and maintenance; PLCA – Process life cycle 
assessment; RO – Reverse osmosis; RR = resource recovery; UASB – Upflow anaerobic sludge blanket reactor; UV – Ultraviolet; WWTP – 

Wastewater treatment plant. 
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Table 8.  Summary of representative literature evaluating the carbon footprint of WWTPs 
integrated with resource recovery and desalination facilities 

Study Location Technologies/ Processes Life 
Stages 

Parameters 
Considered Methodology 

Lundie et al. 
(2004) 

Australia 
Filtration, distribution, 
use, WWTPs, biosolids 

reuse 

CLS, 
O&M 

Materials, electricity, 
chemicals, 

transportation, nutrient 
and energy offsets 

PLCA 

Stokes and 
Horvath 
(2006) 

United 
States 

RO versus coagulation, 
filtration, désinfection 

CLS, 
O&M 

Fuel, materials, 
delivery, electricity, 

equipment, chemicals 
PLCA 

Lyons et al. 
(2009) 

United 
States 

RO versus MF/RO, 
aquifer storage and 

recovery 

CLS, 
O&M 

Materials, electricity, 
chemicals PLCA 

Muñoz et al. 
(2009) 

Spain 

Ozonation (with and 
without hydrogen 

peroxide) replacing 
seawater desalination 

O&M Electricity, chemicals, 
delivery PLCA 

Pasqualino et 
al. (2010) 

Spain 

Collection, grit removal, 
clarifiers, coagulation, 
flocculation, filtration, 
chlorination, and UV 
replacing desalination 

O&M 

Materials, delivery, 
electricity, water and 

desalinated water 
offsets 

PLCA 

Stokes and 
Horvath 
(2009) 

United 
States 

RO versus filtration and 
disinfection 

CLS, 
O&M 

Fuel, materials, 
delivery, electricity, 

equipment, chemicals 

PLCA and 
EIO-LCA 

Meneses et al. 
(2010) 

Spain 

Chlorination and UV 
treatment, ozonation, 

ozonation and hydrogen 
peroxide, desalination 

O&M 
Electricity, chemicals, 

transport of waste, 
disposal, water offsets 

PLCA 

Muñoz et al. 
(2010) 

Spain RO, UV and membranes 
CLS, 

O&M, 
DLS 

Materials, electricity, 
chemicals PLCA 

de Haas et al. 
(2011) 

Australia 
RO and WWTPs 

producing different water 
quality 

CLS, 
O&M 

Electricity, chemicals, 
direct emissions, 

energy, nutrient and 
water offsets 

PLCA 

Note:  Most studies include other environmental impact categories in addition to carbon footprint, yet all studies in table incorporate carbon 
footprint of water reuse and desalination systems. CLS – Construction life stage; DLS – Decommission life stage; EIO-LCA – Environmental 
input/ output life cycle assessment; MF – Microfiltration; O&M – Operation and maintenance; PLCA – Process life cycle assessment; RO – 

Reverse osmosis; RR = resource recovery; UV – Ultraviolet; WWTP – Wastewater treatment plant. 

Topographical conditions can also play a major role in effecting the carbon footprint and 

embodied energy of these systems.  In larger urban areas, wastewater has traditionally been 

transported through gravity sewers to a centralized wastewater treatment facility located at the 

lowest elevation in a city (Stokes and Horvath, 2006; Lee et al., 2013).  After treatment, pumping 

energy is often required to transfer water back to end-users through separate distribution 

infrastructure for reuse, increasing the carbon footprint associated with electricity usage (Scope 2 

emissions) and construction materials (Scope 3 emissions).  In contrast, less pumping energy 

may be required in areas with flat topographies.  As a result, the estimated carbon footprint and 
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embodied energy is dependent on site-specific topographical conditions such as hills, valleys, 

plateaus, and waterway locations.   

 Other factors that impact the estimation of carbon footprint and embodied energy include 

life stages and parameters considered in the life cycle inventory (i.e., electricity, chemicals, 

infrastructure, etc.).  The literature reviewed includes the operation and maintenance (O&M) 

stage, but less than half consider the construction stage (Refer back to Tables 7 and 8).  

Additionally, almost all studies take into account on-site energy usage during O&M that 

contributes to Scope 2 emissions.  However, fewer studies consider the relative contributions 

from direct process emissions (e.g., CH4 and N2O) (Tangsubkul et al., 2005; Foley et al., 2010; 

de Haas et al., 2011; Fine and Hadas, 2012; Cornejo et al., 2013).  Consequently, comparing the 

environmental impact of systems across different studies poses a challenge when different life 

cycle stages and parameters are considered.  It is therefore imperative to use consistent life stages 

and parameters when comparing results across systems to ensure the accuracy of the analysis.   

Another major challenge to ensuring fair comparison of results across studies is the wide 

variations in frameworks, methodologies and estimation tools used to analyze the environmental 

impact.  Most of the previous studies used LCA, which often includes supply-chain emissions 

(Scope 3) associated with material and chemical production (ISO, 2006).  The selection of 

system boundaries in LCA studies changes with the goal and scope of a study, which can lead to 

difficulties in comparing results.  Consequently, a consistent framework with comparable system 

boundaries is needed to evaluate the impact that context and scale have on the embodied energy 

and carbon footprint WWTPs with integrated resource recovery. 
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2.2.2 The Challenge of Eutrophication Potential Comparisons  

 Similar to carbon footprint and embodied energy, comparisons of eutrophication potential 

results from previous studies are difficult because of changes in location, system boundaries, 

methodologies, and limited studies exploring eutrophication trends in depth.  For example, 

TRACI and ReCiPE methods apply different methods to calculate eutrophication potential, so 

the results for the same inputs differ (Pre Consultants, 2014). Furthermore, life cycle assessment 

studies often explore a wide range of environmental impact categories.  This is beneficial to 

gaining an understanding of the overall environmental impact; however, this approach often does 

not include enough in-depth information to consider how scale and context impact eutrophication 

potential.   

Eutrophication potential from WWTPs implementing resource recovery ranges from 0.03 

to 1.00 g PO4eq/m3 (Meneses et al., 2010; Pasqualino et al., 2010) and are largely dependent on 

local conditions, technology selected, treatment efficiency, and effluent water quality.  The high 

end of this range comes from the replacement of potable water from WWTP and tertiary 

treatment where the low end of this range comes from agricultural reuse from tertiary treatment 

only.  These studies only consider indirect sources of eutrophication (e.g., NOx from electricity), 

where direct emissions are excluded.  In this case, the more comprehensive system boundary 

considered for potable water replacement leads to a higher eutrophication potential due to a 

larger contribution from indirect sources of eutrophication.  

Consequently, further research is needed to understand how context and scale influence 

eutrophication potential and trade-offs associated with varying technologies.  Previous studies 

have observed that environmental problem shifting may occur between global and local 

environmental impacts.  For example, Foley et al. (2010) observed that higher levels of nutrient 
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removal require more electricity and infrastructure, leading to a reduction in nutrient pollution, 

but an increase in energy consumption and associated carbon emissions.  This represents a trade-

off where solving environmental problems related to local impacts (e.g., reducing eutrophication 

in local water bodies) can lead environmental problem shifting at the global scale (e.g., increased 

embodied energy and carbon footprint).  Consequently, the trade-offs associated with embodied 

energy, carbon footprint, and eutrophication potential merit further investigation.  

2.3 Environmental Sustainability Trends for WWTPs with Resource Recovery 

2.3.1 Trends of Carbon Footprint and Embodied Energy: Global Impacts  

 Carbon footprint and embodied energy are closely related, where direct energy (e.g., 

electricity) and indirect energy (i.e., materials, chemicals, etc.) contribute Scope 2 and 3 

greenhouse gas (GHGs) emissions of WWTPs with integrated resource recovery, respectively.  

Consequently, the discussion in this section focuses primarily on carbon footprint, yet both of 

these impact categories (e.g., carbon footprint and embodied energy) represent major global 

impacts of the systems investigated.  Direct (Scope 1) emissions from individual GHGs are also 

discussed, where carbon footprint is defined as the sum of individual greenhouse gas emissions, 

including carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O).  Methane and nitrous 

oxide are expressed in carbon dioxide equivalents (CO2eq) by converting CH4 and N2O 

emissions using their global warming potential (IPCC, 2006; Mihelcic et al., 2013).  Both 

methane and nitrous oxide are important greenhouse gases for WWTPs with large 100-year 

global warming potentials at 25 and 298, respectively (IPCC, 2007).  

Currently, more than 50% of the groundwater supplies used worldwide are over-drafted, 

placing pressure on aquifers used for human activities (Brown, 2011; Schroeder et al., 2012).  

Both water reuse and desalination represent two major water provision alternatives to 
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conventional water supplies (e.g., surface water, groundwater).  Despite the intrinsic challenges 

in comparing the carbon footprint results from various studies, the carbon footprint of 

desalination systems was generally found to be higher than water reuse systems (Lundie et al., 

2004; Stokes and Horvath, 2006, 2009; Lyons et al., 2009; Muñoz et al., 2009; de Haas et al., 

2011).  Reverse osmosis (RO) technologies were found to have lower CO2 emissions than 

thermal desalination technologies and the estimated carbon footprint of seawater RO desalination 

(0.4–6.7 kg CO2eq/m3) is generally larger than brackish water RO desalination (0.4–2.5 kg 

CO2eq/m3) and water reuse systems (0.1–2.4 kg CO2eq/m3), highlight the importance of water 

reuse as a sustainable alternative water supply.   

Various examples in the literature highlight that WWTPs that employ water reuse and 

other forms of resource recovery are more environmentally sustainable than desalination.  For 

example, Stokes and Horvath (2006) found that a seawater desalination facility with flocculation, 

filtration, RO, and disinfection processes had a carbon footprint three times greater than a water 

reclamation system with coagulation, filtration and disinfection steps.  In that study, seawater 

was treated to potable standards for potable water consumption while reclaimed water was 

treated to replace potable water used for irrigation and other non-potable reuse applications.  

Another study found the carbon footprint of certain tertiary technologies for water reuse (e.g., 

ozone or ozone peroxide) was 85% less than seawater RO desalination (Muñoz et al., 2009).  

Expanding on the work of Muñoz et al. (2009), Meneses et al. (2010) found that the carbon 

footprint of UV and chlorination disinfection options for water reuse were comparable to ozone 

and ozone peroxide.  Given the environmental benefits to water reuse, various utilities have 

turned to reclaimed water to replace potable water supplies used for non-potable purposes.  

Additionally, there are generally economic advantages to indirect potable reuse (820-2,000 
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$/acre-foot) and non-potable reuse (320-1,960 $/acre-foot), compared to seawater desalination 

(1,500-2,330 $/acre-foot) (Raucher and Tchobanoglous, 2014).    

Studies on WWTPs (Stokes and Horvath, 2006; Ortiz et al., 2007; Friedrich et al., 2009; 

Lyons et al., 2009; Pasqualino et al., 2010; de Haas et al., 2011) generally found that energy 

consumption is a dominant factor contributing approximately 68 to 92% of the carbon footprint 

(Tangsubkul et al., 2005; Stokes and Horvath, 2009).  Many studies confirmed that aeration 

using conventional activated sludge (CAS) during wastewater treatment led to high electricity 

consumption (Friedrich et al., 2009; Pasqualino et al., 2010; Zhang et al., 2010) and 

consequently high Scope 2 emissions during the operation phase, as expected.  Conversely, 

methane emissions were found to be a dominant contributor (approximately 58 to 69%) to the 

overall carbon footprint of systems that implement natural wastewater treatment methods, such 

as waste stabilization ponds (Tangsubkul et al., 2005; Cornejo et al., 2013).  This large 

contribution from CH4 highlights the importance of direct emissions (Scope 1), particularly for 

natural wastewater treatment technologies.   

Generally, the carbon footprint of secondary treatment is higher than the carbon footprint 

of tertiary treatment using filtration and disinfection processes for reuse.  For example, Friedrich 

et al. (2009) found that conventional activated sludge (CAS) contributed three times more CO2 

than a tertiary treatment train (e.g., coagulation, sand/anthracite filtration, ozonation, granular 

activated carbon (GAC) and chlorination), where 90% of the CO2 emissions were associated 

with electricity consumption.  In another study, Pasqualino et al. (2010) found that the carbon 

footprint of primary, secondary and sludge treatment (0.83 kg CO2eq/m3) was greater than a 

tertiary treatment train including coagulation, flocculation, chlorination, sand filtration and UV 

disinfection (0.16 kg CO2eq/m3).  
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 The level of treatment has also been found to impact the carbon footprint and associated 

embodied energy results in previous studies (Foley et al., 2010).  This trend is demonstrated in 

Table 9, where the carbon footprint increases as treatment level increases for varying end-use 

applications.  Consequently, secondary and tertiary treatment suitable for indirect potable reuse 

has a higher carbon footprint than secondary treatment suitable for non-food crop irrigation, as 

expected.  However, this increased level of treatment for nutrient removal leads to trade-offs, in 

which embodied energy and carbon footprint increase, while eutrophication potential decreases 

(Foley et al., 2010). 

Table 9.  Carbon footprint and carbon dioxide emissions per m3 of produced water for water 
reuse systems at different treatment levels  

End-Use 

Recommended 
Treatment 
Level 

Carbon 
Footprint (kg 
CO2eq/m3) 

Carbon Dioxide 
Emissions (kg 

CO2/m3) Remarks 

No use 
recommended Primary 0.11-0.16 - Primary treatment is generally lower 

than secondary and tertiary treatment 

Non-food 
crop 
irrigationa 

Secondary 0.30-2.0 0.13-0.69 

For CO2 emissions, low point from 
Norwegian electricity mix, high value 
from average European electricity mix, 
average airborne emissions 

Indirect 
potable reuseb 

Secondary and 
tertiary 0.6-2.4 0.14-0.98 

For carbon footprint, low value is for 
demand-driven advanced treatment and 
high value is advanced treatment for 
100% of the wastewater effluent 

a Includes restricted landscape irrigation, surface irrigation of orchards and vineyards, groundwater recharge of non-
potable aquifer, stream augmentation, industrial cooling (Mo and Zhang, 2013).  b Includes landscape irrigation, 
urban reuse, food crop irrigation, indirect potable reuse (Mo and Zhang, 2013).  Sources:  Lundie et al., 2004; 

Tangsubkul et al., 2005; Ortiz et al., 2007; Friedrich et al., 2009; Lyons et al., 2009; Pasqualino et al., 2010; de Haas 
et al., 2011; Fine and Hadas, 2012; Mo and Zhang, 2012; Cornejo et al., 2013. 

 
 Limited research has been conducted on the carbon footprint of technologies used to 

achieve specific trace constituent removal for direct potable reuse (Leverenz et al., 2011).  

However, Sobhani and Rosso (2011) studied the contribution of an advanced oxidation process 

(AOP) in treating N-Nitrosodimethylamine, a possible cancer-causing agent, to the overall 

energy and carbon footprints of the indirect potable reuse system in Orange County, California.  
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